Gravitational Recoil and Astrophysical | mpact

Ulrich Sperhake

Abstract Asymmetric emission of gravitational waves from astroptgissources
leads to a net flux of linear momentum from the source and, bsnemum con-
servation, imparts a gravitational recoil on the emittingree. Numerical relativity
simulations have revealed that this effect can lead to asdtmgly large kick ve-
locities, so-calledsuperkicks, of several thousand km/s in the inspiral and merger
of black-hole binaries. We here discuss the calculatiorhefrecoil in black-hole
spacetimes and the astrophysical repercussions of suph kicks, in particular
related to the possible displacement or ejection of supssiva black holes from
their host galaxies. We also discuss possible mechanismsvibuld make super-
kicks improbably to occur in astrophysical binaries andstbuplain why most, if
not all, galaxies observed in this regard appear to harbtack ihole at their center.

1 Introduction and motivation

A dictionary definition of the termiecoil is given as the act of “moving abruptly
backward as a reaction on firing a bullet, shell, or other iai§ssee e.g. [1]. It
may appear at first glace surprising that this effect playisqportant role for astro-
physical black holes (BHs). After all, BHs are (at classieakl) black objects and
not supposed to emit anything, not even light. And yet, trevigational recoil or
“kick” of BHs is generally regarded an important dynamiczdture in a variety of
astrophysical scenarios involving, in particular, supgssive BHs (SMBHSs). The
role of the “missile” mentioned in the above definition indlcse is played by the
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gravitational waves (GWSs) generated in the inspiral andgereof BH binaries. In
addition to energy, GWSs also carry away linear momentum fttoair source and if
the emission of linear momentum is anisotropic, the netédssomentum is com-
pensated for by a recoil of the emitting source. We note ig tointext that kicks
also arise in supernova core collapse, mostly through ainfgic emission of neu-
trinos; see e.g. [2]. While these are also of high relevanesirophysics, our focus
here will be on gravitational recoil of black holes genedataough GW emission.

The fact that anisotropic gravitational radiation will iampa kick on the emitting
source was already realized in the early 1960s [3, 4]; sed%lsThe determination
of accurate prediction for the magnitude of the resultingkkielocities, however,
represents a major challenge given the high complexity®fifnamical processes
responsible for the GW generation. It is only through theafssamplex numerical
codes, that a quantitative exploration of BH kicks has bexpwssible in the last
~ 10 years. As we shall discuss in more detail below in Sec.ck,\klocities range
over several orders of magnitude depending on the binarstitoents’ parameters.
For interpreting these numbers, we need some referencé&rophgsically relevant
kick velocities. Such reference numbers are given by thepeseelocities from the
astrophysical object hosting the BHs. These escape vielowgiry with the mass of
the host and typical values avgsc~ 30 km/s for globular clusters, 20 100 kny's
for dwarf galaxies and- 1000 kmy's for giant elliptic galaxies; cf. Fig. 2 in [6].
Recaoils in the range of these numbers would then be able péedis or even eject
the merger remnant BH from the centre of its host with widegyiag astrophysical
implications.

Observations of galaxies provide strong evidence that nfiogit all galaxies
harbor massive dark objects which are most plausibly inéted as BHs [7, 8].
Observations furthermore demonstrate that the propertitree BHs are correlated
with properties of the host galaxies such as their lumigpsiass and velocity dis-
persion [7, 8, 9, 10]. The formation of SMBHSs by redshift 6, as suggested by
the presence of quasars at such rather early times in therseis often described
in terms of hierarchical or “bottom-up” growth through aetton and BH mergers;
see for example [11]. At high redshift> 10, the dark matter halos hosting the BHs
have escape velocities of less than about 15¢0%mso that even moderate kicks
would be sufficient to eject BHs [12]. Efficient ejection of Bldoes not only have
consequences for the merger rate of BHs [13, 14] but alscl&a®H depleted
globular clusters [15] and may necessitate accretion atfev&ddington limit to
ensure a sufficiently rapid assembly of SMBHs [16].

BHs ejected or displaced from their hosts centers may algdirbetly observ-
able in electromagnetic radiation. Several candidatee iraleed been identified,
although the interpretation of the data is not unambiguoukése cases. Komossa
et al [17], for example, have observed a blue shift corresponttir®650 kny's of
the broad-line region relative to the narrow-line regiorhia quasar J09272943.
As we shall see in Sec. 2 below, this magnitude is about hali@maximum re-
coil velocities generated in BH inspiral and merger andsthmay represent a BH
kicked out of its host. Alternatively, however, the obsehfeatures could be ex-
plained in terms of a superposition of two active galacticleu(AGN) or a binary
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BH system [18, 19]. Similarly, the galaxy CH42 shows features compatible with
an inspiraling AGN pair and an AGN with kick velocity 1 300 kny's. Using hydro-
dynamic galaxy merger simulations coupled to radiativedfer, Blechat al [20]
find both, a double-AGN and a recoil model compatible with dbservations and
a clear identification of the system is not possible with thespnt data. A similar
example is given by the galaxy merger remnant COSMOS J10@28537 which
contains two optical nuclei about 2 kpc apart [21]. Theselbmaimterpreted as a BH
ejected or displaced from the galactic centre. Furthettelsagnetic signatures of
BH kicks include tidal disruptions of stars by the moving Bhdaresulting X ray
flares [22, 23, 24] and repeated flares caused by a displaced&Hthting on a scale
comparable to the accretion torus [25]. Also, the relativtion between a recoil-
ing BH and the accreting material would introduce vibrasiamthe density of the
shock cone with frequencies similar to those observed isigueriodic oscillations
of X ray sources [26]. For a more comprehensive discussioheoélectromagnetic
signatures resulting from recoiling BHs, the reader ismrefitto Komossa’s review
[27].

A clear understanding of the kick magnitudes and its deparyden the BH
binary parameters is clearly necessary for the interpoetatf the observations as
well as theoretical modeling of galaxies, structure foiorain the universe and
the assembly of SMBHSs. In the next section we discuss theressgnade in this
direction focusing on numerical relativity applications.

2 Calculation of the recoail

By simple symmetry considerations the inspiral and merfatinary system com-
posed of identical compact objects cannot generate a nat.réonsider for exam-
ple two non-spinning BHs of equal mass and let us denote ttev/kiocity resulting
from their coalescence bycx. Because the two BHs are identical, the configura-
tion obtained by reflection of the system across the centerast, will be identical
to the original one but invert the recoil velocity so thgtk = —Vikick Which is only
satisfied bywick = 0. In order to obtain a non-vanishing recoil, we thereforedch®
break the symmetry of the system under consideration. Icdlse of BH binaries
in vacuum, this can be achieved either by considering BHsnefjual masses or
rotating BHs with different spins.

The recoil of unequal-mass but non-spinning BH binary systeas first studied
systematically by Fitchett [28] who used a quasi-Newtoipproach modeling the
binary as two point masses in Keplerian orbit. For binariéh wero eccentricity,
Fitchett's calculation suggests a functional dependeqgy ~ n*v/I—4n of the
kick velocity on the mass ratio which we here define in termthefindividual BH
massesm andm, through

™
m

mMm q
(M +mp)2  (140q)?
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Note that there is no general convention in the literatutehleue we label the BHs
such thatmp, < my. n is often referred to as the “dimensionless mass-ratio param
ter”. Fitchett’s calculation also includes a generalizatio eccentric orbits, but due
to the circularizing effect of GW emission [29] the eccetityi of BH binaries is
expected to vanish with high precision in the late inspitadje which dominates the
net emission of linear momentum.

The main question left open by these calculation is the dotagnitude of the
kick or, in other words, the proportionality constant in fln@ctional relation be-
tween the kick and mass ratio. The determination of thesebeusnonly became
possible with the breakthroughs of numerical relativit®,[31, 32] which opened
up the regime of dynamic, strong-field interaction of BH biaa for precision stud-
ies. The recoil generated in the merger of non-spinningguakmass binaries was
indeed one of the first applications of numerical relatijiB¢, 35, 36] after the
breakthroughs. The most extended study ofrfhgarameter space was performed
by Gonzalet al. [35] who simulated a large number of binaries with mass satio
ranging fromq = 1 to q = 1/4. Based on Fitchett’s calculations, they fit their data

using the relation
Viiek = An?y/1—4n (1+Bn), (2)

and determine the parametérs- 1.2 x 10* km/s,B = —0.93. The numerical results
of their study, augmented by data fpe= 1/10 [33], are displayed in Fig. 1 together
with the fit (2) as well as an alternative fit by [34] and an efifeszone-body pre-
diction by [37]. The maximum kick of non-spinning BH binasidetermined from
these simulations is 175+ 11 km/s realized fom = 0.195+ 0.005. This value is
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Fig. 1 Recoil velocity resulting from the merger of non-spinningl Binaries with dimensionless

mass-ratio parameter. The circle and diamond symbols represent numerical véhatesults and
the curves various fits or predictions. Figure taken fronj.[33
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large enough to eject BHs from globular clusters or dwardgials but well below
the escape velocity from giant galaxies.

The inclusion of BH spins significantly complicates the cédtion of the recaoil.
In addition to the mass ratio, there are now 6 spin parameleier each BH. A
first exploration of the spins’ impact on the emission of éinenomentum through
GWs was made by Kidder [38] using post-Newtonian (PN) calgohs. The re-
sulting linear momentum is composed of a contribution dutaéounequal masses,
the Fitchett contribution, and a term due to the spin-orbitgling. Again, the de-
termination of precise numbers became possible througrerioa relativity cal-
culations. These first considered spins parallel to thetarhgular momenturh,
i.e. spins aligned or anti-aligned with As discussed above, a non-zero kick is only
realized in these cases when the BHs have different massiffeyent spins. A
variety of configurations were analysed in Refs. [39, 40, &1id predict kicks of
up to 500 kny's. This maximum is obtained by extrapolating from the sirtiotes
to the maximal spin magnitude = a/m= 1, wherea is the Kerr spin parameter
andmthe BH mass. Kidder’s work, however, suggests a separatétmation to the
total kick pointing out of the orbital plane. Based on thistivation, Gonzalezt
al. [42] and Campanelkit al. [43, 44] simulated equal-mass BH binaries with spins
oriented perpendicular tb, i.e. in the orbital plane, but opposite to each other. The
astonishing result of these simulations were kick velesitf a few thousand km/s
with an extrapolated (tg = 1) of 4000 kny's, often referred to aguperkicks. Fig-
ure 2 illustrates the BH trajectories in an inspiral lasting orbits; during inspiral,
the orbital plane moves up and down along the direction obthé&al angular mo-
mentum (pointing upwards in the figure) and, after mergersihgle BH moves in
that direction withvyck. Closer investigation of these superkicks revealedvhat
has a sinusoidal dependence on the angle between the sgtheflele and the
line-of-sight between the holes at the start of the simaitativhich corresponds to
a dependency on the orbital phase; cf. Fig. 4 in [45]. An tieiinterpretation of

Fig. 2 Trajectories of the
BHs in a superkick configu-
ration with individual spins
oriented in the orbital plane
but opposite to one another.
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the superkick phenomenon is provided in Fig. 5 of [46]. Theiamof the orbital
plane up and down along the directionlofs a consequence of the frame dragging
exerted on each binary member by the other hole. This matiooduces a Doppler
shift to the emitted gravitational radiation and, thus, synametry in the amount of
GWs emitted in the corresponding directions. The net eféeah asymmetry in the

| =2, m=+2 GW multipoles [45] and a net amount of linear momentum exditt
in GWs whose magnitude depends on the precise phase in thiis gsocess where
the merger puts an end to this process.

A further increase in the maximum kick in BH binary inspiralshbeen realized
by Lousto & Zlochower [47, 48] by combining the superkickwihe “orbital hang
up” effect. The orbital hang up arises in the inspiral of BH#wgpins aligned with
the orbital angular momentum and results in a larger numbertits at small sep-
aration shortly before merger and, consequently, incceasgssion of GW energy
by about a factor of two compared with the non-spinning cerpdrt [49, 50]. For
equal masses and spins, these configurations do not reaulglinear momentum
due to the symmetry argument mentioned abode. For BH g@rtsally aligned
with L such that the spin projections onto the orbital plane ar@lqunagnitude
and opposite in direction, however, Lousto & Zlochower walée to optimize the
increased GW emission of the hang-up effect with the nession of linear mo-
mentum and observed even larger kicks of up to 500@«krealized for inclination
angles of about 45and extrapolated to maximal spigs= 1.

A main goal for the modeling of gravitational recoil in BH lairies is the gen-
eration of a “black box” or fitting formula that takes as inpioé parameters of the
binary and returns the kick velocity as output. We have dyeseen such a for-
mula for the simple case of non-spinning binaries in Eq. Y2yious suggestions
of varying degrees of complexity have been made to generalizh a formula for
spinning binaries. Campanedt al. [43], have proposed the following expression
for modeling superkicks, but not including the hang-up kidkere we again denote
the dimensionless spin parametersybwith index 1 or 2 for either hole. Boldface
characters represent vectorial quantities and we use ssuper scripts. and|| to
denote vector components perpendicular and parallel tortiigal angular momen-
tumL, respectively. With this notation we have

1 We use here the notation of Ref. [51] which differs from th&{48] by the convention that
q=np/m <1
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Viick (0, X;) = Vme@1 + V. (cos € +siné &) + v &,

1_
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Here (e, &, €|) is an orthonormal basis wite, pointing alongL, & is angle
found to be~ 145 for a wide variety of quasi-circular configurations [52] and
O is the angle betweeqgy, — X; and the line of sight between the BHs at the
time of “merger”. This angle is determined by the phase anggationed above
and enters the superkick in the sinusoidal form discusséisrcontext. For most
astrophysical applications, this angle is only known infibven of a statistical dis-
tribution, commonly chosen to be flat [8,180°. The kick magnitude is then de-
termined by the fitting coefficients which afe= 1.2 x 10* km/s,B = —0.93 [35],

H = (6.940.5) x 10°km/s [53],K = (6.04+0.1) x 10* km/s [44].

Various attempts have been made to extend Eq. (3). A systesph expan-
sion of the recoil has been explored by Bogtal. [54, 55] exploiting all possible
symmetry conditions. The resulting expansion is yet to biéreded by numerical
relativity simulations, however. An extension of Eq. (3xtlincludes the hang-up
kick is given in Ref. [48] and further elaboration throughlimsion of various higher-
order terms has resulted in a furtherl0 % increase in the maximal kick, an effect
dubbedcross kick [56]. A detailed discussion of these formulae is beyond tops
of this work and we refer the interested reader to the reta®for further informa-
tion.

3 Open questions

The accurate determination of kick velocities generatedutph GW emission in

the merger of BH binaries has made tremendous progresstwvéadt decade and
the discovery of the superkicks remains one of the most astioiy results obtained
with numerical relativity simulations to date. Still, a gbdeal of work needs to be
done before the kick phenomenon can be regarded as compiedigiuinderstood.

In this section we will list our pick of the most important ciens that need to be
resolved in future work.

1) A complete kick formula: We have seen that asymmetries in the BH spins intro-
duces significantly larger recoil velocities than unequassparameters do for non-
spinning BHs. The inclusion of spins and the associated érpeters is therefore
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absolutely necessary for obtaining astrophysically helpitk formulas and, as we
have seen, plenty of work has already been invested in trestiin. Nevertheless,
a full exploration of the parameter space will require monenerical simulations.

The majority of simulations used to calibrate existing fatae for spinning binaries
have been performed for equal-mass systems. While theegdesn explorations of
spinning-unequal mass BHs [57, 43, 58, 52], the dependébte superkick and

hang-up kicks, in particular, is not yet known with suffidigmecision. The good
news is that this question can be addressed by simply peirfgrmore numerical

simulations. Even though this requires considerable regsigiven the high dimen-
sionality of the parameter space, it appears straightfatteefill in the missing gaps
in the kick formulae.

2) Parameter evolution during theinspiral: A conceptually more delicate prob-
lem arises from the BH parameters that are actually usedpas for existing (or
future) kick formulae. Numerical simulations typicallyast a few orbits prior to
merger of the binary. For a given system this provides atewrstimates for the
recoil magnitude because the emission of linear momentwentisely dominated
by the last few orbits prior to merger; see e.g. Fig. 9 in [4&trophysical stud-
ies involving BHs, however, typically make predictionsditgally in statistical form
for an ensemble of BHs) for the parameters at a time when thed#l still much
farther apart; see e.g. [59]. The ensuing inspiral from dadde scales to the late
inspiral regime of numerical relativity covers hundredlodtisands of orbits if not
more. The question then is how this long inspiral phase wddify the BH pa-
rameters and how we can generate legitimate input for kiokfitae valid for the
last few orbits. This question is largely of statisticaluratand in practice we will
not be concerned too much with how the parameters of onecpkatibinary are
affected, but rather how the inspiral gradually influenced distorts a parameter
distribution. This question has first been explored by Bogd# et al. [60] who
use PN calculations [61] to evolve an ensemble of BHs withsmasoq = 9/11,
maximal spin magnitudes and isotropic distribution of thengdirections from a
separatiord = 1000M tod = 10M whereM is the total BH binary mass. They find
this ensemble to remain isotropic, i.e. statistically taraded during the inspiral. As
we shall see in the next section this does not remain the chsa we start with
initially anisotropic ensembles. For application of kickrulae, this necessitates a
prescription for how the statistical properties of a givéstribution changes under
the inspiral.

3) Astrophysical observations of SMBHs in galaxies: The third question is of as-
trophysical nature. As mentioned above, astrophysicaémisions suggest that
large galaxies ubiquitously harbor SMBHs. On the other hamel magnitude of

superkicks or hangup kicks comfortably exceeds the esoalpeity from even the

most massive galaxies and thus would suffice to eject BHs frmin hosts. Why

then do we not observe more galaxies without a BH? Possildysimply need a

larger statistical sample of observations. Schnittman &ianno [37] have esti-
mated the statistical distribution of kicks generated in BErgers using effective-
one-body calculations for an ensemble of BH binaries wjith [0.1,1], x; = 0.9
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and find that about 12 % of the mergers resultigc > 500 kmy's and about 3 %
in Viick > 1000 knys. Recent work by Gerosa & Sesana [62] models the conse-
guences of superkicks in the merger history of brightasttelr galaxies and find
that the BH occupation fractiof of these galaxies is.9 < f < 0.99 in the lo-
cal universe. A statistically robust determination of theguency of BH ejection
therefore seems to require hundreds of observations whichbenmade possible by
future thirty-meter-class telescopes. An alternativelaxgtion of ubiquitous pres-
ence on SMBHs in galaxies may be that superkicks, while #taally possible, are
statistically suppressed by some mechanism. This coulahiesed, for example,
by the alignment of BH spins with the orbital angular momemthrough torques
from accreting gas in gas-rich mergers [60]. The degree@fadent is likely to de-
pend on the properties of the gas disks and may reduce the beigleen the spins
andL to 10° (30°) for cold (hot) gas [63]. We emphasize here, that these aagées
parameters valid at large separation and their validitynpsti parameters for kick
formulae is still subject to the concerns raised in ques2ioim the next section we
will see that the inclusion of the long inspiral phase up ®Itst few orbits indeed
has a profound statistical effect that may disfavor those-spnfiguration leading
to superkicks.

4 Spin-orbit resonances

A BH binary systems containing two spinning holes is chamdzed by 10 physical
orintrinsic parameters: 2 BH masseg andn, 6 parameters for the spii® and
S, and 2 parameters for the directibrof the orbital angular momentum. The mag-
nitudeL is merely a measure of the separation of the BHs and does arathrize
the actual system. The inspiral phase of a BH binary fromelagparations up to
the last~ 10 orbits is rather well modeled by PN theory [61] which intadar
determines the time evolutions of the above parametensdimgy the BH separation
and thud.. The physical description is simplified significantly byreihating 7 of
these parameters as follows.

e BH binaries are invariant under a rescaling with the totabst® = m + np
which leaves only one parameter for the mass ratio:m,/my.

e At the PN orders considered, the BH masses and the indivigldalpin magni-
tudesS;, S and the mass ratigis conserved.

e We choose the axis of our coordinate system such that it points in the timac
of the orbital angular momentum.

e \We choose the axis such that it points in the direction of the projectiorSpf
into the orbital plane.

The time evolution of the system is therefore described bgetlemaining param-
eters which we choose to be the anglesnd 8, between the individual BH spins
andL and the anglé @ between the projections & andS; into the orbital plane;

cf. Fig. 3. These angles can be directly obtained from th&iddal spins and the
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orbital angular momentum whose time evolution is deterhimethe PN equations;
see e.g. Appendix A in [59].

In general, the BH spins ardprecess in a complicated way around the total an-
gular momentum vectal = L + S, whereS= §; + S,. Schnittman [64], however,
has found a subset of configurations where all three vekid8s andS, are locked
in a plane as they jointly precess arouhdrhese configurations are often referred
to as “spin-orbit resonances” and are a consequence of ¢chéhtzt the three time
scales involved in a BH binary inspiral, the orbital titgg, the precession tinig;
and the radiation reaction time scédgy obey a clear hierarchy, < tpr < tow. Ev-
idently, for these resonance configuratidr® = 0° or A @ = +180° but Schnittman
showed that for each of the two resonances there exist aanagngter family of val-
ues(61, 82) which remain constant on the precession time scale. On ticl lnoger
radiation reaction timescale, howevér,and 6, slowly evolve whileA @ remains
constant at Qor +180°. At a given moment in time we therefore have two curvesin
the 6:-6, plane, one curve for th& ® = 0° resonance and one for thep = +180°
resonance. As the BHs inspiral on thgy time scale, these two curves gradually
sweep through th@,-6, plane. Moreover, the resonances act as an attractor and
capture freely precessing binaries into resonance ormsanance configurations;
cf. Figs. 6 and 7 in [64]. The resonances are illustrated gn &ifor BH parameters
X1= X»=1andg=9/11. The resonant families are displayed as the solid (black)
curves in the upper leftA®@ = 0°) and the bottom right triangleA(@ = +180°
resonance). The diagonal separating the two regions games to6; = 6,. The
figure demonstrates thé§ < 6, for the A® = 0 resonance solutions artdl > 6,
for the A® = +180° resonance. This result is in fact general and applies to any
choice ofx1, x2 andq [64]. In the limit of infinite BH separation, the resonance
curves coincide with the edges of the square. As the BHsriasphe resonance
curves gradually approach the diagonal, but this motiondsenpronounced for the
A® = 0° family. For each family, the figure shows 6 curves corresjpugtb a BH
separatiorr = 1000M, 500M, 250M, 100M, 50 M and 10M. The dashed (red
curves) represent the curves along which individual restiniaary systems evolve.

Fig. 3 The orbital angular
momentum vectoL and the
individual BH spinsS;, S,
define the angle#, 6, and
A®. x, y andz denote our
specific choice of coordinates.
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The short-dashed (blue) lines are curves of con8antind the dash-dotted (green)
lines are curves of consta8- L whereS, = (1409)S+ (1+ q*l)&. From the fig-
ure, and bearing in mind the attractive character of thermasce families, we can
arrive at the following conclusions.

¢ Initially non-isotropic ensembles of spinning BH binardas dramatically change
their characteristics. In particular, binaries startinighwd; < 6, (i.e. the more
massive BH’s spin is more aligned with) but with isotropic distribution in
A® are gradually captured bt @ = 0° resonances and therefore cluster near
A® = (°. Likewise, ensembles starting with > 6, (the more massive BH'’s
spin is more misaligned with) preferentially cluster neat® = +£180°. This is
important since superkick configurations have@ = 180°.

e As binary systems move towards the diagomaland 6, approach each other.
ForA® = 0° resonances this mea8sandS; align. For theA ® = +180 reso-
nances, instead, the andle betweerS; andS, approache$; + 6..

e The dashed (red) and dash-dotted (green) lines in Fig. 4aneident (within
numerical accuracy) in the figure. As the binaries inspinel projection of the
weighted spirS, onto the orbital angular momentum is therefore conserved; a
analytic calculation at the used PN order confirms this a@isl$%5]. The short-
dashed (blue) curves corresponding to consSahtare steeper than the dashed
(red) curves. The total spi therefore becomes gradually more misaligned
(aligned) with the orbital angular momentum #r = 0° (A® = +180) reso-
nance configurations.

It can furthermore be shown th& - L is also conserved for non-resonant binaries
and the corresponding conclusions therefore apply for geb@aries. The most
important conclusion for our discussion is the first itemhe bove list: binaries

Fig. 4 Resonance families
(black solid curves corre-
sponding tor = 1000 M,
500M, 250M, 100M, 50M
and 10M from the square’s
edges inwards) are shown in
the 6;-6, plane. As resonant
binaries inspiral, they move
towards the diagond; = 6,
along the red dashed lines
with § - L = const. It can be
shown that freely precessing
binaries move along the same
lines, although not in mono-
tonic fashion towards the
diagonal but back and forth.
The blue short-dashed curves
correspond to consta®: L
and green dash-dotted curves
to constany - L. Figure taken
from [65].

cos 0,
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are attracted toward8® = 0° (A® = +180)) if the more massive (the less mas-
sive) BH'’s spin is more aligned with the orbital angular maituen. The intuitive
conclusion is that preferential alignment (misalignmeftjhe more massive BH
with L leads to a statistical suppression (enhancement) of sicgerkVe shall see
that this is indeed the case in the next section.

5 Suppression of superkicks

The impact of the spin-orbit resonances on the recoil vééscis of statistical na-
ture. We have seen that for a given ensemble of BH binariegjitiribution of the
BH spins, characterized by the angls 6, andA @, can change substantially as
the binaries inspiral from= 1000M tor = 10 M. In order to quantify the resulting
effect on the expected kick distribution, we consider twoety of ensembles with
fixed valuesx; = x2 = 1, g = 9/11. Ensemble 1 contains 2010 x 10 binaries
equally spaced ih @ = [—180°,180°) and co$;, cosb, € [0, 1], i.e. with isotropic
distribution in the spin directions. Ensembles of type 2sisinof 30x 30 binaries
equally spaced in cds andA @ but with a fixed value oB;. We consider six en-
sembles of type 2 for the specific valugs= 10°, 20°, 30°, 150", 160’ and 170.
Ensembles with a sma#l; represent binaries where the more massive BH is pref-
erentially more aligned with whereas those ensembles with laBjéave the less
massive BH preferentially aligned with From the results of the previous section,
we expect the former to be attracted by the = 0° resonances and therefore to
result in smaller kicks. For largé we expect the converse.

Fig. 5 Histograms of the kick
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This expectation is borne out in Fig. 5 which displays histogs of the recoil
velocities for the different ensembles. Let us first consille upper panel of the fig-
ure. The dashed black curve shows the kick distribution faeinble 1 as predicted
by Eq. (3) for the input parameters of the binaries at the sfathe inspiral, i.e. at
r = 1000M. Likewise, the solid black curve shows the distribution wiusing the
BH binary parameters at the end of the inspiral, i.e.at10 M. Ensemble 1 is an
isotropic ensemble and as we have already discussed in ¢h@ps section, ini-
tially isotropic ensembles remain isotropic under the iri@nd the corresponding
kick distributions are identical up to statistical noiséeTblue (red) curves in the
same panel correspond to subsets of Ensemble 1 containinthose 30 % of the
entire ensemble with the lowest (highest) value§iofFor these non-isotropic sub-
sets we observe the expected change in the kick distribifimnensembles where
the more massive BH is more (less) aligned with the orbitgldéar momentum, that
is for the “blue” (“red”) ensembles, the kick distributiobt@ined for the parameters
at the end of the inspiral is shifted towards smaller (Iargaak velocities. This is
displayed in more detail in the center and bottom panel ofithee where the six
ensembles of type 2 are displayed, again in the form of dastees for the initial
values of6,, 6, andA® atr = 1000M and solid curves for the values at the end
of the inspiral ar = 10 M. The central panels contains ensembles \ith= 10°
(purple),6; = 20° (blue) andB; = 30° (green). The kick distribution after inspiral
is notably shifted towards smallegick, the effect being stronger the smalir The
opposite is observed in the bottom panel whére= 150° (yellow), 6; = 160° (or-
ange) and; = 170 (red curves). The larged; is fixed initially, the more strongly
the distributions are shifted towards larggek after the inspiral.

We have focused here on maximal spin magnitygde- x» = 1 and mass ratio
g=9/11. The complete study performed by Kes@eml. [51, 51] also considers
smaller spin magnitudesb, 05 and 025 as well as other mass ratigs- 2/3 and
1/3. The kick suppression or enhancement due to the spinfedaihances becomes
less pronounced for smaller values of the spin magnitudenaass ratio. In these
cases, however, the kick velocities are significantly senalhyway (whether includ-
ing resonance effects or not), so that alterations to théllision due to capture by
resonances during the inspiral are less important in théegbof BH ejections or
displacement from the centers of galaxies. See Figs. 3, 4fabk 1 in [51] for
more quantitative details.

We finally note that the kick formula used for this investigatis given by Eq. (3)
and therefore does not include that hang-up effect in theilreelocities. A simi-
lar study to that described above has been done for the hakgsks in Ref. [66],
however, and observed the same suppression (enhancerh&it distributions
when using more recent formula by Lousto & Zlochower [47,.48}e effective
suppression or enhancement of hang-up kicks due to resoaphire may appear
surprising at first glance since partial alignment of thevirtial BH spins withL
is a vital ingredient in the hang-up kicks. The key angleci#fd by the resonances,
however, isA®. And BH configurations leading to superkicks or hang-up &iak
ways requirdd @ ~ 180°. As we have seen, the resonances tend to push BH binaries
either close to this value af @ (when the more massive BH is preferentially mis-
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aligned withL, i.e. large6;) or to the opposite extren&® = 0° (when the more
massive BH is preferentially aligned with i.e. small6y).

Given these results, there remains one important outstgrgliestion: is the
more massive BH preferentially aligned with the orbital alag momentum or not?
The answer to this question ultimately has to come from phkirsics and, in par-
ticular, detailed studies of the interaction of the indivadl BHs in a binary with
surrounding accretion disks from the point of formation loé binary system up
to the point where the inspiral is driven by GW emission, up.to separations
r ~1000M. The seemingly ubiquitous presence of SMBHs at the cengalakies
may indicate that superkicks are indeed suppressed arefdheisuggest stronger
alignment of the more massive BH but the answer to this questimains at present
unknown.

6 Conclusions

Gravitational recoil generated by the emission of anigotrgravitational radiation
may manifest itself in a variety of observational featuregalaxies and is likely to
play an important role in the formation of galaxies and theeathly of the observed
SMBHSs. The observational signhatures in the electromagspéctrum include dou-
ble active galactic nuclei, X ray flares and Doppler shiftaeen the broad and
narrow-line regions of quasars.

Following the breakthroughs in numerical relativity, itshlaeen possible to ob-
tain precision estimates for the magnitude of the kick vigileg as functions of the
BH parameters. The most astounding result of these studiebden the discovery
of the superkicks of several thousand km/s generated for BH binaries with amp
rable mass and spin components in the orbital plane thatcaral @ magnitude
and opposite in direction. These kicks are comfortablydaggough to eject BHs
from even the most massive host galaxies and may explain séthe observed
features mentioned above although kicks are not the onljaeafions for these
observations.

The large magnitude of the superkicks naturally prompts dbestion why
SMBHs do not appear to be efficiently kicked out of their hostagies. The an-
swer to this question may simply be of statistical nature BHdejection may fea-
ture more prominently in larger future surveys. There adications, however, that
superkick configurations may not be the favored arrangesriergstrophysical bi-
naries. Accretion torques tend to align the BH spins withadttital angular momen-
tum. During the GW driven inspiral all the way to merger, spibit resonances are
likely to populate preferentially specific portions of tharameter space. This ef-
fect depends on whether the more massive BH is initially nooiess aligned with
the orbital angular momentum. In the former case, kicks appressed whereas
in the latter case kicks can even be enhanced. It is at presémown which of
these scenarios is more common. Future observations oHheeBupation fraction
of galaxies should provide valuable insight into this gigestEither way, the spin-
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orbit resonances demonstrate the importance of includiedang GW driven in-
spiral in the usage of BH parameters in formulae predictiof elocities. Further
calibration of these kick formulae is also required, in jgaifar to obtain accurate
determination of the hang-up or superkicks’ dependencyemtass ratio.
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