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Abstract

A supermassive black hole ejected from the center of a gddspgravitational wave recoil carries a retinue
of bound stars — a “hypercompact stellar system” (HCSS). Aumabers and properties of HCSSs contain
information about the merger histories of galaxies, the éaplution of binary black holes, and the distribution
of gravitational-wave kicks. We relate the structural pdjes (size, mass, density profile) of HCSSs to the
properties of their host galaxies and to the size of the kitkwo regimes: collisionalNlgy < 10'M..), i.e.
short nuclear relaxation times; and collisionlebts > 10’M.,), i.e. long nuclear relaxtion times. HCSSs
are expected to be similar in size and luminosity to globglasters but in extreme cases (large galaxies,
moderate kicks) their stellar mass can approach that od-attmpact dwarf galaxies. However they differ
from all other classes of compact stellar system in having kegh internal velocities. We show that the kick
velocity is encoded in the velocity dispersion of the boutadss Given a large enough sample of HCSSs, the
distribution of gravitational wave kicks can therefore lepérically determined. We combine a hierarchical
merger algorithm with stellar population models to compht rate of production of HCSSs over time and
the probability of observing HCSSs in the local universe asation of their apparent magnitude, color, size
and velocity dispersion, under two assumptions about tirefetmation history prior to the kick. We predict
that~ 10° HCSSs should be detectable within 2 Mpc of the center of tihgoviluster and that many of these
should be bright enough that their kick velocities (i.e.oodtly dispersions) could be measured with reasonable
exposure times. We discuss other strategies for detect@3$ and speculate on some exotic manifestations.

Subject headings:

1. INTRODUCTION hundred to a few thousand parsecs — may be much more
A natural place to search for supermassive black holestommon (Merrltt_et al. 2004; |_Madau anq Quataert 2004;
(SMBHs) is at the centers of galaxies, where they pre- Gualandris & Merritt 2008; Komossa & Merritt 2008b).

sumably are born and spend most of their lives. But Komossa et al. (2008) reported the detection of a re-
it has become increasingly clear that a SMBH can coil candidate. This quasar exhibits a kinematically off-
be violently separated from its birthplace as a re- S€t broad-line region with a velocity of 2650 km's,

sult of momentum imparted by gravitational waves and very narrow, restframe, high-excitation emissiondine

during strong-field interactions with other SMBHs Which lack the usual ionization stratification — two key
(Peres 1962; | Bekenstein 1973, _Redmount & Rees|1989) Signatures of kicks. _In addition to_spectroscopic sig-
The largest net recoils are produced from configurationsNatures (Merritt ?(; allo. Z%Obb-' I(Bjorl;nmgh etal. iOO?), recoil-
that bring the two holes close enough together to coa-"9 SMBHSs could be detected by their soft X-ray, UV
lesce. Kick velocities following coalescence can be as@nd IR flaring (Shields & Bonning 2003; Lippai et al. 2008;
high as~ 200 km s in the case of nonspinning holes Schnittman and Krolik 2008) resulting from shocks in the ac-

(Gonzalez et al. 20074;_Sopuerta et al. 2007);:4000 km  cretion disk surrounding the coalesced SMBH. Detection of
s for maximally spinhing, équal mass BHs on initially cir- recoiling SMBHs in this way is contingent on the presence

cular orbits [(Campanelli et al. 2007 Gonzalez et al. 2007b; Of 9as. But only a small fraction afuclear SMBHs ex-
Herrmann et al. 2007;_Poliney 2007:_Tichy and Marrohett: hibit signatures associated with gas accretion, and a SMBH

Briigmann et al. 2008,_Dain et al. 2008;_Baker et al, 2008); that has been displaced from the center of its galaxy will
and even higher~ 10,000 km s, for black holes that only shine as a quasar until its bound gas has been used up
approach on nearly-un’bound orblts (Healy et al. 2008).eSinc (Loeb 20077). The prospect that the SMBH will encounter and

escape velocities from the centers of even the largestigalax CaPture significant amounts of gas on its way out are small
are < 2000 km s (Merritt et al. 2004), it follows that the ~ (Kapoor1976). d n ¢ | i
kicks can in principle remove SMBHs completely from their A SMBH ejected from the center of a galaxy wi
host galaxies. While such extreme events may be relatively?Ways carry with it a retinue of bound stars. ~ The

rare (e.gl Schnittman & Buonanno 2007;_Schnittman 2007) stars can reveal themselves via tidal disruption flares or
recoils large enough to displace SMBHs at least tem. via accretion of gas from stellar winds onto the SMBH
porarily from galaxy cores — to distances of several (Komossa & Merritt 2008a, hereafter Paper I). The cluster of
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stars is itself directly observable, and that is what weuisc 2. STRUCTURAL RELATIONS
It? thﬁ curren;wgrk. Tpehlml?arkextlenmf sughba cLuster |s;f|xfe In what follows, we adopt th#gy — o relation in the form
y the magnitud&j of the kick velocity and by the mass o given by Ferrarese & Ford (2005):

the SMBH:

r=GMan/V2 (1a) Mo g eg( 9\ @)

M v 2 1Mo, 200 km s
~0.043 pc( 7BH ) ( K 1) . (1b) with o the 1-D velocity dispersion of the galaxy bulge. The
10'Ms / \10°km s influence radius of the SMBH is defined as
Reasonable assumptions about the density of stars around GMgH
the binary SMBH prior to the kick (Paper 1) then imply a total Finfl = — 52— (3a)
luminosity of the bound population comparable to that of a 2
globular star cluster. ~ 10.8pc< MaH ) ( ol ) (3b)
In this paper we discuss the properties of these “hyper- 10°M¢ 200 km st

compact stellar systems” (HCSSs) and their relation to host
galaxy properties. Our emphasis is on the prospects for de-
tecting such objects in the nearby universe at optical wave- :
lengths, and so we focus on the properties that would distin- ) . 2.1 Bound POpu|.6-ltI0n . .
guish HCSSs from other stellar systems of comparable size As discussed in Paper |, a recoiling SMBH carries with it a
or luminosity. As noted in Paper |, a key signature is their cloud of stars on bound orbits. Just prior to the kick, most of
high internal velocity dispersion: because the gravitetlo the stars that will remain bound lie within a sphere of radius
force that binds the cluster comes predominantly from the ~ rk around the SMBH (ed.]1). Settindsn = 3 x 10°M,
SMBH, of mass 10.< Mgy /M., < 10°, stellar velocities will ~ andVk = 4000 km s™givesry ~ 103 pc as an approximate,
be much higher than in ordinary stellar systems of compara-minimum expected value for the size of a HCSS; such a small
ble luminosity. Other signatures include the small sizes of Size justifies the adjective “hypercompact”. The largestes
HCSSs (unfortunately, too small to be resolved except for Of I« would probably be associated with HCSSs ejected from
the most nearby objects); their high space velocities (due t the most massive galaxies, containing SMBHs with masses
the kick); and their broad-band colors, which should resem-Men =~ 3 x 10°Mg, and travelling with a velocity just above
ble more closely the colors of galactic nuclei rather than th €scapes 2000 km s'*; this impliesry ~ several pc — similar
colors of uniformly old and metal-poor systems like globula to a large globular cluster. ) ] )
clusters. Assuming a power law density profile before the kick,
As we discuss in more detail below (§2), a remarkable prop- P(r) = p(ro)(r/ro) Y, the stellar masb initially within ra-
erty of HCSSs is that they encode, via their internal kinemat diusri is

andry ~ (0/Vk)?rinfl-

ics, the velocity of the kick that removed them from theirthos T 3

galaxy. A measurement of the velocity dispersion of thesstar Mic = M(r < n) = 3= P(rdri (4a)
in a HCSS is tantamount to a measurement of the amplitude Y 3

of the kick — independent of how long ago the kick occurred,; 4t (GMgy Y ab
the black hole mass; and the space velocity of the HCSS at - 3_yp°r0 Vk2 (4b)

the moment of observation. This property of HCSSs opens o . ) )

the door to an empirical determination of the distributidn o~ Wherepo = p(ro). As a fiducial radius at which to normalize

gravitational-wave kicks. the pre-kick density profile, we take = r,, defined as the
The outline of the paper is as follows. 8§82 derives the re- radius containing an |ntegrated mass In stars equal to twice

lations between the structural parameters of HCSSs— mass\lsH. (We expect, to be of orderriy; see 83 for a further

radius, and internal velocity dispersion — given assuméd va discussion.) Equatio}(4) then becomes

ues for the slope and density normalization of the stellar

3-y
population around the SMBH just before the kick. In 83, My = 2Mgn (%BZH) ) (5)
models for the evolution of binary SMBHs are reviewed and MoV
their implications for the pre-kick distribution of staneale- After the kick, the density profile will be nearly unchanged

scribed. These results, combined with the relations déiive  5; re but will be strongly truncated at larger radii. We
§2, allow us to relate the structural parameters of HCSSS togefineM, to be the total mass in stars that remain bound to
the global properties of the galaxies from which they were o SMBH after the kick. and write

ejected. 84 discusses the effect of post-kick dynamical evo '

lution of the HCSSs on their observable properties. Stellar - My GMgH 3y 6
evolutionary models are used to predict the luminosities an = Man Fi(y) r\V2 (6a)
colors of HCSSs and their post-kick evolution in 85, and in o3 k
86, the evolutionary models are combined with models of hi- av, () (6b)
erarchical merging to estimate the number of HCSSs to be

. : ; .~ “where
expected per unit volume in the local universe as a function My = Fr(y)My 7)

of their observable properties. §7 discusses searchgiteate

for HCSSs and various other observable signatures thatmigh Kicks large enough to remove a SMBH from a galaxy
be uniquely associated with them. In 88 we briefly discuss core must exceed, and escape from the galaxy implies
the inverse problem of reconstructing the distribution®f r  (Vik/0)? > 1; hence < ring to a good approximation. It fol-
coil velocities from an observed sample of HCSSs. 89 sumslows that stars that remain bound following the kick will be
up and suggests topics for further investigation. moving essentially in the point-mass potential of the SMBH
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i ] y < 2.5. Combining equationgl(6) ar[d (8), we get

- GMgn \ 3
f ~ 116y 1-75<—) . (9)
reVj?

Settingy = 1 in this expression gives

o Meu \2/ re \? Wk -
fp~2x 1074
b 8 (107M@> <10 DC) 108kms? ’
(10)

which reproduces reasonably well the values for the bound
mass found by Boylan-Kolchin et al. (2004) in théirbody
simulations of kicked SMBHSs; their galaxy models had cen-
———+— = tral power-law density cusps with= 1.

Settingy = 1.75, the value corresponding to a collisional
(Bahcall-Wolf) cusp, gives

1.25 -1.25 -25
L -~ o -< J fb'&’5><1073 MgH e Vi
~ L N i 10’M,, 10 pc 103 kms? ’
(11)

N which will be useful in what follows.

Given the elements of the Keplerian orbits after the kicg, th
evolution of the stellar distribution can be computed by-sim
ply advancing the positions in time via Kepler's equatioX- (

o ternately the stellar trajectories can be brute-forcegiratted,;
] both methods were used as a check.) Figlire 2 shows how the
P - bound population evolves from its initially spherical cagypfi
0.5 1 2 ration, into a fan-shaped structuretat 10(GMgn/V), and
finally into a reflection-symmetric, elongated spheroidhwit
Y major axis in the direction of the kick ats 1OO(GMBH/VK3).
Fic. 1.— Dimensionless factors that describe (a) the stellassnaund The latter time is
to a kicked SMBH (ed.16) and (b) its effective radius (ed. 159lid (black) _3
line in the upper panel is egl 8; dashed (blue) lines show tenBn-model MsH Vi
approximations of eqd_(15) ar{d{18). tsym ~ 3x 103yr (107M@ ) (1 « 108 km Sl) (12)

during which interval the SMBH would travel a distance

10 20

F,()
5

F,(7)

0.5

T T T
—
ol

both before and after the kick. To the same order of approxi- Mg Vi -2

mation, the SMBH's velocity is almost unchanged as it climbs dsym ~ 3pc( > ) ( 1) : (13)

out of the galaxy potential well (at least during the relalyv 10'Ms / \10°km s

short time required for the stars to reach a new steady stat@bserving the kick-induced asymmetry would only be possi-

distribution after the kick). Finally, since the bulk of the ble for a short time after the kick; however the elongation of

recoil is imparted to the SMBH in a time GMgn/c?, the  the bound cloud at > r, would persist indefinitely.

kick is essentially instantaneous as seen by stars at degan In general, the galactic nucleus might be elongéiefdre

r 2 GMgp /c? < ri (Schnittman et al. 2008). the kick, and its major axis will be oriented in some random
These three approximations allow the properties of the direction compared witly. Since the stellar distribution at

bound population to be computed uniquely given the initial r < r, is nearly unaffected by the kick, the generic result will

distribution (Paper I). Transferring to a frame moving with be a bound population that exhibits a twist in the isophotes a

velocity Vi after the kick, the stars respond as if they had re- r ~ r, and a radially-varying ellipticity.

ceived an implusive velocity changeV at the instant of the Continuing with the same set of approximations made

kick, causing the elements of their Keplerian orbits abbatt above, we can compute the steady-state distribution of the

SMBH to instantaneously change. As a result, all initially- bound population by fixing the post-kick elements of the Ke-

bound stars outside of the sphere- 8ry at the moment of  plerian orbits and randomizing the orbital phases (or exjuiv

the kick acquire positive energies with respect to the SMBH |ently by continuing the integration of Figl 2 until late %)

and escape. Some of the stars initially\afs r < 8rx escape  The resultant density profiles are shown in Figure 3yfer

while others remain bound. The stellar distributiorr &t ry (1,1.5,2). Beyond a fewy, the spherically-symmetrized den-

is almost unchanged. , sity falls off as~ r —4; the stars in this extended envelope move
Figure[1a shows~(y), computed by generating Monte- o eccentric orbits that were created by the kick.

Carlo samples of positions and velocities correspondiragto It turns out that Dehnen’s (1993) density law:

isotropic, power-law distribution of stars around the SMBH (3-yM
prior to the kick and discarding the stars that would be un- _(o=yYNMp__, y—4 _
bound after the kick. The fitted line is P =7 ¢ "A+"" &=r/o (14)

Fi(y) = 116y 17® (8) is a good fit to these density profiles folly < 2, if rp is set
to 2.0rg; hereMp is the total (stellar) mass. Figuré 3 shows
which is shown to be an excellent approximation fob & the Dehnen-model fits as dashed lines. Using the expressions
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(@ ®) We note that, is determined by the density of stgust
er - E beforethe massive binary has coalesced, and may be substan-
tially different fromring (eq[3). In the next section we discuss
predictions forr, based on a number of models for the evolu-
tion of the massive binary prior to the kick.

Before doing so, we first present the mass-radius and mass-
velocity dispersion relations for the bound population; ex
pressed in terms af as a free parameter.

2.2. Mass-Radius Relation
Combining equation§{1) andl(6), we get

Mp . 'k 3y
Men Fi(y) (E) : (16)

As a measure of the size of the HCSS, the effective radius
reff, .. the radius containing one-half of the stellar mass in
projection, is preferable . We define a second form factor

. R - F such that

| ] i [ 1 o | MR i I .I“ - reff = FZ(V)rk (17)

o0 oo 0 Figure[l(b) plots(y). Also shown by the dashed line is the

Fl6. 2 Evolution of the bound \ation following & kick: thiek relation corresponding to the Dehnen-model approximation
1G. 2.— Evolution of the bound population following a kick; thiek was ; ;

in the —X direction att = 0. Each frame is centered on the (moving) SMBH. described above, for which

Stars were initially distributed as a power law in dengity r ~7/4; only stars 1/(3— -1

which remain bound following the kick are plotted. Unit ohggh isrg and FZ(V) ~ 15 (2 /3 1) (18)

frames (a,b,c,d) correspond to times ofl(@ 30,100) in units ofGMgy /V|<3-

(Dehnen 1993). The Dehnen model approximation is reason-
2 ———— ably good for allyin the range b < y < 2.5 and will be used

as the default definition fdf, in what follows.
Combining equationg (16) and {18) gives the mass-radius
o b N i (Mp — reff) relation for HCSS's, in terms of the (yet unspeci-
fied)r,:
Mb =K (y)Mgnr) 3r3, (19a)
-2 .
_ ~175 1/(3y) _ 1y-1]Y"3.
. N A K(y)=116y *7°[(3/2)(2Y* ¥ - 1)7|"; (19b)
-4 A fory=(1,15,2), K =(0.89,1.41,2.32).
N 2.3. Mass-Velocity Dispersion Relation
-6 \\1\\ - Stars bound to a recoiling SMBH move within the point-
A mass potential of the SMBH, for which the local circular ve-
AN locity is (GMgp /r)Y/2. The circular velocity at = ry is just
-8 P m““w — 11 — 1‘ : Vk, so the characteristic (e.g. rms) speed of stars in the bound
0.0 0. 0 cloud scales agy, motivating us to define a third form factor
r/(CMgu/V,?) Fs such that
FiG. 3.— Steady state, spherically symmetrized density psofilethe Oobs = F3(Y)Vk, (20)

bound population foy= (1,1.5,2). Dotted lines show the pre-kick densities; ; ; ; ;

dashed (blue) lines in both panels are Dehnen-model fits. Where.cc’bs is the measured Ve|OC|ty d|sper3|on._ Tothe e.Xtent
) o thaty is known, and/or the dependencergfony is weak, it

in Dehnen (1993), it is easy to show that the Dehnen modelsfollows that the amplitude of the initial kick can be empiri-

so normalized satisfy cally determined by measuring the velocity dispersion ef th
3y stars.
ﬂ — 24y (GMBH> (15) An integrated spectrum will include stars at all (projegted
MaH r.sz radii within the spectrograph slit. (E.g. at the distancéhef

Virgo cluster, a 1 slit corresponds te- 80 pc, larger thaneg

implying F; ~ 2* . This altermnate expression Bt is plotted or even the largest HCSS's.) Sin¢e- r~1/2, the distribution

as the dashed line in Figure 1a. Unless otherwise stated, w (V) of line-of-sight velocities of stars within the slit will

will use equation((B) foFy in what follows. contain significant contributions from stars moving bothctmu

So far we have assumed that stars remaining bound to th :
SMBH experience only its point-mass force. In reality, be- r?;asterand much slower thak and can be very non-Gaussian.

yond a radius of ordemng ~ (Vk/0)?rk, stars will also feel a
significant acceleration from the combined attraction & th Integrated spectra of the centers of galaxies typicaiywell modelled

other stars, leading to a tidally truncated density proftle a iz Gaussian broadening functions. This is because mosedight in the
r > ri. We ignore that complication in what follows. slit comes from stars that are far from the SMBH.
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S A B e B — ' ' ' '
4 + .
S ] 5
=z Ca
2 F — o
'] - -
.84I00. — .85I00. — .86:00. — .87I00.
0 : A [4]
2.5 - FIG. 5.— Absorption line spectrum of the KOl star HR 7615, colved
with two broadening functionsThick (black) curve: N(V) from the top panel
of Fig.[4, computed from the entire bound population, assgnii = 1000
2 L _ km s1. Thin (blue) curve: GaussiarN(V) with 0 = 200 km s°1.
to Vk = 1000 km s1, and a GaussiaN (V) with @ = 200 km
s~1. The two broadening functions produce similar changes in
1.5 ¢ 7 the template spectrum; tiV) from the bound cloud gener-
= ates more ‘peaked’ absorption lines, but this differenceldo
1 L | be difficult to see absent very high quality data.
We computed the best-fit, Gaussiaucorresponding to the
various broadening functions in Figurk 4 as a functiolof
0.5 L - The stellar template of Figufé 5 was convolved with Gaussian
N(V)’s having o in the range 2 to 2000 km3and a step
size of 1 km s1. Each of the Gaussian-convolved templates
0 was then compared with the simulated HCSS spectrum, and
the “observed” velocity dispersiam,,s was defined as the
VIV, for which the Gaussian-convolved template was closest, in a
kick least-squares sense, to the HCSS spectrum. No noise was
Fic. 4.— Line-of-sight distribution of velocities of stars bulito a re- added to either the HCSS or comparison spectra.
coiling SMBH, as seen from a direction perpendicular to thé kinitially Figure{B shows the results fwt (1’ 2), 150 km §1§ Vi <

pOr~Y,y=(1,2); the phase-space distribution following the kick was com- . . -
puted as in Paper I. Solid curves shdifV/) as defined by all bound stars 4000 km st, and for (circular) apertures of various sizes.
(thick) and progressively thinner curves shdi(V) defined by bound stars ~ When the entire HCSS is included in the stitps ~ 0.15V

within a projected distance 10,3, 1)ry from the SMBH. Dashed (blue and  (y = 0.5), ~ 0.20Vi (y = 1), and~ 0.35V (y = 2). These val-
red) curves show Gaussian distributions witk= (0.2,0.5)Vk (y= 1) and ues are \'/vell fit by the ad hoc relation

o = (0.35,0.75)V (y= 2) respectively.
INF3 = —2.17+0.56y, 0.55Y<2 (21)

Figure[4 shows\(V) for bound clouds withy =1 and 2, As the aperture is narrowedgpsincreases to values closer to
as seen from a direction perpendicular to the kick. (This is V, although as argued above, realistic slits would be exgdecte
the a priori most likely direction for observing a prolate-ob to include essentially the entire HCSS and we will assunge thi
ject. Since the HCSS is nearly spherical within a fgwthe in what follows.
results cited below depend weakly on viewing angle.) Since We note that some ultra-compact dwarf galaxies (UCDs)
more than 1/2 of the stars lie at> 2r, and are moving with  have ogps as large as 40 50 km sland that the implied
v < V, the central core of the distribution has an effective masses are difficult to reconcile with simple stellar popata
width that is much smaller thavi; most of the information ~ models, which has led to suggestions that the UCDs are dark-
about the high velocity stars near the SMBH is contained in matter dominated (Hilker et al. 2007; Mieske et al. 2008).
the extended wings (e.g. van der Marel 1994). Alternatively, some UCD'’s might be bound b%/ a central black

Velocity dispersions of stellar systems are typically mea- hole; for instance, an observedof 50 km s -is consistent
sured by comparing an observed, absorption line spectrumwith an HCSS produced via a kick ef 250 km s1(y = 1).
with template spectra that have been broadened with Gausbetection of the high-velocity wings iN(V) (Fig.[4) could
sian N(V)'s; the comparison is either made directly in distinguish between these two possibilities.
intensity-wavelength space (elg. Morton & Chevalier 1973)  While spectral deconvolution schemes exist that can do this
or via cross-correlation (e.g. Simkin 1974). For example, i (e.g.Saha & Williams 1994; Merritt 1997), they require high
ternal velocities of UCDs (ultra-compact dwarf galaxias) i  signal-to-noise ratio data. Precisely how high is suggeste
the Virgo and Fornax clusters have been determined in bothby Figure[T, which shows the results of simulated recovery
ways (e.g. Hilker et al. 2007; Mieske et al. 2008). Figure 5 of HCSS broadening functions from absorption line spectra.
shows the results of broadening the spectrum of a KO star inThe spectrum of Figuifd 5 was convolved with the 1 N(V)
the Call triplet region (84004 A < 8800 A), with two broad-  plotted in Figurd 4, withvi = 10° km s 1. Noise was then
ening functionsN(V) from the top panel of Figuid 4, scaled added to the broadened spectrum (as indicated in the figures
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(@] L B L L L T T T
3 FS/N=10 .. ]
& L \ .
[ oy =332 (=222, +219) '\ b
8 h, = 0.41 (-0.39,+0.37) .
=N : NV F ;
— 3 ] 2 ]
N : _
£ I b e .
~ -2 L
el o 1 T T
2 S/N = 20
o 3| ]
o oy = 121 (-52,+16) 8
[ h, =0.16 (-0.19,+0.22) 1
o N(v) F .
St . )
LrO) I L A0 ] . . . f AT
100 200 500 1000 2000 LS. = AN = 2SN
Vk [km/s] S/N = 40 -
F1G. 6.— Velocity dispersionsgps that would be inferred from broadened [ 0 =130 (-22,+22) ]
absorption-line spectra of HCSS'Solid (black) lines: y = 1; dashed (blue) [ h, =0.18 (-0.08,+0.07) 1
lines: y= 2, wherey is the power-law index of the stellar density profile L ]
before the kick. Thick curves correspond to all bound stdisner curves N(V) | b
correspond to an observing aperture that includes only detars within a
projected distance tQand 3y from the SMBH (as viewed from a direction r
perpendicular to the kick). Dotted lines shogss= 0.2Vx andogps= 0.35Vk. L ]
by the signal-to-noise ratio S/N) and the broadening fumcti
was recovered via a non-parametric algorithm (Merritt )997 o — . .y

confidence bands were constructed via the bootstrap. Figure —1000 _500 0 500 1000
suggests that SAN 40 permits a reasonably compelling de- v [km/s]
termination of a non-Gaussia(V). This conclusion is re- m/s

inforced by the inferred values of the Gauss-Hermite (GH) FIG. 7.— Recovery of HCSS broadening functions from simulatesbgp-

. ; tion line spectral data with various amounts of added noBlee lines are
momentsop andhy; the former measures the width of the the inputN(V) (from Figure@, withy = 1 andVy = 10° km s71). Solid lines

Gaussian term in the GH expansionfV) while hs mea- are the recovereN(V)s and dash-dotted lines are 90% confidence bamgis.
sures symmetric deviations from a Gaussian. For=SA9, andh, are coefficients of the Gauss-Hermite fit to the recovéiéd); 90%

the recoveredh, = 0.18+ 0.1 (90%), significantly different  confidence intervals on the parameters are given.

from zero. (We note that the velocity dispersion correspond o _ _ _ _ _

ing to the GH expansion is; = (1+ v/6hs4)0p which is close  the massive binary) just prior to the kick. In this section we

to Ops as defined above.) In §7 we discuss the feasibility of discuss likely values for the parameters that determinprite

obtaining HCSS spectra with such high S/N. kick density of stars near the SMBH and the implications for
Combining equations (17) an@{20), the (stellar) mass- the mass that remains bound after the kick. In a following

velocity dispersionNl, — Gopg relation for HCSS's becomes ~ Section we will relate mass to luminosity and color. _
Two inspiralling SMBHs first form a bound pair when their
Mp

MgH GMgy 3y 2(y-3) separation falls te- rins = GMgn /0, the influence radius of
M, Mo r obs - the larger hole. This distance is a few parsecs in a galary lik
. (22) the Milky Way..The separation betwegn thle two SMBHSs then
It is tempting (though only order-of-magnitude correct) to drops very rapidly (on a nuclear crossing time scale) toa fra
write ry ~ rin &~ GMgn /02, which allows equatiori{22) to be tion~ 0.1M3/M;j of rying as the binary kicks out stars on inter-

HMx%M“W(

written secting orbits via the gravitational slingshot (Merriti0&z).
Mp 2(3—y) { Oobs) 2(Y-3) Because a massive binary tends to lower the density of stars
Man F1xF3 (—0 ) : (23) or gas around it, the two SMBHs may stall at this separation,

, , - ) ) __never coming close enough togethes 102 pc) that gravita-
The dimensionless coefficient in these two expressions isional wave emission can bring them to full coalescences Thi
equal to(3x 107°,1.2x 10740.4) fory= (0.5,1,2). is the “final parsec problem.”

Of course, in order for a kick to occur, the two SMBHs
must coalesce, and in a time shorter tharl0 Gyr. Roughly
speaking, this requires that the density of stars or gas near

3. THE PRE-KICK STELLAR DENSITY the binary remain high until shortly before coalescences Th

While the linear extent of a HCSS is determined entirely by implies, in turn, a relatively large mass in stars that camaie
Mg andVk (eq.[1), its luminosity and (stellar) mass depend bound to the SMBH after the kick, hence a relatively large
also on the density of stars around the SMBH (i.e. aroundluminosity for the HCSS that results.
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Converting these vague statements into quantitative esti- T T T
mates of the stellar density just before the kick requires-a d
tailed model for the joint evolution of stars and gas arouned t
shrinking binary. A number of such models have been dis- N

cussed (see Gualandris & Merritt 2008, for a review). Here
we focus on the two that are perhaps best understood:

0
T

laxation timetgr in the pre-kick nucleus is sufficiently
short, gravitational scattering between stars can con-
tinually repopulate orbits that were depleted by the
massive binary, allowing it to shrink on a timescale
of ~ tr (Yu2002). This process can be accelerated N
if the nucleus contains perturbers that are significantly
more massive than stars, e.g. giant molecular clouds
(Perets & Alexander 2008). Repopulation of depleted
orbits guarantees that the density of stars near the bi- Y
nary will remain relatively high as the binary shrinks. —4

e Collisional loss-cone repopulation. If the two-body re- =
&
o

10915 /Tinf

axisymmetric (barred, triaxial or amorphous) galaxies, Fic. 8.— Evolving stellar density around a binary SMBH of mass

e Collisionless loss-cone repopulation. In non-
: “ A ; 1-+M;z = 10PM,, in a spherical galaxy containing 1@olar-mass stars, in
some orbits are Centmph”lc' passing near the gaIaXy the “collisional loss cone repopulation” regime (Merritizé.2007b). Solid

center each crossing time. This can in’llp|¥ feeding jines showp(r) at five different times, betweeatt) ~ a, anda(t) ~ 8eq. The
rates to a central binary as large dMs~ G~ -0° even density falls to zero at ~ a(t) and smaller values i correspond to later

in the absence of collisional loss-cone repopu|ation times; total elapsed time is 0.5tr(rinfi ) Whererinq is the gravitational influ-

: ] ence radius of the massive binary. Dotted line shows thilirfire-binary)
(Merritt & Poon 2004).  Because the total mass on galaxy density and dashed line has the Bahcall-Wolf (19@f)esp Or~7/4

c_entroph.ilic orbits can be>. MgH, interaction.of the Denoting the semi-major axis of the massive inarﬁ(ly;
binary with a mass- Mgy in stars need not imply a  gne finds|(Merritt et al. 2007b)

significiant decrease in the local density of stars, again
! ‘§’~Aln (%)JFB (25)
) la a

implying a large pre-kick density near the binary. (
tR(rinf
We now discuss these two pathways in more detail and their " o i
implications for the pre-kick stellar density near the SMBH ~ fOr @eq S (t) < @, whereaeq~ 10 “ring is the separation at
which energy losses due to gravitational wave emission be-

3.1. Collisional loss-cone repopulation gin to dominate losses due to interaction with stafsBj ~
. : , (0.016,0.08) with only a weak dependence on binary mass ra-
At the end of the rapid evolutionary phase described abovejp The elapsed time between= a, anda = aeq is of order
the binary forms a bound pair with semi-major axis tr(Tinl)-

d i Figure[8 shows the evolution of the stellar density around

(1+q)27 a mas;ive binary as it shrinks from~ an to a~ agq the _
evolution was computed using the Fokker-Planck formalism

with g = M2/M; < 1 the binary mass ratio (e.g. described in Merritt et al. (2007b). The same gravitational
Merritt 2006a). Stars on “loss cone” orbits that intersect encounters that scatter stars into the binary also drivelithe
the binary have already been removed via the gravitationaltribution of stellar energies toward the Bahcall-Wolf (897
slingshot by this time, and continued evolution of the bynar  «zero-flux” form, p~r-7/4 and on the same time scale,
—in this mode_l, via gravitational scattering. Scatterimgoo atradiia(t) < r < 0.2rng. In effect, the inner edge of the cusp
loss-cone orbits around a central madgy = M1+ M2 follows the binary as the binary shrinks.
occurs p_redominantly from stars on eccentric o_rbits_ with  once a(t) drops below~ aeq the binary “breaks free”
semi-major axes~ rini, and the relevant relaxation time of the stars and evolves rapidly toward coalescence, leav-
is therefore~ tr(rin). Relaxation times at = ring in ing pehind a phase-space gap corresponding to orbits with
real galaxies are found to be well correlated with spheroid pericenters< aeq (In a similar way, evolution of a binary
luminosities (e.g. Figure 4 of Merritt et al. 2007a), drappi  SMBH in response to gravitational waves and gas-dynamical
below 10 Gyr only in low-luminosity spheroids — roughly torques leaves behind a gap in the gaseous accretion disk;
speaking, fainter than the bulge of the M'”fy Way. Such pjjlosavljevic & Phinney 2005.) Gravitational scatteringjiw
spheroids have velocity dispersiogsl50 km s *and contain only partially refill this gap in the time between= aeq and
SMBHs with massess 10'M,. Binary SMBHs in more  coalescencé (Merritt & Wang 2005). Figure 8 suggests that
luminous galaxies might still evolve to coalescence Vvia thi ag, < (an, rinn). Merritt et al. (2007b) estimated, based on the
mechanism, but only if they contain significant populations same Fokker-Planck model used to construct Fifillire 8, that
of perturbers more massive thanMg, e.g. giant molecular e
clouds or intermediate mass black holes; Perets & Alexander 229 ~(0.20,0.67,2.3,7.8) x 10 2 (26)
(2008) have argued that this might generically be the case in Finfl
the remnants of gas-rich galaxy mergers though this model isfor equal-mass binaries with total madel; + Mz =
unlikely to work in gas-poor, old systems like giant elligzi (10°,10°,107, 10°)M,; the numbers in parentheses decrease
galaxies. by ~ 25% for binaries wittMz /M1 = 0.1.

arap=

(24)
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Following the kick, the density profile of Figuké 8 will be
truncated beyond~ r¢. The inner cutoff at ~ agq satisfies
Beq

~ 10 (V"> .
'k (0}

The requirement thaleq < r¢ —i.€. that at leastome stars re-
main bound after the kick — then becomgss 300, which is
never violated by reasonabM(o) values. However, the in-
ner cutoff exceeds.lry for Vi 2 100, a condition that would
be fulfilled for o = 100 km slandVk = 10° km s1. In
what follows we ignore the inner cutoff and assume that the
Bahcall-Wolf cusp extends to= 0

The pre-kick density can therefore be approximated as

p(r):{pO(% OSTSFO
Po P S T

whererg ~ 0.2rjh andpo = p(ro) is the density of the galaxy

(27)

(28)

core. Using equationE](6) arid {28), the mass remaining bound

to the coalesced SMBH after a kick is then

Mp GMgy \ > Y
e =R (S (292)
GMBH>5/4 <pof3ﬂ >
~1.3 in 29b
<rianVk2 MgH (29b)
5/2
~(w) () s

where Mcore = pormﬂ, the last expression assumes <
0.2rinf, i-e. Wk 2 20, which is always satisfied for a HCSS
that escapes the galaxy core.

To the extent that the galaxy core was itself created by
the massive binary during its rapid phase of evolution, then
Mcore/MgH is of order unity (Merritt 2006a). (Following the
kick, the core will expand still more; Gualandris & Merritt
2008.) Making this assumption yields

M, o\ 52
—MBH = <\7k> (30a)
5/2 -5/2
. o Vk
~2x 102 —— _— (30b
X (200kmsl> <103kmsl> (30b)

In the case of ejection from a stellar spheroid like that ef th
Milky Way (o ~ 100 km s'1, Mgy ~ 4 x 10°M.,), we have

Vie -5/2
My ~ 10°M.. (W) | (31)
i.e.
3x10PS  Mp/My  <5x10% (32a)
4000> Vi /(km s1) > 500 (32b)

Combining equationd [1)[ (17) and_({30) gives the mass-
radius relation in the collisional regime:

Mp ~ 0.4G /Mg Y 40%/2r 24

—1/4 5/2 5/4
z4><104M@< NLBH ) ( ° 1) ( >‘
10'Mg 100km s 0.1 pc
1.29 5/4
(6) reff
~5x 10°M,, (100 - sl) ( o1 pc) (33c)

Merritt, Schnittman & Komossa

100 1000

10

rogr LPC]

0.1

0.01

logg My [Mgy,]

FiG. 9.— Bound stellar mass vs. effective radius for HCSSs. K katid
lines (blue hatched area) are based on the “collisiona’ éasie repopulation
model and assume a galaxy central velocity dispersiam-6f(50,100,150)
km s~ 1(from left to right). Thin solid lines (red hatched area) besed on the
“collisionless” loss cone repopulation model; the threedi in each set as-
sume a galaxy central velocity dispersioroof (200,300,400) km s~ (right
to left) and the three sets of lines are for 0.5 (black) , 1.0 (green) and 1.5
(orange). For both models, solid lines extend to a maximggrbased on
the assumption thafy > 4.50 (escape from the galaxy) while dashed lines
correspond to the weaker conditidh > 20 (escape from the galaxy core).
HCSSs to the left of the dash-dotted (magenta) line are éxgpeo expand
appreciably over their lifetime. Data points are from Farie¢ al. (2008).
Filled circles: E galaxies. Open circles: UCDs and DGTOsurs$Stglobular
clusters.

where the final expression assumesthgy — o relation in

equation[(R).
The mass-velocity dispersioMf — Gop9 relation for HC-

SSs follows from equatiof (B0) withyps = F3(Y)Vk ~ 0.30Vk:
M~ 0.05Mgn0%/ %02 (34a)
74 —5/2
~2x 1M, < 9 1) ( Jobs > (34b)
100km s 100 km

where theMpgy — o relation has again been used.

Figures[® and_10 plot the relations {33, 1(34) for=
(50,100,150) km s, Plotted for comparison are samples
of globular clusters and dwarf galaxies from the compilatio
of Forbes et al. (2008).

In these plots, the minimumy is
sociated with a kick of- 4000 km s-.
bined with theMpy — o relation) gives

4.86
o
rer >30x103pc( — % ) .
ef P <100kmsl>

The maximunTeg is associated with the smallégtthat is of
physical interest. We express this value\@fas No which
o]

2.86
100 km sl> '

Kicks large enough to eject a SMBH completely from its
galaxy haveN ~ 5 (Figure[11). Kicks just large enough

Presumed to be that as-
This condition (com-

(39)

(33@)allows us to write

Feff < 4.9pcN 2 < (36)
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1000

Ogps LKM s
100
T

10

logyg My [Ms,]

FiG. 10.— Bound stellar mass vs. observed velocity dispersiohlCSSs.
Thick solid lines (blue hatched area) are based on the Soatial” loss cone
repopulation model and assume a galaxy central velocifyedsson ofo =
(50,100,150) km s~(from left to right). Thin solid lines (red hatched area)
are based on the “collisionless” loss cone repopulationehdle three lines
in each set assume a galaxy central velocity dispersion-of200 300,400)
km s 1(right to left) and the three sets of lines are o= 0.5 (black) , 1.0
(green) and 1.5 (orange). For both models, solid lines eixtera minimum
Oobs based on the assumption théit> 4.50 (escape from the galaxy) while
dashed lines correspond to the weaker conditipn> 20 (escape from the
galaxy core). Other symbols are as in Q. 9.

00

Sersic Index

Fic. 11.— Escape velocity from the center of a Sersic-law galasy
a function of Sersic index, in units of the central, projected, 1d velocity
dispersion as measured through a circular aperture. Gunsiass-to-light
ratio was assumed and the effect of the SMBH on the potentiainathe
motions of stars was ignored in computiigcando. The four curves (black,
red, green, blue) correspond to aperture radii of (0.03,0.0,0.3) in units of
the half-light radius of the galaxy.

to remove a SMBH from the galaxy core have = 2
(Gualandris & Merritt 2008). Figurés 9 ahd]10 show the lim-
its onref corresponding tdN = 5 andN = 2, the latter via
dashed lines.

According to Figuré9, HCSSs in this “collisional” regime
can have effective radii as big asl pc when 2 Vesg 0n the
Mp — reff plane their distribution barely overlaps with glob-
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FIG. 12.— Relation between,, the radius containing a mass in stars equal
to twice Mgy, and central velocity dispersiotop) or black hole masshft-
tom), for galaxies in the ACS Virgo sample. Open circles are &galaxies;
dashed lines are fit to just these points while dotted linediato the entire
sample.
always substantially exceed those of either globular ehgst

or compact galaxies of comparable (stellar) mass.

3.2. Callisionless loss-cone repopulation

By “collisionless” we mean that the nuclear relaxation
time is so long that gravitational scattering can not reffié t
loss cone of a massive binary at a fast enough rate to sig-
nificantly affect the binary’s evolution after the hard-&ip
regime (eq[24) has been reached. The relevant radius at
which to evaluate the relaxation time is ring, the influ-
ence radius of the binary (or of the single black hole that
subsequently forms). The relaxation timergg in ellip-
tical galaxies is found to correlate tightly witthh or Mgy
(Merritt et al. 2007b):

MBH 154
tr(rinf ) ~ 8.0 X 10° yr (1@M@> ,

where Solar-mass stars have been assumed. A mass of order
Mgn is scattered into the central sink in a timggring ), and
this is also roughly the mass that must interact with theryina
in order for it to shrink by a factor of order unity. Even al-
lowing for variance in the phenomenological relatidnd (%7)
follows that collisional loss cone refilling is unlikely tags
nificantly affect the evolution of a binary SMBH in galaxies
with 0 = 200 km s tor Mgy = 10°M....

An alternative pathway exists for stars in these galax-
ies to interact with a central binary. If the large-scale

(37)

ular clusters, and extends to much lower sizes and (stellar)galaxy potential is non-axisymmetric, a certain fractidn o
masses. However their velocity dispersions (Eid. 10) would the stellar orbits will have filled centers — these are the
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(non-resonant) box or centrophilic orbits, which are tgtiic

Merritt, Schnittman & Komossa

have been most strongly affected by mergers. The best-fit re-

chaotic as well due to the presence of the central point masdations defined by the core galaxies alone are

(Merritt & Valluri 1999). Stars on centrophilic orbits pass

near the central object once per crossing time; the number

of near-center passages that come within a distdnafethe
central object, per unit of time, is found to scale roughty i
early withd (Gerhard & Binney 1985; Merritt & Poon 2004),

allowing the rate of supply of stars to a central object to be

computed simply given the population of centrophilic asbit
While the latter is not well known for individual galaxiesas
ble, self-consistent triaxial galaxy models with centriaic
holes can be constructed with chaotic orbit fractions agelar
as~ 70% (Poon & Merritt 2004). Placing even a few percent
of a galaxy’s mass on centrophilic orbits is sufficient talri
two SMBHSs to coalescence in 10 Gyr (Merritt & Poon 2004).
Furthermore, the effect of the binary on the density of dtars
the galaxy core is likely to be small, since the mass assxtiat
with centrophilic orbits is>> Mgy and stars on these orbits
spend most of their time far from the center.

Here, we make the simple assumption tta observed
core structure of bright eliptical galaxiesis similar to what
would result from the decay and coalescence of a binary
SMIBH in the collisionless loss-cone repopulation model. In

other words, we assume that the binary SMBHSs that were

once present in these galaxidisl coalesce, and the cores

log;o(re/pC) = —4.84+2.84l0g ,(0/kms 1) (39a)

=—2.92+40.56logo(MgH/Ms) (39b)
i.e.
o 2.8
re~50 pc(i200 . sl> (40a)
MBH 0.56
~35 pc( 108M@) . (40Db)

While these relations are fairly tight, thyevalues show some-
what more scatter, in the rangé@S y < 1.5, and we leavy
as a free parameter in what follows.
Combining the relation$ (40) with equations (119b) dndd (2)
gives a mass-radius relation for HCSSs in the “collisiosiles
o reff

paradigm:
2.84y-3.66 3-y
G —_— 41a
<(¥) (zoo km sl) (O.l pc) (41a)

My
10°M,
Mepy 05600680 1\ 3-y
“‘G”‘(y><108|v|@) oipc) @10

that we now see are relics of the binary evolution that pre- where

ceded that coalescence. By making these assumptions, we are
probably underestimating the density around a SMBH at the
time of a kick, since some observed cores will have been en-

larged by the kick itself (Gualandris & Merritt 2008). Also,
core sizes in local (spatially resolved) galaxies are Vikel

reflect a series of past merger events (Merritt 2006a); SMBHs
that recoiled during a previous generation of mergers would = |
probably have carried a higher density of stars than implied  Similarly,

by the current central densities of galaxies.

~ 750, \'3

GS(y) =1.93x 105y 175 (m) s (42a)
~ 525 \Y3®

Gm(y) =1.16x 10°y 17° (m) . (42b)

combining equationd_(#0) with equatidn (22)
gives the mass-velocity dispersion relation:

Above we characterized the pre-kick mass densitp as M o 10.92-2.02y - 2(y-3)
r—Y, with r, the radius at which the enclosed stellar mass b ~Hs(y) (7) <¢) 43a)
equals twiceVigy. We computedq andr, for a subset of early- 0*M¢ 200 kms? 100 kms*
type galaxies in the ACS Virgo sample (C6té et al. 2004) for Mgy 232 044/ Oob 2(y-3)
which o was known; for some of these galaxies the SMBH ~Hm(y) ( > (%) (43b)
mass has been measured dynamically whlg, in the re- 10°Mg 100 km s
maining galaxies was computed from equatibh (2). Each where
galaxy was modelled with a PSF-convolved, core-Sersiclumi 175 23-y)
nosity profile (Graham et al. 2003), which assumes a power Hs(y) = 1.92x 10y +7°[1.25(y)] N Y
law relation between luminosity density and projecteduadi Hm(y) = 1.16 x 18Py +7[1.15(y)]2®Y) (44b)

inside a break radiuR,. The core-Sersic fits were numeri-

cally deprojected, and converted from a luminosity to a mass ands(y) is given by equatiori (21).

density as in Ferrarese et al. (2006). The radjusas then
computed from

1/(3-y)
[ 3—YyMsgH
T por}

with ythe central power-law index of the deprojected density;
ro is a fiducial radius smaller thar, which we chose to be 1
pc andpg is the mass density at=rg.

Figurd 12 shows the relation betwegrando and between
re andMgy. “Core” galaxies (those with projected profiles
flatter than> 0 R-%° near the center) are plotted with open
circles and “power-law” galaxie&(steeper thaR %) galax-
ies as filled circles. While this distinction is somewhatiarb
trary, Figurd_IPR confirms that the “core” galaxies have large
r. at givenc or Mgy than the “power-law” galaxies, consis-
tent with the idea that the central densities of “core” gedax

(38)

These relations are plotted in Figuids 9 antl 10. The al-
lowed locus in theei — My diagram (indicated by red vertical
lines) now includes the region occupied also by globulasclu
ters and compact E galaxies. However, velocity dispersions
remain higher than those observed so far in these classes of
object.

3.3. Other pathways to coalescence and/or ejection

Recoils large enough to eject SMBHs completely from
galaxies can occur even in the absence of gravita-
tional waves, via Newtonian interactions involving three
or more massive objects (e.g. Mikkola & Valtonen 11990;
Hoffman and Loeb 2006). The same interactions can also
hasten coalescence of a binary SMBH by inducing changes
in its orbital eccentricity. If the infalling SMBH is less ma
sive than either of the components of the pre-existing linar
M3 < (M1,M2), the ultimate outcome is likely to be ejection
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of the smaller hole and recoil of the binary, with the binary
eventually returning to the galaxy center. Mz > M; or

M3 > My, there will most often be an exchange interaction,
with the lightest SMBH ejected and the two most massive
SMBHSs forming a binary; further interactions then proceed
as in the cas#lz < (M1,M3). Whether, and to what extent,
the ejected SMBH constitutes a HCSS depends on whether it
carries a bound population and can retain it during intéact
with the other SMBHSs. These questions are amenable to high-
accuracyN-body simulations, which we hope to carry out in
the future.

The presence of significant amounts of cold gas in galaxyg
nuclei can also accelerate the evolution of a binary SMBH. ~
However it is not clear whether the net effect of gas would be
to increase, or decrease, the mass of a batehldr popula-
tion around the coalesced binary, compared with the purely
stellar dynamical estimates made here. On the one hand, gas
dynamical torques can lead to rapid formation a tightly+mbu
binary SMBH (Mayer et al. 2007), reducing the time that the
binary can deplete the stellar density in the core on scdles o
the SMBH influence radii. On the other hand, the formation
of a steep Bahcall-Wolf cusp around a shrinking binary dis-
cussed in 83 requires that the binary evolution timescats be
order the nuclear relaxation time. Cold gas also implies sta
formation.

4. POST-KICK DYNAMICAL EVOLUTION

In the collisional regimeMgn < 10’M..,, a HCSS will con-
tinue to evolve via two-body relaxation after it departsitine

cleus. We argued above that the density profile around the

SMBH will be close to the “collisionally relaxed” Bahcall-
Wolf form, p O r~7/4, at the time of the kick. After the kick,
the Bahcall-Wolf cusp is steeply truncatedrat ry where
rk < ring. Gravitational encounters will continue to drive a
flux of stars into the tidal disruption sphere of the recgjlin

SMBH, but because there is no longer a source of stars a

r =~ ripp to replace those that are being lost, the density at
r < rg will steadily drop, at a rate that is determined by the
tidal destruction rate. The latter is roughly (Paper I)

. InA Vk)
N ——(— | f
In(rg/rt) (rk b

stars per unit time, wherg is the tidal disruption radius.
Equation [(4b) is the so-called “resonant relaxation” lcse r
(Rauch and Tremaine 1996) and it differs by a faetofgl

from the standard, non-resonant relaxation rate. In the chs

(45)
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FIG. 13.— Evolution of the density around two HCSSs due to resbna
scattering of stars into the SMBH's tidal disruption sphefiep: Mgy =
3% 10'Mg, Mp =~ 1 x 10PM,; bottom: Mgy = 3x 10°M,, Mp =~ 7x 103M,;
Vi = 10° km s 1 in both cases. Left panels show the stellar density at Gyr
time increments; the density drops as stars are lost intSMBH. Right
panels shoviN.

left of this line (in the collisional regime only) should expd
appreciably on Gyr timescales.

To simulate the evolution of a HCSS in this regime, we
solved the orbit-averaged isotropic Fokker-Planck egunati
for stars moving in the point-mass potential of a SMBH. In its
standard form, based on the non-resonant angular-momentum
diffusion coefficients, the Fokker-Planck equation would-p
dict evolution rates that are orders of magnitude too srivall.
stead we used an approximate resonant diffusion coefficient
as in Hopman & Alexander (2006). The amplitude of this
diffusion coefficient is not known from first principles and
we chose it to approximately reproduce tiidody diffusion
ates observed in Paper | and Harfst et al. (2008). Unlike
in most applications of the Fokker-Planck equation, theout
boundary condition in our case f§E = 0) =0, i.e. the den-
sity of stars falls to zero far from the SMBH (in addition to
being zero near the tidal disruption sphere).

Figure[I3 shows the evolution over 10 Gyr for two HC-
SSs withMpy = (3 x 10°,3 x 10")M,, and Vk = 10° km
s 1. The first cluster lies to the left of the magenta dot-
dashed line in Figureé]l9 and the second lies to the right.
Tidal disruption rates are initially similar for the two sliers,

10 6yr-1 < N <10 %yr 1, but the resultant density evolution

SMBHs embedded in nuclei, most of the disrupted stars comejs much greater in the smaller HCSS since its initial (stglla

from radiir ~ rinn where resonant relaxation is not effective; mass ( 10°M,) is less. The stellar disruption rates in Fig-

once these stars have been removed by the kick, the stars th@fe[T3, and their change with time, are similar to estimates

remain are almost all in the resonant regime and equafidn (45 made in a simpler way by Paper |.

IS appropriate. N o The expansion seen in Figlirg 13 is only significant for HC-
Using equation[(45), the condition that significant loss of gss that are older than a few Gyr and that populate the left-

stars take place in 2gr or less, i.e. most part of the mass-radius plane (Figure 9). Furthermore,

-1 the theory of resonant-relaxation-driven evolution of stas-

‘ld_N < 10%r, (46) ters is still in a fairly primitive form and the true evolutias
N dt likely to be affected in important ways by mass segregation
becomes and other effects that have so far hardly been studied. For
Vi 3/2 Mg these reasons we chose to ignore the expansion in what fol-
— R 47 lows; we note here only that the lowest-mass HCSSs are most
(1O3km S l) 10'M.,

likely to be affected by the expansion. We hope to return to
This can be recast as a relation betwd&®andrqs using the this topic in more detail in later papers.
equations in the previous sections; the resulting lineated

as the magenta dot-dashed curve in Figure 9. HCSSs to the 9. LUMINOSITIES AND COLORS
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FIG. 14.— Color-magnitude diagram of stellar cluster evolutitacks for

arange of metallicities and total stellar mass ofMIQ. The clusters evolve
from the upper-left to the lower-right, with open squaresresponding to
ages of 18, 10°, and 180 years.

Given the total stellar mass in the cluster, we calculate the

luminosity and color of the object using the tabulated stel-
lar evolution tracks of Girardi et al. (1996). These dataegiv
absolute magnitudes in [U,B,V,R,I,J,H,K] bands for a parti
ular stellar mass, age, and metallicity. We assume thateall t
stars in the cluster have the same age, and the initial mas
function (IMF) is given by a broken power-law distribution
(Kroupa 2001):

M-03 . 0.08M, > M
M) O ¢ M~13 : 05M; > M > 0.08M, (48)
M-23 : M > 0.5M,

At any given time, the total luminosity of a stellar cluster i
generally dominated by red giants, yet the additional ¢ontr
butions from the main sequence stars shifts the clustees blu
with respect to individual giants. For example, this meaas t
for a givenB — K color, a cluster will have a smaller value of
B —V color than an individual giant with the sanfe— K.
Thus unresolved HCSSs may be initially distinguished from
foreground stars by doing a simple cut in color-color space.
Figurd 14 shows stellar cluster evolution on a color-mamgit
plot, with age progressing from the upper-left §3@ars) to
the lower-right (18° years). Here we have fixed the total clus-
ter mass at 1., comparable to a typical GC.

If the HCSSs have higher metallicities than typical GCs (a

Merritt, Schnittman & Komossa

with the merger rates as observed today peaking around
redshift z~ 2 — 3 (Menou et al. 2001; Sesana et al. 2004;
Rhook & Whyithe 2005) and totallingg 10 mergers per year
for Mgy > 10°M.,.

We follow the results of Sesana et al. (2004) in estimat-
ing merger rates as a function of total black hole mass and
redshift. In practice, this entails defining an ad-hoc mass d
tribution function of merging SMBHSs with the form

®(M,2) ~ f(M)g(2), (49)

wheref(M) andg(z) are constructed to match the results of
Figure 1 from Sesana et al. (2004). They find that, at any
given redshift, the merger rate scales roughlyas/2. This
corresponds to a functional form 6tM) ~ M54, andg(z)
is well-described by a polynomial with an exponential ctitof
at largez. Then the rate of observed mergers with total mass
M = M1 + M3 is given by
R(M,2) — /CD(Ml,z)dJ(Mz,z)dMl. (50)

To model the merger history of the universe, we follow the

same approach as in Schnittman & Krolik (2008), integrating

forward in time from redshifz = 8 (using a standardCDM
cosmology withQ, = 0.3, Qz = 0.7, andh = 0.72), and

At each redshift, generate a Monte Carlo sample of merger

pairs, each weighted appropriately from the distributiomc-

tion d(M,z). We then normalize the total merger rates to re-
produce the results of Sesana et al. (2004), as observed to-
day. In the Monte Carlo sampling, we constrain the selected
SMBHSs to have a mass ratipgreater than 10°, motivated

by the dynamical friction timescale for the tidal strippiafy

the satellite to be less than a Hubble time. In any case, the ra
at which HCSSs are ejected from the galaxy is not dependent
on the precise value of the mass-ratio cutoff, since at mass
ratios smaller thar- 0.1, there is little appreciable kick.

For each merger, if the resulting SMBH recail is large
enough to escape from the host galaxy, we consider it to form
a HCSS. For a given mass ratio, the kick velocity is calcu-
lated using equations (1-4) from Baker et al. (2008), assum-
ing spin magnitudes in the rangebt< a1 »/M1, < 1.0, and
spin orientations with a random uniform distribution. Tées
assumptions are reasonable if SMBHs gain most of their
mass through accretion (thus a relatively large spin patene
and come together through dynamical friction after thestho
galaxies merge (thus random spin orientations). As pointed

reasonable assumption if the HCSSs are simply displaced nueut by Bogdanovic et al. (2007), gas-rich or “wet” merg-

clei), we expect them to have a significantly wider range of
colors, which may be useful in selecting target objects ghot
metrically from a wide field of view. In particular, since the
recoiled star clusters are expected to be quite old, theyldho
be particularly red compared to GCs of similar ages.

6. RATES OF PRODUCTION

Given the mass-luminosity relation of any individual
HCSS, we can now estimate the luminosity distribution func-
tion for a large number of sources. To arrive at an ob-

ers may result in rapid alignment of the two SMBH spins,
producing significantly smaller recoils. On the other hand,
“dry” mergers should allow the SMBHSs to retain their origi-
nal random orientations (Schnittman 2004). However, enen i
wet mergers, a circumbinary disk may form and drive the two
SMBHSs together via gas-dynamical torque without very much
direct accretion onto either SMBH, and therefore remain rel
atively dry, with correspondingly large kicks.

From Figure[Ill, we estimate that the escape velocity is
roughly five times the nuclear stellar velocity dispersmn

served source count, we must first begin by calculating thewherea is determined from the total SMBH mass from equa-

formation rates of HCSSs via SMBH mergers. Since the
lifetime of HCSSs is essentially the Hubble time, we need
to integrate the cosmological merger history of the unigers
beginning at largez (= 8) up until today. While these

merger rates are uncertain within at least an order of mag-

tion (2) above. If the final SMBH does escape, it will carry
along a total masMy, in bound stars, determined by equa-
tions [33) for collisional relaxatiorMpn < 10'M.) and [43)
for collisionless relaxatiorMgy > 10’M,). Neglecting mass
loss from stellar winds and tidal disruptions, the totalstéu

nitude, most estimates share the same qualitative behaviomass in stars should remain roughly constant over a Hubble
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regard, HCSSs behave similarly to more classical stellsw sy
tems: higher masses have higher dispersion. However, hold-
ing the SMBH mass fixed, a larger recoil velocity will result
in a smaller number of bound stars [eqng. {84] 43)], and thus
lower luminosity for higher velocity dispersion.

In Figure[IY we show a contour plot of the density of HC-
SSs as a function of luminosity and observed velocity dis-
persion. Here we clearly see that the most luminous systems
will also have the largest dispersion, roughly an order ofma
FiG. 16.— Distribution of observed velocity dispersionig,s for HCSSs nitude greater than any globular cluster of the same stellar

dN/dlog o [Mpc]

i
e
S

10°

log o (km/s)

with total luminosityL > 10*L.. For the collisionless case withlgy > mass. We can also use Figlrd 17 to estimate the number of
10'M,, the curves correspond o= 0.5,1.0,1.5,2.0: (solid, dotted, dashed, HCSSs that might be observable in the local universe. As-
dot-dashed). suming a uniform spatial distribution in the local universe

out to a distance of 20 Mpe«(30,000 Mpé), we should ex-

time. Taking the initial metallicity as solar, we use thel-ste pect to see dozens of objects with> 10°L, and at least a
lar evolution tables from Girardi et al. (1996) to calculdte few with L > 10°L.,. However, an all-sky survey to find these
colors and luminosity of each ejected HCSS for two cluster few innocuous objects could be prohibitively expensive: Co
ages: (1) the stars in the cluster were formediyigars before  incidentally, the total mass in the Virgo cluster out to a ra-
SMBH merger and ejection, and (2) the stars formed®®  djus of~ 2 Mpc is roughly the same as that of a smooth uni-
years before ejecton. _ verse out to~ 20 Mpc, which is approximately the distance

Figure[15 shows the luminosity distribution function (num-  to Virgo (Fouque et al. 2001). In other words, a focused sur-
ber per comoving MpY) for a range ofy, with a stellar age  vey of Virgo would be able to sample an effective volume of
of 10° yr at time of SMBH recoil. The high-luminosity sys- ~ 30,000 Mp@ all at the same distance and with a relatively
tems correspond to high-mass SMBHs that merge via colli- small field of view.
sionless relaxation and thus the number of bound stars is di- We expect to find- 3 HCSSs in Virgo withmg < 20;~ 10
rectly a function of the parametgr In Figure[16 we plot  with mk < 22;~ 50 with mk < 24; and~ 200 withmk < 26,
the distribution as a function of observed velocity dispers almost all of which would havegys > 200 km st. For the
limited only to systems witi. > 10°L.. The low-velocity — Fornax cluster, which is at roughly the same distance, bt co
cutoff is directly a function of the minimum SMBH mass tains less mass by a factor ef15 (Drinkwater et al. 2001),
needed to keep roughly 48, in bound stars; any galactic  the source counts at the same fluxes should be down by a com-
halo with SMBH mass above 10°M., will have an escape parable factor. The Coma cluster, on the other hand, has a
velocity > 400 km/s, and thus an observed velocity disper- mass comparable to Virgo (Kubo et al. 2007), but at a dis-
sionogps 2 120 km/s. The high-velocity cutoff is defined by tance of~ 100 Mpc, the apparent brightness of any HCSSs
the maximum kick velocity o¥icx < 4000 km/s. While the  will be smaller by~ 4 magnitudes.
majority of HCSSs will have small velocity dispersions, the  Figures[ I8[ 19 anf 20 show predicted number counts in
brightest, most massive ones will likely come from the most the color-magnitude, size-magnitude, and velocity disipar
massive host galaxies, and thus require the largest kinks, i magnitude planes. Over-plotted for comparison are data for
turn giving the highest internal velocity dispersions. list  other compact stellar systems, from various sources, as dis
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cussed in the figure captions.
7. IDENTIFYING HCSSs
7.1. Search Strategies

We have shown that stars bound to a recoiling SMBH would
appear as very compact stellar clusters with exceptionally
high velocity dispersions. The density of HCSSs, and there-
fore the chances of finding them, will be highest in clusters —;
of galaxies, and nearby galaxy clusters like Virgo and Peorna
are therefore well suited to searching for HCSSs.

In their properties, HCSSs share similarities with globula =
clusters (GCs). However, they would differ from classical
GCs by their much larger velocity dispersions and (posgibly
higher metal abundances (the nuclei of elliptical galakies
the Virgo and Coma clusters often have metal abundances
comparable with solar, and the cores of quasars, powered
by major mergers, frequently show super-solar metakis}ti
They would differ from stripped galactic nuclei and ultrato
pact dwarf galaxies (UCDs, Phillips et al. 2001) by their-typ
ically greater compactness (Figure] 19). They would differ
from objects in theitocal environment by possibly showing
a large velocity offset.

How can we find HCSSs and distinguish them from other
source populations? Systematic searches would be based on
color, compactness, spectral properties, or combinatdns
these.

Imaging searches for compact stellar systems have been or
are currently being carried out, focussing especially an th
nearest clusters of galaxies Fornax (e.g. Hilker et al. 1999
Drinkwater et al. 2003; | Mieske et al. 2008), Virgo (e.g.
Cote et al. 2004; | Hasegan et al. 2005; _Mieske et al. |2006;
Firth et al. 2008), and Coma (Carter et al. 2008), and on a
number of nearby groups (Evstigneeva et al. 2007). These
studies have resulted in the detection of a large nhumber of
GCs, and of several UCDs per galaxy cluster.

Two strategies suggest themselves for identifying HCSSs
among existing surveys of compact stellar systems in nearby :
galaxy clusters. One would focus on the faintest HCSSs
which are most abundant; the other would concentrate onthe ! |
brightest objects, which are rare, but most amenable toviell

[ma
-8 —-10 —-12 -14 -16

-6

—4

v [mag]
-10 -12 -14 -16

M
-8

-6

up spectroscopic observations. .0.6. . .0.8. - 1 - 1.2 1.4 1.6
According to Figur€ 19, HCSSs separatedp—luminosity
space most strongly at the smallest effective radii, smalle (V=1)g [mad]

than Galactic GCs, while FigUEﬂ_S suggests that their solor  Fic. 18.— Number counts of HCSSs with a given— 1) color and abso-
should be comparable to (metal rich) GCs or (gas-poor, i.e.lute visual magnituddly, in units ofd?N/(dMy d(V — 1)) per Mp&, with
non-star-forming, and non-accreting) galactic nuclei.FPS the same shading and contour line values as[Fig.Tb. star formation at

- : : - .tk — 0.1 Gyr; bottom: star formation aty — 5 Gyr. Filled circles are UCD’s
deconvolved HST Imaging can achieve a spat|al resomtlonfrom Evstigneeva et al. (2008). Open circles are DGTO's fitgsegan et al.

better than G— arcsec, corres_ponding to spatial Scale'?djo (2005). Triangles are E-galaxy nuclei from Cote et al. (306pen triangles
pc at the distance of the Virgo cluster. However, in order are nuclei brighter thaBr = 13.5 and filled triangles are nuclei fainter than

to confirm such HCSS candidates, a laborious spectroscopi®r = 135. Stars are Milky Way GCs from Harris (1996) and points argd/i
multi-fiber follow-up survey would then have to be carried SUSter GCs from Mieske etal. (2006).
out.

Instead, selecting brighter (even though rarer) objects ap in MEDUSA mode. This spectrograph allows the observation
pears more promising and would substantially reduce the ex-of up to 130 targets at a time at intermediate30 km s 1) to
posure time. A key signature of a HCSS is its large veloc- high (~ 10 km s 1) spectral resolution. The simulated spec-
ity dispersion, which would distinguish it from luminous &C  tral deconvolutions in 82 suggest that a signal-to-noisR S
and most known UCDs. At the same time, the highest velocity ratio of ~ 10 is sufficient to detect the broadened lines, while
dispersions would tend to put the broadened absorption line S/N ~ 30 is desirable in order to probe the non-Gaussianity
below the noise. Therefore, HCSSs wihy,s below several  of the broadening function. In order to reach a S/N of 30 for
hundred km s! might be easiest to detect. These are in fact a cluster ofim, ~ 21 or fainter Wiy = — 10 at Virgo) requires
expected to be the most common (Figuré 16). excessive integration times in the high resolution mode. In

In order to estimate exposure times, we simulated spectrdower resolution mode, about 10 hours exposure time are re-
with the multi-object spectrograph FLAMES attached to the quired to reach S/IN=30 famy = 20. Simply detecting the
VLT (Pasquini et al. 2002), using the spectrograph GIRAFFE high velocity dispersion requires less time, of order anrhou
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FIG. 20.— Number counts of HCSSs with a given velocity dispersig,s
and absolut&-magnitudeM, in units ofd®N/(dlogoensdMy ) per Mpe .
Contour levels and data points are the same as i Fig. 17.

or less fomy < 21.

7.2. Could UCDs be HCSSs?

HCSSs share some properties with UCDs and dwarf-
globular transition objects (‘“DGTOs”; Hasegan et al. 2005)
These are compact stellar systems with stellar velocityatis
sions as high as’50 km s, masses between & M., and
unusually high mass-to-light ratios (e.g. Hilker et al. £D0
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ures[19 and[_20 suggest that HCSSs with properties simi-
lar to those of UCDs are likely to be rare. However, there
is increasing evidence that UCDs are a “mixed bag” (e.g.,
Hilker 2006) possibly requiring a number of different forma
tios mechanisms _(Oh et al. 1995; Fellhauer & Kroupa 2002;
Bekki et al. 2003; | Mieske et al. 2004; Martini & Ho 2004;
Goerdt et al. 2008) Individual HCSSs might therefore hide
among the UCD population, and low-mass UCD and
DGTO candidates identified in current and future surveys
might sometimes be recoiling HCSSs. Objects like 22109
(Zepf et al. 2008) with its very unususal and broad [Olll]
emission line are also possible candidates.

7.3. Exotic manifestations

HCSSs withaccreting central black holes, powered either
by stellar tidal disruptions or stellar mass loss, wereuised
in Paper |. This sub-population could be efficiently seadche
for by combining optical properties with information from
multi-wavelength surveys, e.g., in the X-ray, UV or radio
band. We speculate that the unusual optical transient sourc
SCPO0O6F6|(Barbary et al. 2008) might be a tidally-detonated
white dwarf bound to a recoiling SMBH (as discussed al-
ready in Paper 1). This scenario would fit the high amplitude
of variability of the transient, the absence of an obvioustho
galaxy, and the possible association with a cluster of gedax
atz=1.1. However, the observed symmetry of the lightcurve
might suggest a lensing origin (Barbary et al. 2Z008). The un-
usual optical spectrum of this source could be caused by the
tidal-debris disk illuminating the outer disk or the outfiogy
part of the detonation debris. That way, the observed exdrem
unusally broadened absorption features would be causes if w
are looking down-stream. Gaensicke et al. (2008) receetly r
ported the detection of an X-ray source co-incident with SCP
06F6 with an X-ray luminosity at the lower end of known
tidal disruption flares| (Komossa et al. 2004). These authors
discuss supernoave-related scenarios but also consifdér ti
disruption of a star, and suggest a preliminary redshift &40
in which case the source is not associated with the cluster at
redshift 1.1.

Finally, some of the oldest surviving HCSSs would consist
mostly of stellar end states. They would be quite faint, sinc
only very low-mass stars and WDs would remain, but could
possibly be identified by their very unusual colors.

8. THE INVERSE PROBLEM

We have focussed on the “forward” problem of predicting
the numbers and properties of HCSSs given reasonable as-
sumptions about the distribution of gravitational wavekkic
and the merger history of the universe. Once HCSSs have
been detected, one can begin work on the potentially more in-
teresting inverse problem: using the measured properties o
HCSSs to infer the distribution of GW kicks and its evolution
over time.

The inverse problem is made easier by the remarkable prop-
erty of HCSSs (82) that they encode the magnitude of their
natal kick in their spectra. Measuring the degree to which
the absorption-line spectrum of a HCSS has been broadened
by internal stellar motions leads immediately to an estimat
of k. Such a measurement is completely independent of the
space velocity of the HCSS at the moment of observation.

Figured® an@ 19 suggest that UCD sizes are consistent witht is reasonably independent of the initial (pre-kick) dgns

those of the largest (“collisionless”) HCSSs, although-Fig

profile, and it depends on the the time since the kick only to

ured 10 an@ 20 suggest that known UCD velocity dispersionsthe extent that the HCSS changes its structure over timé; suc

are too low by a factor of at least a few. Furthermore Fig-

changes are expected to be small for the brightest HCSSs(84)
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For a “collisional” Mgn < 10’M.) HCSS, withy ~ 1.75, 3. Internal (rms) velocities of HCSSs are proportional to,
equation[(2l1) gives and comparable to, their kick velocities. Their overalbaity
distributions are extremely non-Gaussian however.

InFs=-2.17+0.56x 1.75 (1) 4. HCSSs could be distinguished photometrically from
ie. foreground red giants, based on their bluer (lower) valdes o
Vi ~ 3.300ps (52) B —V for a givenB — K. They also should appear redder than

) low-metallicity GCs with comparable ages1 Gyr.
Absent any knowledge about the internal structure of the 5 \ith a simplified cosmological merger model, we are
HCSS, the coefficient in equation {52) is uncertain, but not gp|e to estimate expected number counts and luminosity dis-
greatly so. Allowing the inner density profile slope to vary triputions of HCSSs in the local universe. Detection of per-
over the range X y < 2 implies haps 18 HCSSs should be possible in the Virgo cluster alone,
although only a few may be bright enough to allow high S/N
295 Vii/Oobs 5 5.0. (53) spectroscopy and provide solid confirmation of their exteem

If more information about the HCSS is available than just velocity dispersions.
Oobs this estimate ofj could be refined, to a degree that de- 6. Some HCSSs may already exist in survey data of com-
pends on the size and distance of the HCSS and on the accegmct stellar sysetms in the Fornax, Virgo and Coma galaxy
to observing time: (1) A deep spectrum would allow extrac- clusters.
tion of the stellar broadening functidd(V ), as in Figurélr. 7. Because the kick velocity of a HCSS is related in a sim-
N(V) contains more information about the spatial and veloc- ple way to its measured velocity dispersion, the distrimutf
ity distribution of stars around the SMBH thagysalone (e.g. gravitational wave kicks can be empirically determinedrro
Merritt 1993). (2) If the HCSS is near enough and/or large a sufficiently large sample of HCSSs.
enough to be spatially resolved, constraints can be puten th
slope of the stellar density profile from the photometry.

Measuring bothry and Vi gives Mgy (eq.[1), allowing
one to investigate the dependence of kick velocity on SMBH . ] ]
mass, and (Via th®gy — O re|ation) on ga|axy mass. Com- This work vyas begun _V\Ihlle J.S. Was a vistor to the Center
bined with the total light of the HCSS and perhaps with a for Computational Relativity and Gravitation at the Rodkes
M/L ratio derived from broad-band colors, andMgy give  Institute of Technology. We thank S. Mieske and P. Lasky
an estimate of the pre-kick nuclear density via equafibn (6) for making unpublished data available to us. We acknowl-

Most detected HCSSs may be spatially unresolved. Evenedge stimulating conversations with D. Axon, A. Gualandris
in this case, broad-band magnitudes would allow a sampled- Krolik, M. Mbonye, C. Miller, and S. Portegies Zwart.
of HCSSs to be placed on the color-magnitude or velocity D. M. was supported by grants AST-0807910 (NSF) and
dispersion-magnitude diagrams (Fifis] L9, 20). The numbeNNX07AH15G (NASA). J. S. was supported by the Chandra
of detected HCSSs per unit volume combined with their dis- Postdoctoral Fellowship Program.
tribution over these observational planes contains inferm
tion about the time-integrated ejection rate, hence thaxyal
merger rate. Colors would also provide an indirect constrai
on the time since the kick.

So far we have emphasized kicks large enough to unbind
SMBHSs from galaxiesvi = 500 km st (Merritt et al. 2004).
If these are the only objects detected as HCSSs then they
will contain information only about the higi& part of the
kick distribution (although we note that a large fraction of
kicks may be above 500 knt$). Many kicks will fall below
galactic escape velocities, particularly in the largesdtxga
ies, producing HCSSs that oscillate about the core or drift
for long times in the envelope (Madau and Quataert 2004;
Gualandris & Merritt 2008). Since the size of a HCSS scales
inversely with its kick (eq 1), such objects would be among
the largest and brightest HCSSs, but detection might be diffi
cult since they would be superposed on or behind the image
of the galaxy. Such HCSSs would also have finite lifetimes
before finding their way back to the center of the galaxy.

9. CONCLUSIONS

1. Supermassive black holes (SMBHSs) kicked out from the
centers of galaxies by gravitational wave recoil are accom-
panied by a cluster of bound stars with mas40-2 times
the black hole mass or less, and radiud0" pc or less — a
“hyper-compact stellar system” (HCSS).

2. HCSSs have density profiles that can uniquely be cal-
culated given the kick velocity and given the stellar disiri
tion prior to the kick. The density at large distances from th
SMBH falls off as~ r 4.
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APPENDIX
Glossary of acronymsand variables

BH: Black Hole

DGTO: Dwarf-Globular Transition Object
GC: Globular Cluster

GH: Gauss-Hermite (expansion)

GW: Gravitational Wave

IMF: Initial Mass Function

HCSS: HyperCompact Stellar System
SMBH: SuperMassive Black Hole

S/N: Signal-to-Noise ratio

UCD: UltraCompact Dwarf (galaxy)

y. power-law index for pre-kick density scaling with radius

A\: Coulomb logarithm for 2-body relaxation

&: dimensionless radius in Dehnen profile; e@n] (14)

p(r): stellar density profile around BH

po: fiducial stellar density atp

o: 1-D velocity dispersion of the pre-kick galactic bulge

op: width of Gaussian term in GH expansion

o¢: velocity dispersion for GH expansion

Oobs Observed velocity dispersion of the post-kick HCSS; €88) (

>(R): projected stellar surface density

@(M): initial mass function; eqn[{48)

®(M, 2): distribution function of merging BHs with individual mabtat redshiftz; eqn. [(49)

Qa: cosmological density parameter for dark energy

Qm: cosmological density parameter for matter

a: semi-major axis of pre-merger BH binary orbit

aeq: Semi-major axis of BH binary orbit at point when dominatgdd@V losses

an: semi-major axis of pre-mergbound BH binary orbit; eqn.[(24)

ai: spin parameter of larger pre-merger BH

ay: spin parameter of smaller pre-merger BH

d: distance of passage from galactic center for collisi®less-cone

dsym: distance HCSS travels after kick before symmeterizing @t elongated spheriod; eqn.}(13)
F1(y): dimensionless scaling function relatiMx andMp; eqns.[(V[B)

F>(y): dimensionless scaling function relatings andry; eqns. [(111_18)

Fs(y): dimensionless scaling function relatiogps andVk; egns.[(2021)

fp: fraction of bound stellar madd, relative to BH mas#/gy; eqn. [6)

f(M): distribution function of merging BHs as a function of masgn. [49)

Gm(y): dimensionless scaling function relatiMy, Mg, andreg in collisionless regime; eqn$._(41.142)
Gs(y): dimensionless scaling function relatiMy, o, andreg in collisionless regime; eqn$. (41,142)
g(2): distribution function of merging BHs as a function of reifsteqn. (49)

h: dimensionless Hubble expansion parameter

hs: measure of deviation from Gaussian in GH expansion

Hm(y): dimensionless scaling function relatiMy, Mg, andaogpsin collisionless regime; eqns._(43,144)
Hs(y): dimensionless scaling function relatiMy, o, andogpsin collisionless regime; eqn$. (43,144)
K(y): dimensionless scaling function relatiMg, andMgy; eqn. [19b)

L: bolometric luminosity of HCSS

M1: mass of larger pre-merger BH

M>: mass of smaller pre-merger BH

Mp: post-kick mass in bound stars; edd. (6)

Mgn: mass of the final, post-kick BH

Mcore: total mass in stars ejected from galactic core; dgnl(29c)

Mp: total stellar mass in Dehnen (post-kick) density profign.d13)

My: pre-kick mass in stars withirx; eqn. (4)

N: multiplier of o which gives escape velocity from core-Sersic galaxy; €86) (

N: post-kick rate of tidal disruptions; eqfi._{45)

N(V): distribution function of line-of-site velocities

g: mass ratio of binary BHM2/M1

r: radial distance from center of stellar cluster

R: projected radial distance from center of stellar cluster

Ry: projected break radius for core-Sersic profile

R(M,z): merger rate of binary BHs with total makkat redshifiz; egn. [50)

17



18 Merritt, Schnittman & Komossa

re. pre-kick radius containingMgy in stars

ro: fiducial radius used to normalize pre-kick density profile

ro: scaling radius for Dehnen density profile; ednl (14)

refr. effective projected radius of post-kick stellar densitgfie; eqn. [1¥)

rinfi: influence radius; eqri](3)

rg: kick radius; eqn.[{1)

r: tidal disruption radius; eqn_(%#5)

tk: time elapsed since kick

tr: relaxation time of pre-merger stellar nucleus

tsym: time elapsed after kick before HCSS symmeterizes into amgeited spheriod; eqii._(12)

Vesg €scape velocity from host galaxy
V: initial kick velocity of merged BH
V: 3-vector representation of kick velocity
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