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Abstract Asymmetric emission of gravitational waves from astrophysical sources
leads to a net flux of linear momentum from the source and, by momentum con-
servation, imparts a gravitational recoil on the emitting source. Numerical relativity
simulations have revealed that this effect can lead to astonishingly large kick ve-
locities, so-calledsuperkicks, of several thousand km/s in the inspiral and merger
of black-hole binaries. We here discuss the calculation of the recoil in black-hole
spacetimes and the astrophysical repercussions of such large kicks, in particular
related to the possible displacement or ejection of supermassive black holes from
their host galaxies. We also discuss possible mechanisms that would make super-
kicks improbably to occur in astrophysical binaries and thus explain why most, if
not all, galaxies observed in this regard appear to harbor a black hole at their center.

1 Introduction and motivation

A dictionary definition of the termrecoil is given as the act of “moving abruptly
backward as a reaction on firing a bullet, shell, or other missile”; see e.g. [1]. It
may appear at first glace surprising that this effect plays animportant role for astro-
physical black holes (BHs). After all, BHs are (at classicallevel) black objects and
not supposed to emit anything, not even light. And yet, the gravitational recoil or
“kick” of BHs is generally regarded an important dynamical feature in a variety of
astrophysical scenarios involving, in particular, supermassive BHs (SMBHs). The
role of the “missile” mentioned in the above definition in this case is played by the
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gravitational waves (GWs) generated in the inspiral and merger of BH binaries. In
addition to energy, GWs also carry away linear momentum fromtheir source and if
the emission of linear momentum is anisotropic, the net lossof momentum is com-
pensated for by a recoil of the emitting source. We note in this context that kicks
also arise in supernova core collapse, mostly through anisotropic emission of neu-
trinos; see e.g. [2]. While these are also of high relevance in astrophysics, our focus
here will be on gravitational recoil of black holes generated through GW emission.

The fact that anisotropic gravitational radiation will impart a kick on the emitting
source was already realized in the early 1960s [3, 4]; see also [5]. The determination
of accurate prediction for the magnitude of the resulting kick velocities, however,
represents a major challenge given the high complexity of the dynamical processes
responsible for the GW generation. It is only through the useof complex numerical
codes, that a quantitative exploration of BH kicks has become possible in the last
∼ 10 years. As we shall discuss in more detail below in Sec. 2, kick velocities range
over several orders of magnitude depending on the binary constituents’ parameters.
For interpreting these numbers, we need some reference of astrophysically relevant
kick velocities. Such reference numbers are given by the escape velocities from the
astrophysical object hosting the BHs. These escape velocities vary with the mass of
the host and typical values arevesc≈ 30 km/s for globular clusters, 20−100 km/s
for dwarf galaxies and∼ 1000 km/s for giant elliptic galaxies; cf. Fig. 2 in [6].
Recoils in the range of these numbers would then be able to displace or even eject
the merger remnant BH from the centre of its host with wide ranging astrophysical
implications.

Observations of galaxies provide strong evidence that mostif not all galaxies
harbor massive dark objects which are most plausibly interpreted as BHs [7, 8].
Observations furthermore demonstrate that the propertiesof the BHs are correlated
with properties of the host galaxies such as their luminosity, mass and velocity dis-
persion [7, 8, 9, 10]. The formation of SMBHs by redshiftz ≈ 6, as suggested by
the presence of quasars at such rather early times in the universe, is often described
in terms of hierarchical or “bottom-up” growth through accretion and BH mergers;
see for example [11]. At high redshiftz ≥ 10, the dark matter halos hosting the BHs
have escape velocities of less than about 150 km/s, so that even moderate kicks
would be sufficient to eject BHs [12]. Efficient ejection of BHs does not only have
consequences for the merger rate of BHs [13, 14] but also leads to BH depleted
globular clusters [15] and may necessitate accretion abovethe Eddington limit to
ensure a sufficiently rapid assembly of SMBHs [16].

BHs ejected or displaced from their hosts centers may also bedirectly observ-
able in electromagnetic radiation. Several candidates have indeed been identified,
although the interpretation of the data is not unambiguous in these cases. Komossa
et al [17], for example, have observed a blue shift correspondingto 2650 km/s of
the broad-line region relative to the narrow-line region inthe quasar J0927+2943.
As we shall see in Sec. 2 below, this magnitude is about half ofthe maximum re-
coil velocities generated in BH inspiral and merger and, thus, may represent a BH
kicked out of its host. Alternatively, however, the observed features could be ex-
plained in terms of a superposition of two active galactic nuclei (AGN) or a binary
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BH system [18, 19]. Similarly, the galaxy CID−42 shows features compatible with
an inspiraling AGN pair and an AGN with kick velocity∼ 1300 km/s. Using hydro-
dynamic galaxy merger simulations coupled to radiative transfer, Blechaet al [20]
find both, a double-AGN and a recoil model compatible with theobservations and
a clear identification of the system is not possible with the present data. A similar
example is given by the galaxy merger remnant COSMOS J100043+020637 which
contains two optical nuclei about 2 kpc apart [21]. These canbe interpreted as a BH
ejected or displaced from the galactic centre. Further electromagnetic signatures of
BH kicks include tidal disruptions of stars by the moving BH and resulting X ray
flares [22, 23, 24] and repeated flares caused by a displaced BHoscillating on a scale
comparable to the accretion torus [25]. Also, the relative motion between a recoil-
ing BH and the accreting material would introduce vibrations in the density of the
shock cone with frequencies similar to those observed in quasi-periodic oscillations
of X ray sources [26]. For a more comprehensive discussion ofthe electromagnetic
signatures resulting from recoiling BHs, the reader is referred to Komossa’s review
[27].

A clear understanding of the kick magnitudes and its dependency on the BH
binary parameters is clearly necessary for the interpretation of the observations as
well as theoretical modeling of galaxies, structure formation in the universe and
the assembly of SMBHs. In the next section we discuss the progress made in this
direction focusing on numerical relativity applications.

2 Calculation of the recoil

By simple symmetry considerations the inspiral and merger of a binary system com-
posed of identical compact objects cannot generate a net recoil. Consider for exam-
ple two non-spinning BHs of equal mass and let us denote the kick velocity resulting
from their coalescence byvkick. Because the two BHs are identical, the configura-
tion obtained by reflection of the system across the center ofmass, will be identical
to the original one but invert the recoil velocity so thatvkick = −vkick which is only
satisfied byvkick = 0. In order to obtain a non-vanishing recoil, we therefore need to
break the symmetry of the system under consideration. In thecase of BH binaries
in vacuum, this can be achieved either by considering BHs of unequal masses or
rotating BHs with different spins.

The recoil of unequal-mass but non-spinning BH binary systems was first studied
systematically by Fitchett [28] who used a quasi-Newtonianapproach modeling the
binary as two point masses in Keplerian orbit. For binaries with zero eccentricity,
Fitchett’s calculation suggests a functional dependencyvkick ∼ η4√1−4η of the
kick velocity on the mass ratio which we here define in terms ofthe individual BH
massesm1 andm2 through

q ≡ m2

m1
≤ 1, η ≡ m1 m2

(m1+m2)2 =
q

(1+ q)2 . (1)
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Note that there is no general convention in the literature but here we label the BHs
such thatm2 ≤ m1. η is often referred to as the “dimensionless mass-ratio parame-
ter”. Fitchett’s calculation also includes a generalization to eccentric orbits, but due
to the circularizing effect of GW emission [29] the eccentricity of BH binaries is
expected to vanish with high precision in the late inspiral stage which dominates the
net emission of linear momentum.

The main question left open by these calculation is the actual magnitude of the
kick or, in other words, the proportionality constant in thefunctional relation be-
tween the kick and mass ratio. The determination of these numbers only became
possible with the breakthroughs of numerical relativity [30, 31, 32] which opened
up the regime of dynamic, strong-field interaction of BH binaries for precision stud-
ies. The recoil generated in the merger of non-spinning, unequal-mass binaries was
indeed one of the first applications of numerical relativity[34, 35, 36] after the
breakthroughs. The most extended study of theη parameter space was performed
by Gonzáleset al. [35] who simulated a large number of binaries with mass ratios
ranging fromq = 1 to q = 1/4. Based on Fitchett’s calculations, they fit their data
using the relation

vkick = Aη2
√

1−4η (1+Bη) , (2)

and determine the parametersA= 1.2×104 km/s,B=−0.93. The numerical results
of their study, augmented by data forq = 1/10 [33], are displayed in Fig. 1 together
with the fit (2) as well as an alternative fit by [34] and an effective-one-body pre-
diction by [37]. The maximum kick of non-spinning BH binaries determined from
these simulations is 175.2±11 km/s realized forη = 0.195±0.005. This value is
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Fig. 1 Recoil velocity resulting from the merger of non-spinning BH binaries with dimensionless
mass-ratio parameterη . The circle and diamond symbols represent numerical relativity results and
the curves various fits or predictions. Figure taken from [33].
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large enough to eject BHs from globular clusters or dwarf galaxies but well below
the escape velocity from giant galaxies.

The inclusion of BH spins significantly complicates the calculation of the recoil.
In addition to the mass ratio, there are now 6 spin parameters, 3 for each BH. A
first exploration of the spins’ impact on the emission of linear momentum through
GWs was made by Kidder [38] using post-Newtonian (PN) calculations. The re-
sulting linear momentum is composed of a contribution due tothe unequal masses,
the Fitchett contribution, and a term due to the spin-orbit coupling. Again, the de-
termination of precise numbers became possible through numerical relativity cal-
culations. These first considered spins parallel to the orbital angular momentumLLL,
i.e. spins aligned or anti-aligned withLLL. As discussed above, a non-zero kick is only
realized in these cases when the BHs have different masses ordifferent spins. A
variety of configurations were analysed in Refs. [39, 40, 41]and predict kicks of
up to 500 km/s. This maximum is obtained by extrapolating from the simulations
to the maximal spin magnitudeχ ≡ a/m = 1, wherea is the Kerr spin parameter
andm the BH mass. Kidder’s work, however, suggests a separate contribution to the
total kick pointing out of the orbital plane. Based on this motivation, Gonzálezet
al. [42] and Campanelliet al. [43, 44] simulated equal-mass BH binaries with spins
oriented perpendicular toLLL, i.e. in the orbital plane, but opposite to each other. The
astonishing result of these simulations were kick velocities of a few thousand km/s
with an extrapolated (toχ = 1) of 4000 km/s, often referred to assuperkicks. Fig-
ure 2 illustrates the BH trajectories in an inspiral lasting∼ 2 orbits; during inspiral,
the orbital plane moves up and down along the direction of theorbital angular mo-
mentum (pointing upwards in the figure) and, after merger, the single BH moves in
that direction withvkick. Closer investigation of these superkicks revealed thatvkick

has a sinusoidal dependence on the angle between the spin of either hole and the
line-of-sight between the holes at the start of the simulation which corresponds to
a dependency on the orbital phase; cf. Fig. 4 in [45]. An intuitive interpretation 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]. The motion of the orbital
plane up and down along the direction ofLLL is a consequence of the frame dragging
exerted on each binary member by the other hole. This motion introduces a Doppler
shift to the emitted gravitational radiation and, thus, an asymmetry in the amount of
GWs emitted in the corresponding directions. The net effectis an asymmetry in the
l = 2, m = ±2 GW multipoles [45] and a net amount of linear momentum emitted
in GWs whose magnitude depends on the precise phase in this cyclic process where
the merger puts an end to this process.

A further increase in the maximum kick in BH binary inspiral has been realized
by Lousto & Zlochower [47, 48] by combining the superkick with the “orbital hang
up” effect. The orbital hang up arises in the inspiral of BHs with spins aligned with
the orbital angular momentum and results in a larger number of orbits at small sep-
aration shortly before merger and, consequently, increased emission of GW energy
by about a factor of two compared with the non-spinning counterpart [49, 50]. For
equal masses and spins, these configurations do not result ina net linear momentum
due to the symmetry argument mentioned abode. For BH spinspartially aligned
with LLL such that the spin projections onto the orbital plane are equal in magnitude
and opposite in direction, however, Lousto & Zlochower wereable to optimize the
increased GW emission of the hang-up effect with the net-emission of linear mo-
mentum and observed even larger kicks of up to 5000 km/s realized for inclination
angles of about 45◦ and extrapolated to maximal spinsχ = 1.

A main goal for the modeling of gravitational recoil in BH binaries is the gen-
eration of a “black box” or fitting formula that takes as inputthe parameters of the
binary and returns the kick velocity as output. We have already seen such a for-
mula for the simple case of non-spinning binaries in Eq. (2).Various suggestions
of varying degrees of complexity have been made to generalize such a formula for
spinning binaries. Campanelliet al. [43], have proposed the following expression
for modeling superkicks, but not including the hang-up kicks. Here we again denote
the dimensionless spin parameters byχ with index 1 or 2 for either hole. Boldface
characters represent vectorial quantities and we use sub orsuper scripts⊥ and|| to
denote vector components perpendicular and parallel to theorbital angular momen-
tum LLL, respectively. With this notation we have1

1 We use here the notation of Ref. [51] which differs from that of [43] by the convention that
q ≡ m2/m1 ≤ 1.
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vvvkick(q,χχχ i) = vmeee1+ v⊥ (cosξ eee1+ sinξ eee2)+ v||eee|| ,

vm = Aη2 1− q
1+ q5 (1+Bη) ,

v⊥ = H
η2

1+ q

(

qχχχ ||
2 − χχχ ||

1

)

,

v|| = K
η2

1+ q
cos(Θ −Θ0)

∣

∣

∣
qχχχ⊥

2 − χχχ⊥
1

∣

∣

∣
. (3)

Here (eee1, eee2, eee||) is an orthonormal basis witheee|| pointing alongLLL, ξ is angle
found to be∼ 145◦ for a wide variety of quasi-circular configurations [52] and
Θ is the angle betweenqχχχ2 − χχχ1 and the line of sight between the BHs at the
time of “merger”. This angle is determined by the phase anglementioned above
and enters the superkick in the sinusoidal form discussed inthis context. For most
astrophysical applications, this angle is only known in theform of a statistical dis-
tribution, commonly chosen to be flat in[0,180◦. The kick magnitude is then de-
termined by the fitting coefficients which areA = 1.2×104 km/s,B = −0.93 [35],
H = (6.9±0.5)×103 km/s [53],K = (6.0±0.1)×104 km/s [44].

Various attempts have been made to extend Eq. (3). A systematic spin expan-
sion of the recoil has been explored by Boyleet al. [54, 55] exploiting all possible
symmetry conditions. The resulting expansion is yet to be calibrated by numerical
relativity simulations, however. An extension of Eq. (3) that includes the hang-up
kick is given in Ref. [48] and further elaboration through inclusion of various higher-
order terms has resulted in a further∼ 10 % increase in the maximal kick, an effect
dubbedcross kick [56]. A detailed discussion of these formulae is beyond the scope
of this work and we refer the interested reader to the references for further informa-
tion.

3 Open questions

The accurate determination of kick velocities generated through GW emission in
the merger of BH binaries has made tremendous progress over the last decade and
the discovery of the superkicks remains one of the most astonishing results obtained
with numerical relativity simulations to date. Still, a good deal of work needs to be
done before the kick phenomenon can be regarded as comprehensively understood.
In this section we will list our pick of the most important questions 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 unequal mass parameters do for non-
spinning BHs. The inclusion of spins and the associated 6 parameters is therefore
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absolutely necessary for obtaining astrophysically helpful kick formulas and, as we
have seen, plenty of work has already been invested in this direction. Nevertheless,
a full exploration of the parameter space will require more numerical simulations.
The majority of simulations used to calibrate existing formulae for spinning binaries
have been performed for equal-mass systems. While there have been explorations of
spinning-unequal mass BHs [57, 43, 58, 52], the dependence of the superkick and
hang-up kicks, in particular, is not yet known with sufficient precision. The good
news is that this question can be addressed by simply performing more numerical
simulations. Even though this requires considerable resources given the high dimen-
sionality of the parameter space, it appears straightforward to fill in the missing gaps
in the kick formulae.

2) Parameter evolution during the inspiral: A conceptually more delicate prob-
lem arises from the BH parameters that are actually used as input for existing (or
future) kick formulae. Numerical simulations typically start a few orbits prior to
merger of the binary. For a given system this provides accurate estimates for the
recoil magnitude because the emission of linear momentum isentirely dominated
by the last few orbits prior to merger; see e.g. Fig. 9 in [45].Astrophysical stud-
ies involving BHs, however, typically make predictions (typically in statistical form
for an ensemble of BHs) for the parameters at a time when the BHs are still much
farther apart; see e.g. [59]. The ensuing inspiral from suchlarge scales to the late
inspiral regime of numerical relativity covers hundred of thousands of orbits if not
more. The question then is how this long inspiral phase will modify the BH pa-
rameters and how we can generate legitimate input for kick formulae valid for the
last few orbits. This question is largely of statistical nature and in practice we will
not be concerned too much with how the parameters of one particular binary are
affected, but rather how the inspiral gradually influences and distorts a parameter
distribution. This question has first been explored by Bogdanović et al. [60] who
use PN calculations [61] to evolve an ensemble of BHs with mass ratioq = 9/11,
maximal spin magnitudes and isotropic distribution of the spin directions from a
separationd = 1000M to d = 10M whereM is the total BH binary mass. They find
this ensemble to remain isotropic, i.e. statistically unchanged during the inspiral. As
we shall see in the next section this does not remain the case when we start with
initially anisotropic ensembles. For application of kick formulae, this necessitates a
prescription for how the statistical properties of a given distribution changes under
the inspiral.

3) Astrophysical observations of SMBHs in galaxies: The third question is of as-
trophysical nature. As mentioned above, astrophysical observations suggest that
large galaxies ubiquitously harbor SMBHs. On the other hand, the magnitude of
superkicks or hangup kicks comfortably exceeds the escape velocity from even the
most massive galaxies and thus would suffice to eject BHs fromtheir hosts. Why
then do we not observe more galaxies without a BH? Possibly, we simply need a
larger statistical sample of observations. Schnittman & Buonanno [37] have esti-
mated the statistical distribution of kicks generated in BHmergers using effective-
one-body calculations for an ensemble of BH binaries withq ∈ [0.1,1], χi = 0.9



Gravitational Recoil and Astrophysical Impact 9

and find that about 12 % of the mergers result invkick > 500 km/s and about 3 %
in vkick > 1000 km/s. Recent work by Gerosa & Sesana [62] models the conse-
quences of superkicks in the merger history of brightest-cluster galaxies and find
that the BH occupation fractionf of these galaxies is 0.9 < f < 0.99 in the lo-
cal universe. A statistically robust determination of the frequency of BH ejection
therefore seems to require hundreds of observations which will be made possible by
future thirty-meter-class telescopes. An alternative explanation of ubiquitous pres-
ence on SMBHs in galaxies may be that superkicks, while theoretically possible, are
statistically suppressed by some mechanism. This could be achieved, for example,
by the alignment of BH spins with the orbital angular momentum through torques
from accreting gas in gas-rich mergers [60]. The degree of alignment is likely to de-
pend on the properties of the gas disks and may reduce the angle between the spins
andLLL to 10◦ (30◦) for cold (hot) gas [63]. We emphasize here, that these anglesare
parameters valid at large separation and their validity as input parameters for kick
formulae is still subject to the concerns raised in question2. In the next section we
will see that the inclusion of the long inspiral phase up to the last few orbits indeed
has a profound statistical effect that may disfavor those spin-configuration leading
to superkicks.

4 Spin-orbit resonances

A BH binary systems containing two spinning holes is characterized by 10 physical
or intrinsic parameters: 2 BH massesm1 andm2, 6 parameters for the spinsSSS1 and
SSS2 and 2 parameters for the directionL̂LL of the orbital angular momentum. The mag-
nitudeL is merely a measure of the separation of the BHs and does not characterize
the actual system. The inspiral phase of a BH binary from large separations up to
the last∼ 10 orbits is rather well modeled by PN theory [61] which in particular
determines the time evolutions of the above parameters including the BH separation
and thusL. The physical description is simplified significantly by eliminating 7 of
these parameters as follows.

• BH binaries are invariant under a rescaling with the total mass M = m1 +m2

which leaves only one parameter for the mass ratio:q = m2/m1.
• At the PN orders considered, the BH masses and the individualBH spin magni-

tudesS1, S2 and the mass ratioq is conserved.
• We choose thez axis of our coordinate system such that it points in the direction

of the orbital angular momentum.
• We choose thex axis such that it points in the direction of the projection ofSSS1

into the orbital plane.

The time evolution of the system is therefore described by three remaining param-
eters which we choose to be the anglesθ1 andθ2 between the individual BH spins
andLLL and the angle∆Φ between the projections ofSSS1 andSSS2 into the orbital plane;
cf. Fig. 3. These angles can be directly obtained from the individual spins and the
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orbital angular momentum whose time evolution is determined by the PN equations;
see e.g. Appendix A in [59].

In general, the BH spins andLLL precess in a complicated way around the total an-
gular momentum vectorJJJ ≡ LLL+ SSS, whereSSS ≡ SSS1+ SSS2. Schnittman [64], however,
has found a subset of configurations where all three vectorsLLL, SSS1 andSSS2 are locked
in a plane as they jointly precess aroundJJJ. These configurations are often referred
to as “spin-orbit resonances” and are a consequence of the fact that the three time
scales involved in a BH binary inspiral, the orbital timetorb, the precession timetpr

and the radiation reaction time scaletGW obey a clear hierarchytorb≪ tpr≪ tGW. Ev-
idently, for these resonance configurations∆Φ = 0◦ or ∆Φ =±180◦ but Schnittman
showed that for each of the two resonances there exist a one-parameter family of val-
ues(θ1,θ2) which remain constant on the precession time scale. On the much longer
radiation reaction timescale, however,θ1 andθ2 slowly evolve while∆Φ remains
constant at 0◦ or±180◦. At a given moment in time we therefore have two curves in
theθ1-θ2 plane, one curve for the∆Φ = 0◦ resonance and one for the∆Φ =±180◦

resonance. As the BHs inspiral on thetGW time scale, these two curves gradually
sweep through theθ1-θ2 plane. Moreover, the resonances act as an attractor and
capture freely precessing binaries into resonance or near-resonance configurations;
cf. Figs. 6 and 7 in [64]. The resonances are illustrated in Fig. 4 for BH parameters
χχχ1 = χχχ2 = 1 andq = 9/11. The resonant families are displayed as the solid (black)
curves in the upper left (∆Φ = 0◦) and the bottom right triangle (∆Φ = ±180◦

resonance). The diagonal separating the two regions corresponds toθ1 = θ2. The
figure demonstrates thatθ1 < θ2 for the∆Φ = 0 resonance solutions andθ1 > θ2

for the ∆Φ = ±180◦ resonance. This result is in fact general and applies to any
choice ofχ1, χ2 andq [64]. In the limit of infinite BH separation, the resonance
curves coincide with the edges of the square. As the BHs inspiral, the resonance
curves gradually approach the diagonal, but this motion is more pronounced for the
∆Φ = 0◦ family. For each family, the figure shows 6 curves corresponding to a BH
separationr = 1000M, 500M, 250M, 100M, 50 M and 10M. The dashed (red
curves) represent the curves along which individual resonant binary systems evolve.

Fig. 3 The orbital angular
momentum vectorLLL and the
individual BH spinsSSS1, SSS2
define the anglesθ1, θ2 and
∆Φ . x, y and z denote our
specific choice of coordinates.
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The short-dashed (blue) lines are curves of constantSSS · L̂LL and the dash-dotted (green)
lines are curves of constantSSS0 · L̂LL whereSSS0 ≡ (1+q)SSS1+(1+q−1)SSS2. From the fig-
ure, and bearing in mind the attractive character of the resonance families, we can
arrive at the following conclusions.

• Initially non-isotropic ensembles of spinning BH binariescan dramatically change
their characteristics. In particular, binaries starting with θ1 < θ2 (i.e. the more
massive BH’s spin is more aligned withLLL) but with isotropic distribution in
∆Φ are gradually captured by∆Φ = 0◦ resonances and therefore cluster near
∆Φ = 0◦. Likewise, ensembles starting withθ1 > θ2 (the more massive BH’s
spin is more misaligned withLLL) preferentially cluster near∆Φ =±180◦. This is
important since superkick configurations have∆Φ = 180◦.

• As binary systems move towards the diagonal,θ1 andθ2 approach each other.
For∆Φ = 0◦ resonances this meansSSS1 andSSS2 align. For the∆Φ =±180◦ reso-
nances, instead, the angleθ12 betweenSSS1 andSSS2 approachesθ1+θ2.

• The dashed (red) and dash-dotted (green) lines in Fig. 4 are coincident (within
numerical accuracy) in the figure. As the binaries inspiral the projection of the
weighted spinSSS0 onto the orbital angular momentum is therefore conserved; an
analytic calculation at the used PN order confirms this analysis [65]. The short-
dashed (blue) curves corresponding to constantSSS · L̂LL are steeper than the dashed
(red) curves. The total spinSSS therefore becomes gradually more misaligned
(aligned) with the orbital angular momentum for∆Φ = 0◦ (∆Φ =±180◦) reso-
nance configurations.

It can furthermore be shown thatSSS0 · L̂LL is also conserved for non-resonant binaries
and the corresponding conclusions therefore apply for generic binaries. The most
important conclusion for our discussion is the first item in the above list: binaries

Fig. 4 Resonance families
(black solid curves corre-
sponding tor = 1000 M,
500M, 250M, 100M, 50 M
and 10M from the square’s
edges inwards) are shown in
theθ1-θ2 plane. As resonant
binaries inspiral, they move
towards the diagonalθ1 = θ2
along the red dashed lines
with SSS0 · L̂LL = 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 constantSSS · L̂LL
and green dash-dotted curves
to constantSSS0 · L̂LL. Figure taken
from [65].
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are attracted towards∆Φ = 0◦ (∆Φ = ±180◦)) if the more massive (the less mas-
sive) BH’s spin is more aligned with the orbital angular momentum. The intuitive
conclusion is that preferential alignment (misalignment)of the more massive BH
with LLL leads to a statistical suppression (enhancement) of superkicks. We 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 velocities is of statistical na-
ture. We have seen that for a given ensemble of BH binaries, the distribution of the
BH spins, characterized by the anglesθ1, θ2 and∆Φ, can change substantially as
the binaries inspiral fromr = 1000M to r = 10M. In order to quantify the resulting
effect on the expected kick distribution, we consider two types of ensembles with
fixed valuesχ1 = χ2 = 1, q = 9/11. Ensemble 1 contains 10× 10× 10 binaries
equally spaced in∆Φ = [−180◦,180◦) and cosθ1, cosθ2 ∈ [0,1], i.e. with isotropic
distribution in the spin directions. Ensembles of type 2 consist of 30×30 binaries
equally spaced in cosθ2 and∆Φ but with a fixed value ofθ1. We consider six en-
sembles of type 2 for the specific valuesθ1 = 10◦, 20◦, 30◦, 150◦, 160◦ and 170◦.
Ensembles with a smallθ1 represent binaries where the more massive BH is pref-
erentially more aligned withLLL whereas those ensembles with largeθ1 have the less
massive BH preferentially aligned withLLL. From the results of the previous section,
we expect the former to be attracted by the∆Φ = 0◦ resonances and therefore to
result in smaller kicks. For largeθ1 we expect the converse.

Fig. 5 Histograms of the kick
distribution obtained for En-
semble 1 (top panel) and six
ensembles of type 2 (center
and bottom panel). Dashed
curves are obtained for the
BH binary parameters as ini-
tialized at large separation
r = 1000M and solid curves
are obtained for the parame-
ters at the end of the inspiral
r = 10 M. Changes in the
histograms due to the inspiral
depend on whether the more
massive BH is initially more
aligned (small values ofθ1) or
more misaligned (large values
of θ1) with the orbital angular
momentumLLL. Figure taken
from [51].
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This expectation is borne out in Fig. 5 which displays histograms of the recoil
velocities for the different ensembles. Let us first consider the upper panel of the fig-
ure. The dashed black curve shows the kick distribution for Ensemble 1 as predicted
by Eq. (3) for the input parameters of the binaries at the start of the inspiral, i.e. at
r = 1000M. Likewise, the solid black curve shows the distribution when using the
BH binary parameters at the end of the inspiral, i.e. atr = 10 M. Ensemble 1 is an
isotropic ensemble and as we have already discussed in the previous section, ini-
tially isotropic ensembles remain isotropic under the inspiral and the corresponding
kick distributions are identical up to statistical noise. The blue (red) curves in the
same panel correspond to subsets of Ensemble 1 containing only those 30 % of the
entire ensemble with the lowest (highest) values ofθ1. For these non-isotropic sub-
sets we observe the expected change in the kick distribution. For ensembles where
the more massive BH is more (less) aligned with the orbital angular momentum, that
is for the “blue” (“red”) ensembles, the kick distribution obtained for the parameters
at the end of the inspiral is shifted towards smaller (larger) kick velocities. This is
displayed in more detail in the center and bottom panel of thefigure where the six
ensembles of type 2 are displayed, again in the form of dashedcurves for the initial
values ofθ1, θ2 and∆Φ at r = 1000M and solid curves for the values at the end
of the inspiral atr = 10 M. The central panels contains ensembles withθ1 = 10◦

(purple),θ1 = 20◦ (blue) andθ1 = 30◦ (green). The kick distribution after inspiral
is notably shifted towards smallervkick, the effect being stronger the smallerθ1. The
opposite is observed in the bottom panel whereθ1 = 150◦ (yellow), θ1 = 160◦ (or-
ange) andθ1 = 170◦ (red curves). The largerθ1 is fixed initially, the more strongly
the distributions are shifted towards largervkick after the inspiral.

We have focused here on maximal spin magnitudeχ1 = χ2 = 1 and mass ratio
q = 9/11. The complete study performed by Kesdenat al. [51, 51] also considers
smaller spin magnitudes 0.75, 0.5 and 0.25 as well as other mass ratiosq = 2/3 and
1/3. The kick suppression or enhancement due to the spin-orbitresonances becomes
less pronounced for smaller values of the spin magnitude andmass ratio. In these
cases, however, the kick velocities are significantly smaller anyway (whether includ-
ing resonance effects or not), so that alterations to the distribution due to capture by
resonances during the inspiral are less important in the context of BH ejections or
displacement from the centers of galaxies. See Figs. 3, 4 andTable 1 in [51] for
more quantitative details.

We finally note that the kick formula used for this investigation is given by Eq. (3)
and therefore does not include that hang-up effect in the recoil velocities. A simi-
lar study to that described above has been done for the hang-up kicks in Ref. [66],
however, and observed the same suppression (enhancement) of kick distributions
when using more recent formula by Lousto & Zlochower [47, 48]. The effective
suppression or enhancement of hang-up kicks due to resonantcapture may appear
surprising at first glance since partial alignment of the individual BH spins withLLL
is a vital ingredient in the hang-up kicks. The key angle affected by the resonances,
however, is∆Φ. And BH configurations leading to superkicks or hang-up kicks al-
ways require∆Φ ≈ 180◦. As we have seen, the resonances tend to push BH binaries
either close to this value of∆Φ (when the more massive BH is preferentially mis-
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aligned withLLL, i.e. largeθ1) or to the opposite extreme∆Φ = 0◦ (when the more
massive BH is preferentially aligned withLLL, i.e. smallθ1).

Given these results, there remains one important outstanding question: is the
more massive BH preferentially aligned with the orbital angular momentum or not?
The answer to this question ultimately has to come from astrophysics and, in par-
ticular, detailed studies of the interaction of the individual BHs in a binary with
surrounding accretion disks from the point of formation of the binary system up
to the point where the inspiral is driven by GW emission, i.e.up to separations
r ∼ 1000M. The seemingly ubiquitous presence of SMBHs at the center ofgalaxies
may indicate that superkicks are indeed suppressed and therefore suggest stronger
alignment of the more massive BH but the answer to this question remains at present
unknown.

6 Conclusions

Gravitational recoil generated by the emission of anisotropic gravitational radiation
may manifest itself in a variety of observational features of galaxies and is likely to
play an important role in the formation of galaxies and the assembly of the observed
SMBHs. The observational signatures in the electromagnetic spectrum include dou-
ble active galactic nuclei, X ray flares and Doppler shifts between the broad and
narrow-line regions of quasars.

Following the breakthroughs in numerical relativity, it has been possible to ob-
tain precision estimates for the magnitude of the kick velocities as functions of the
BH parameters. The most astounding result of these studies has been the discovery
of the superkicks of several thousand km/s generated for BH binaries with compa-
rable mass and spin components in the orbital plane that are equal in magnitude
and opposite in direction. These kicks are comfortably large enough to eject BHs
from even the most massive host galaxies and may explain someof the observed
features mentioned above although kicks are not the only explanations for these
observations.

The large magnitude of the superkicks naturally prompts thequestion why
SMBHs do not appear to be efficiently kicked out of their host galaxies. The an-
swer to this question may simply be of statistical nature andBH ejection may fea-
ture more prominently in larger future surveys. There are indications, however, that
superkick configurations may not be the favored arrangements in astrophysical bi-
naries. Accretion torques tend to align the BH spins with theorbital angular momen-
tum. During the GW driven inspiral all the way to merger, spin-orbit resonances are
likely to populate preferentially specific portions of the parameter space. This ef-
fect depends on whether the more massive BH is initially moreor less aligned with
the orbital angular momentum. In the former case, kicks are suppressed whereas
in the latter case kicks can even be enhanced. It is at presentunknown which of
these scenarios is more common. Future observations of the BH occupation fraction
of galaxies should provide valuable insight into this question. Either way, the spin-
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orbit resonances demonstrate the importance of including the long GW driven in-
spiral in the usage of BH parameters in formulae predicting kick velocities. Further
calibration of these kick formulae is also required, in particular to obtain accurate
determination of the hang-up or superkicks’ dependency on the mass ratio.
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DOI 10.1088/0264-9381/29/4/045003. ArXiv:1110.2229 [gr-qc]

51. M. Kesden, U. Sperhake, E. Berti, Astrophys. J.715, 1006 (2010). DOI 10.1088/0004-
637X/715/2/1006. ArXiv:1003.4993 [astro-ph]

52. C.O. Lousto, Y. Zlochower, Phys. Rev. D79, 064018 (2009). DOI
10.1103/PhysRevD.79.064018. ArXiv:0805.0159 [gr-qc]

53. C.O. Lousto, Y. Zlochower, Phys. Rev. D77, 044028 (2008). DOI
10.1103/PhysRevD.77.044028. ArXiv:0708.4048 [gr-qc]

54. L. Boyle, M. Kesden, S. Nissanke, Phys. Rev. Lett.100, 151101 (2008). DOI
10.1103/PhysRevLett.100.151101. ArXiv:0709.0299 [gr-qc]

55. L. Boyle, M. Kesden, Phys. Rev. D78, 024017 (2008). DOI 10.1103/PhysRevD.78.024017.
ArXiv:0712.2819 [astro-ph]

56. C.O. Lousto, Y. Zlochower, Phys. Rev. D87(8), 084027 (2013). DOI
10.1103/PhysRevD.87.084027. ArXiv:1211.7099 [gr-qc]

57. J.G. Baker, et al., Astrophys. J.668, 1140 (2008). DOI 10.1086/521330. Astro-ph/0702390
58. J.G. Bakeret al., Astrophys.J.682, L29 (2008). DOI 10.1086/590927. ArXiv:0802.0416

[astro-ph]
59. D. Gerosa, M. Kesden, E. Berti, R. O’Shaughnessy, U. Sperhake, Phys. Rev. D87, 104028

(2013). DOI 10.1103/PhysRevD.87.104028. ArXiv:1302.4442 [gr-qc]
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