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ABSTRACT

Coalescing binary black holes experience an impulsive kick from anisotropic emission of gravitational waves.
Recoil velocities are sufficient to eject most coalescing black holes from dwarf galaxies and globular clusters,

which may explain the apparent absence of massive

black holes in these systems. Ejection from giant elliptical

galaxies would be rare, but coalescing black holes are displaced from the center and fall back on a timescale of
order the half-mass crossing time. Displacement of the black holes transfers energy to the stars in the nucleus
and can convert a steep density cusp into a core. Radiation recoil calls into question models that grow supermassive

black holes from hierarchical mergers of stellar-mass

precursors.

Subject headings: black hole physics — galaxies: nuclei — gravitation — gravitational waves

1. KICK AMPLITUDE

In a companion paper (Favata, Hughes, & Holz 2004, here-
after Paper 1), the amplitude of the recoil velocity resulting
from anisotropic emission of gravitational waves during coa-
lescence of a binary black hole (BH) is computed. Here we

explore some of the consequences of the kicks. Unless oth-

erwise indicated, notation is the same as in Paper |.

For in-spiral from a circular orbit, the kick velocity is a func-
tion of the binary mass ratiQ = m,/m,<1 , the BH spias
anda,, and the initial anglebetween the spin of the larger BH
and the orbital angular momentum of the binary. Following Paper
I, the spin of the smaller BH is ignored. Although Paper | only
considers the cases= 0 andg 180 , the recoil for arbitrary

inclination is likely to be bounded between these extreme values.

Also, the detailed inclination dependence is unimportant in com-
parison with the large uncertainty already present in the contri-
bution to the recoil from the final plunge and coalescence. We

g%(1 — q)/(1 + q)° equals 0.433 fop = 0.1 . Thiower limit
curve of Paper | is well fitted by
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We convert these expressions into estimates of the bounds
on V. as follows. First, as discussed in Paper I, there is an
ambiguity in how one translates the physical spin parameter
a, of the larger hole into the effective spin parameder of
equations (1) and (2). Here we adopt the Damour (2001) re-
lation a = (1 + 39/4)(1+ ) %a,. Second, Fitchett's scaling
function assumes that both bodies are nonspinning and vanishes
whenq = 1. In fact, whena # O , significant recoil would
occur even forg = 1 as a result of spin-orbit coupling. We
can guess the approximate form of a new scaling function by

will therefore assume that the restriction to equatorial-prograde/€xamining the spin-orbit corrections (Kidder 1995) to Fitchett’s

retrograde orbits&, = [-1, 1] ) considered in Paper | encom-
passes the characteristic range of recoil velocities.

Figure D of Paper | shows upper and lower limit estimates
of the recaoil velocity as a function of the effective spin param-
etera for a reduced mass ratjo= u/M = ¢/(1+ q)? = 0.1
The upper limit for y < 0.1 is well fitted in the range- 0.9<
a < 0.8 by the following fifth-order polynomial:
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=465 km s (1- 0.281a — 0.036R*2
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— 0.3463° — 0.374° — 0.1845). 1)

Fitchett's (1983) scaling functiorf(g)/f..., , withf(q) =

* Department of Physics, Rochester Institute of Technology, 84 Lomb Me-
morial Drive, Rochester, NY 14623; drmsps@ad.rit.edu.

2 Theoretical Astrophysics, California Institute of Technology, Pasadena, CA
91125; milos@tapir.caltech.edu.

% Department of Astronomy, Cornell University, 610 Space Sciences Build-
ing, Ithaca, NY 14853-6801; favata@hewitt.astro.cornell.edu.

“ Department of Physics, Massachusetts Institute of Technology, 77 Mas-
sachusetts Avenue, Cambridge, MA 02139; sahughes@mit.edu.

5 Center for Cosmological Physics, University of Chicago, Chicago, IL
60637; deholz@cfcp.uchicago.edu.

L9

recoil formula. For equatorial orbits, equation (4) of Paper |
suggests thaf(q) should be multiplied by the factar+
(7/29%8,/(1 — g)|/|11 + (7/29%8,/(1 — q')|, whereq’ = 0.127 is
the value used in defininy,,,., ard in equations (1)
and (2).

Figure 1 plots upper and lower limits ¥,  as functions
of &, andg. The average ovedi, of the upper limit estimates
are~(138, 444, 154) kms foq = (0.1, 0.4, 0.8) ; Figure 1
suggests a weak dependenceagn . Lower limit estimates are
more strongly spin-dependent; the averages ayver ~ge.1,
63.6, 24.9) km s' for the same values@fFor moderately
large spins 4, = 0.8 ) and prograde capture, the lower limit
estimates exceed 100 km's for2=<q= 0.6

lower

2. ESCAPE
When V. = V.. = [26(r = 0)]*?, with ¢(r) the gravita-

tional potential of the system (galaxy, dark matter halo) hosting
the BH, the BH has enough kinetic energy to escape. Figure 2
shows central escape velocities in four types of stellar system
that could contain merging BHSs: giant elliptical (E), dwarf el-
liptical (dE), and dwarf spheroidal (dSph) galaxies and globular
clusters (GCs). We fit the trenthg (V..J1 km s*)= A —

BM, separately for each class of object. Dwarf elliptical galaxies
and GCs each separately establish a reldtien\V,2, ; for GCs,
this is compatible with the relation found by Djorgovski et al.
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Fic. 2.—Central escape velocities in units of kilometers per second in four

types of stellar system that could harbor merging BHs. E galaxy data are from

Faber et al. (1997), with separate symbols for coperf squares) and power-

law (open triangles) galaxies; dE data are from Binggeli & Jerjen (1998), with

a /m mass-to-light ratios from Mateo (1998). GC and dSph data are from the tab-
2 2 ulation of Webbink (1996). The solid line is the mean escape velocity from

the DM halos associated with the luminous matter. The dashed line is the

escape velocity from the combined lumingusean DM potentials for E

galaxies.

Fic. 1.—Upper limit ¢op) and lower limit pottom) estimates ofv,,,, as
functions of mass ratig and spin of the larger black ho, . Units are in
kilometers per second. Values @ aqaorresponding t@> 0.8 lie in the

region to the right of the dotted line. Since egs. (1) and (2) are not valid for . . . .
> 0.8 & was replaced by 0.8 in this region. axies brighter aiM, ~ —20 is a consequence of the increase

in the occupation number of their host halos. The dashed line
. . . in Figure 2 shows the escape velocity from the combined
%&%?r']-rhe E sample is consistent with the Faber-Jackson (19761uminouskDM potential for the E galaxies, using the scaling
o . relation derived above to describe the luminous component.
The solid line in Figure 2 shows escape velocities from the

; . X The existence of DM significantly affects the escape prob-
dark matter (DM) halos assoua}ted with the Iumllnou;stellar ability from dE and dSph galaxies, implying kicks-e800 and
systems. To relate halo properties to galaxy luminosities, we

~ =1 I
use the conditional luminosity functiog(L|M)dL  from the 100 km s, respectively, for escape. In the absence of DM,

|~ 71 1
concordance\ cold dark matter {CDM) model M1 of Yang, these numbers would bel00 and~20 km s*, respecively.

L Hence, kicks of order 200 km™s  would unbind BHs from
Mo, & van den Bosch (2003). The average luminodity  of dSph galaxies whether or not they contain DM, while dE gal-

the brightest (“central”) galaxy in the halo of mabk;, is ; ; : -
implicitly given by the conditiorf;, $(L|M,,)dL = 1 . Invert- 2):@2 could retain their BHs if they are surrounded by DM

ing this, we obtairM,, (L,) and relate this mass to the escape Evidence of intermediate-mass BHs at the centers of gal-

L e . hp

velocity via \(;, = 209(C)GM /R ;;, WhereR,, is the virial o0 inier thaM, ~ —19 is sketchy (e.g., van der Marel

radius of the halog is the concentration of a halo obeying the 544y “a1though there is indirect (nondynamical) evidence

Nal/ar/rci, +Fren_li, & Wh':_e &1992) I}:\)/lroflle, 35%18)1: Rg (_1 g of BHs in faint Seyfert bulges (Filippenko & Ho 2003). We

fr)1e g\seragce] es((;eai[g)é v(()alcz)i;ty is ZTV%?] v )_ 239_km ’  note that the dense nuclei associated with BHs in galaxies
_ sc like M32 (M, = —19) become progressively less frequent at

1 1/2 — 1 \%
s (m.,/h)™, whereM,, = (10%m,;) M, andhis the Hubble magnitudes fainter thaM, =~ —16 and disappear entirely

parameter, set to 0.7 in Figure 2. below M, = —12 (van den Bergh 1986). If the dense nuclei

Figure 2 suggests that the consequences of the kicks are, ", o qciated with nuclear BHs (e.g., Peebles 1972), their
strikingly different for the different classes of stellar system absence could signal loss of the BHs via ejection. It is in-

::Ihoar:]irr?;?gé Eoszhgll?éllifcc?c?netri\ﬁgggletg IL%m oEte%?ilaaI)'(lienS tﬁ:ae triguing that these nuclei are sometimes observed to be dis-
y P ' placed far from the galaxy center (Binggeli, Barazza, &

- :
sample of Faber et al. (199N, = 450 km s even without Jerjen 2000). Figures 1 and 2 imply that even kicks at the

accounting for DM. This exceeds even the upper limits in Fig- I -
ure 1. Hence, the kicks should almost never unbind BHs from If(r)c\)/vrﬁrelgnslts of Paper | would almost always unbind BHs

E galaxies. The tight correlations observed between the BH
mass and bulge luminosity (McLure & Dunlop 2002; Erwin,
Graham, & Caon 2004) and the velocity dispersion (Ferrarese
& Merritt 2000; Gebhardt et al. 2000) could probably not be  The kicks have serious implications for models in which
maintained if escape occurred with any significant frequency massive BHs grow from mergers of less massive seeds. In some
from luminous galaxies. The upturn in escape velocity for gal- of these models, the precursors are stellar- or intermediate-mass

3. EJECTION IN HIERARCHICAL MERGING SCENARIOS
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BHs produced in the collapse of the first stars (Population I11),

and the merging commenced in minihalos at redshifts as large SF T

as ~20 (Madau & Rees 2001; Volonteri, Haardt, & Madau E (o)

2003; Islam, Taylor, & Silk 2003). We evaluate the plausibility 0 /x_ _

of such models in light of the estimates\gf,, ~ derived in Paper E e == ¥ T T T~ TN

I. Kicks from gravitational wave emission may compete with N'% op 7 == lx 7 B

high-velocity recoils from (Newtonian) three-body interactions. N 4 LT ]

While the Newtonian recoil occurs only when three BHs are P R I TS ]

present, which is contingent on the galaxy merger rate and the R I . — 138

BH binary orbital decay rate, radiation recoil is present when- o Dl ol o ol ol ol sl o O sl

ever BHs coalesce. 100010%* 10°10°% 10710 10%*10° 10® 107 10% 10°
The confining effect of DM halos in a hierarchical universe

was smaller at higher redshifts when the average halo mass Monz—0 (Mo)

was smaller. We estimate the. maximum redshift at which DM Fi6. 3—Maximum redshiftz,... at whicha) DM halos only, and tfy DM
halos can confine ,the progenl'tors of the present-day BHs. Fer'halos and the central galaxies combined, can confine BHs as a function of the
rarese (2002) derived a relation of the present-day BH mass; = 0 BH mass, for five values of the kick velocity. The depth of the galactic
Mg (z = 0) to the mass of the host haM,;,(z = 0) . We ex- contribution to the potential was calculated by identifying the velocity dispersion
trapolate the host mass back in redshift via the accretion historyOf the stellar spheroid with the circular velocity of the halo (Ferrarese 2002).
model (Bullock et al. 2001) calibrated by Wechsler et al. (2002)
on a set of numerical simulations of DM clustering in@DM galaxy’s half-light radius is given in terms of the galaxy’s
universe. The accretion trajectoM,; (z) cc € ** , wheyes visual luminosity byT,,~ 2 x 10° yr (L,/10" L,)¥? (Val-
itself a function of the halo mass at= 0 , can be interpreted luri & Merritt 1998) Thus, return of a BH to a Stationary
as the mass of the most massive and thus the most eaS”%tate requires of order a few timessm or less over a wide
confining parent halo at redshift We can then calculate the range of cusp slopes and galaxy luminosities Hr., =<
escape velocity,.(2) of the most massive progenitor halo as\/_/2. As indicated in Figure 2, this is the likely situation
a function of redshift. Finally, we solve far..., such that in the bright E galaxies. Infall times are especially short for
Viiek = VesdZeiec); this is the maximum redshift at which the ., > 1 since the BH experiences a strong impulsive frictional
progenitors of the present-day BHs could have started mergingforce as it passes repeatedly through the dense center. When
We also modeled the effect a...  of including the potential \, < o, the BH never moves far from its central position,
due to a stellar component, idealized as an isothermal sphereynd it carries much of the nucleus with it. We carried out
with core radius;, = 2GMg,,/o® and outer cutoffo’r, . N-body simulations of this regime and found that return to
The results for five representative choiced/gf, ~ are shown zero velocity occurs in roughly one orbital period when
in Figure 3. FoN,q ~ 150 km s , we find.. < 11(14) over \, =< o. In fainter dE and dSph galaxies, ejection would
the entire range oMg,, ; the latter value is from the models more often occur nea¥,.. , and infall times could be arbi-
that include a stellar component. Pdf,, ~ 300 km s* , the trarily long, determined primarily by the mass distribution
assembly of a OM, BH must have started @& =< 8(10) . at large radii.
Models that grow supermassive BHs from mergers of seeds of |n a nonspherical galaxy, an ejected BH does not pass pre-
much lower mass at redshifis= 10 are thus disfavored be- cisely through the dense center on each return, delaying the

cause of the difficulty of retaining the kicked BHs. infall. To test the effect of nonspherical geometries on the infall
time, we carried out experiments in the triaxial generalizations
4. FALLBACK TIMES of the Dehnen models (Merritt & Fridman 1996). Results were

found to depend only weakly on the axis ratios of the models.
A BH that has been kicked from the center of a stellar system pecay times in the triaxial geometry exhibit a spread in values
with a velocity less thai,. falls back, and its orbit decays depending on the initial launch angle, bounded from below by
via dynamical friction against the stars and gas. We define thethe decay time along the short axis. We found a mean at every
fallback timeT,,, as the time required for a BH to returnto v, /v, that is~3-5 times greater than in a spherical galaxy
a zero-velocity state after being ejected. The velocity with with the same cusp slope.
which the BH is ejected from the site of the merger is
\/eject = (M BH/'\/I eff)Vkick< Vkick; hereM eff — M BH + M bound? Wlth
M,ouna the mass in stars that remain bound to the BH after it
is kicked. For recoil in a singular isothermal sphere nucleus Displacement of the BH also transfers energy to the nucleus

5. OBSERVABLE CONSEQUENCES OF THE DISPLACEMENT

po<r 2 My /Mg, =~ (1.9, 1.5, 1.05, 1.00) when V. /o = and lowers its density within a region of size,, the radius
(0.5, 1, 2, 3) whereo is the one-dimensional stellar velocity of the BH’s sphere of influence (defined here as the radius of
dispersionM, oundM g (Vyiedo) ™ foV, >0 . a sphere containing a mass in stars equal to twice that of the

We evaluatedT,,, for BHs kicked from the centers of BH). The simplest case to consideMg. = V.. ; the BH and
Dehnen (1993) law galaxies for which the central density its entrained mass depart the nucleus on a timescale that is of
obeysp oc r™” . Bright E galaxies have<y <1 (Gebhardt order the crossing time a or less and do not return. The
et al. 1996), and cusps steeper than this are likely to beeffect on the nucleus can be approximated by constructing a
softened by the binary BH prior to coalescence (Milosa- steady state model of a galaxy containing a central point mass,
vljevi¢ & Merritt 2001) and by the ejection itself (§ 5). then removing the point mass instantaneously and allowing the
Given values foM,; andl,.., , the fallback time in a spher- remaining particles to relax to a new steady state. Figare 4
ical galaxy is given by the orbit-averaged dynamical friction shows the results for three valued\f;/M,,, . Initial conditions
equation. FoN,../V...< 0.6 , infall times were found to be consisted of 19particles representing starsira= 1~ Dehnen
well approximated byl = Tp(Vojee! Vesd 2 fOM = model. We find that a core of roughly constant density forms
0.00M,,, where the periodl,,, of a circular orbit at the within a radius of~2r,. Settingy = 2 (not shown) results in
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Fic. 4.—Effect on the nuclear density profile of BH ejection. The initial
galaxy model thick solid line) has ap ~r~* density cuspa) Impulsive re-
moval of the BH. Tick marks show the radius of the BH's sphere of influence
r, before ejection. A core forms with radiug2r,. (b) Ejection at velocities
less thanV,,. . The BH has ma8s00M ,, ; the galaxy is initially spherical,
and the BH’s orbit remains nearly radial as it decays via dynamical friction.
The arrow marks,, .

a core of size~r,. Figure 4 shows the change in the nuclear
density profile for simulations with\V,...< V... . Significant
changes in the central density requig,, = 0.25/,,. . We con-
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nuclei since radii o~~2r, are resolved in many nearby galaxies
(Merritt & Ferrarese 2001).

The “mass deficits” seen at the centers of bright galaxies
(Milosavljevic et al. 2002) may be due to the combined effects
of slingshot ejection and BH displacement, although we note
that the large cores observed in some bright galaxies could
probably not be produced by either mechanism (Milosavljevic
et al. 2002).

The X-shaped radio sources associated with giant E galaxies
are plausible sites of recent BH coalescence (Merritt & Ekers
2002). Displacement of the merged BHs from the galaxy center
prior to ignition of the “active” lobes would imply a distortion
of theX-morphology, in the sense that the “wings” (the inactive
lobes) would be noncollinear near the center of ¥heSuch
distortions are in fact a common feature of tKesources
(Gopal-Krishna, Biermann, & Wiita 2003), although the linear
scale of the distortions in some of tifesources (e.g~10 kpc
in NGC 236; Murgia et al. 2001) suggests that orbital motion
of the merging galaxies may be a more likely explanation.

We thank J. Bullock, A. Cooray, A. Klypin, M. Santos, G.
Tormen, and F. van den Bosch for helpful comments. D. M.
was supported by grants NSF AST 02-0631 and NASA NAG5-
9046. Funding information for M. F., S. A. H., and D. E. H.

clude that the recoil could affect the observable structure of is given in Paper |I.
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