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ABSTRACT

Simulations of binary black hole mergers indicate that asymmetrical gravitational wave (GW)
emission can cause black holes to recoil at speeds up to thousands of km s−1. These GW
recoil events can dramatically affect the co-evolution of recoiling supermassive black holes
(SMBHs) and their host galaxies. However, theoretical studies of SMBH–galaxy evolution
almost always assume a stationary central black hole. In light of the numerical results on
GW recoil velocities, we relax that assumption here and consider the consequences of recoil
for SMBH evolution. We follow the trajectories of SMBHs ejected in a smooth background
potential that includes both a stellar bulge and a multicomponent gaseous disc. In addition, we
calculate the accretion rate on to the SMBH as a function of time, using a hybrid prescription
of viscous (α-disc) and Bondi accretion. We find that recoil kicks between 100 km s−1 and the
escape speed cause SMBHs to wander through the galaxy and halo for ∼106–109 yr before
settling back to the galactic centre. However, the mass accreted during this time is roughly
constant at ∼10 per cent of the initial mass, independent of the recoil velocity. This indicates
that while large recoils may disrupt active galactic nuclei feedback processes, recoil itself is an
effective means of regulating SMBH growth. Recoiling SMBHs may be observable as spatially
or kinematically offset quasars, but finding such systems could be challenging, because the
largest offsets correspond to the shortest quasar lifetimes.

Key words: accretion, accretion discs – black hole physics – gravitational waves – galaxies:
active – galaxies: evolution – galaxies: kinematics and dynamics.

1 IN T RO D U C T I O N

Supermassive black holes (SMBHs, �106 M�) have long been con-
sidered the probable central engines for quasars (Lynden-Bell 1969).
Observations now indicate that they are ubiquitous in the centres
of both active and quiescent galaxies (e.g. Kormendy & Richstone
1995; Richstone et al. 1998; Ferrarese & Ford 2005). Considerable
evidence links SMBHs closely to dynamical properties of their host
galaxies, indicating that SMBHs and galaxies may have evolved
concurrently. Measured SMBH masses are closely correlated with
the luminosity, and hence the mass, of their host galactic bulges
(Kormendy & Richstone 1995; Magorrian et al. 1998; Merritt &
Ferrarese 2001; Marconi & Hunt 2003). Also, a strong correlation
has been observed between SMBH mass and stellar velocity disper-
sion in the bulge: MBH ∝ σ 4

∗ (Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Tremaine et al. 2002). Recent surveys have found that a
similar correlation may extend down to dwarf galaxies if their com-
pact nuclei are interpreted as the analogue of SMBHs in massive

�E-mail: lblecha@cfa.harvard.edu (LB); aloeb@cfa.harvard.edu (AL)

galaxies (Barth, Greene & Ho 2005; Ferrarese et al. 2006; Wehner
& Harris 2006).

These findings indicate that SMBHs offer a wealth of information
about the formation and evolution of structure in our Universe. In
this context, much theoretical work has been devoted to studying
the details of SMBH accretion and how it relates to galaxy evo-
lution (e.g. Silk & Rees 1998; Wyithe & Loeb 2003; Di Matteo,
Springel & Hernquist 2005; Hopkins et al. 2006). However, virtu-
ally all such studies have the common assumption that the black
hole (BH) remains stationary at the centre of the galaxy. This is a
reasonable assumption in light of the observed ubiquity of central
compact objects in galaxies, although the observed sample contains
only local galaxies and therefore places few constraints on the dy-
namics of SMBHs over the lifetimes of galaxies. However, if two
SMBHs coalesce after a major galaxy merger, gravitational-wave
(GW) recoil can impart a large kick to the resultant merged BH
(Peres 1962; Bekenstein 1973; Fitchett & Detweiler 1984). When
the merging BHs have unequal masses or spins, asymmetrical emis-
sion of gravitational waves creates a net linear momentum flux at
merger, causing the merged BH to recoil in the opposite direc-
tion. This effect has long been known as an interesting relativistic
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phenomenon, but its importance as an astrophysical phenomenon
remained very uncertain until recently; the best estimates from ap-
proximate methods indicated that kick velocities were most likely to
be small, vk � few × 100 km s−1 (Blanchet, Qusailah & Will 2005;
Damour & Gopakumar 2006). Results from simulations using full
numerical relativity have demonstrated that if high BH spins are
included, kicks up to 4000 km s−1 are possible with certain mass
and spin configurations (Campanelli et al. 2007a,b). These veloc-
ities easily exceed the escape speed of any known galaxy, so the
ramifications of large recoil kicks would clearly be dramatic. Not
only will the position of the BH in the galaxy vary, so will the rate of
fuelling and the amount and type of active galactic nucleus (AGN)
feedback generated. For example, according to the Bondi accretion
model, which is commonly used in simulations, the accretion rate is
inversely proportional to the velocity of the accretor cubed (Bondi
& Hoyle 1944).

The velocity of recoil kicks depends strongly on the spin pa-
rameters, spin alignment and mass ratio of the merging BHs. The
distributions of these quantities in the population of merging galax-
ies are highly uncertain. Bogdanović, Reynolds & Miller (2007)
have suggested that torques in a circumbinary gas disc may align
the BH spins with the disc orbital plane, causing the recoil distri-
bution to be skewed towards in-plane kicks (and consequently low
kick velocities). Schnittman & Buonanno (2007), Campanelli et al.
(2007a) and Baker et al. (2008) have each calculated probability dis-
tributions of recoil kick velocities assuming randomly distributed
BH mass ratios and spin orientations. We allow for both aligned
and random spins by considering a variety of kick inclinations. Ob-
serving signatures of GW recoil in the future would be one way to
constrain these distributions.

A common result of early SMBH merger simulations was the so-
called ‘final parsec problem’, whereby inspiralling SMBHs ‘stall’
at a characteristic radius of about 1 pc after hollowing out the
host galaxy’s core and before GW emission becomes dominant
(e.g. Milosavljević & Merritt 2001; Yu 2002). This has been referred
to as a ‘problem’ because until very recently (see Rodriguez et al.
2006), no direct evidence for any such unmerged binary SMBHs
existed, let alone a large population of them. Numerous viable
solutions to this problem have been introduced, for example by
adding a slightly triaxial potential or a non-negligible gas fraction
(e.g. Gerhard & Binney 1985; Gould & Miralda-Escude 1997; Yu
2002; Escala et al. 2004; Berczik et al. 2006). It is certainly possible,
however, that in ‘dry’ mergers of galaxies containing small gas frac-
tions, the SMBH inspiral time would exceed the time for another
major merger to occur. This could result in formation of a triple
SMBH system, which may impart a significant kick to one of the
BHs (e.g. Hut & Rees 1992; Xu & Ostriker 1994). Recently, the first
fully relativistic simulations of close triple-BH encounters demon-
strated that substantial kicks can indeed occur (Campanelli, Lousto
& Zlochower 2008). Using non-relativistic simulations, Hoffman
& Loeb (2007) conducted a statistical analysis of the triple-SMBH
problem; they found that most three-body encounters cause the bi-
nary BH to merge without ejecting the third BH, and that ejection of
the third BH (which may also be followed by the merger of the other
two) occurs in less than half of all encounters. It should be noted
that if triple-SMBH systems do form in galaxies and if the most
likely outcome is an SMBH merger, then GW recoil kicks could
be at least as likely to result from this configuration as dynamical
kicks to the third BH.

Madau & Quataert (2004) and Loeb (2007) have considered some
of the observational signatures we might expect from these sources,
such as spatially and kinematically offset quasars. These could be

either SMBHs that are ejected from their host galaxies and carry an
accretion disc along, or wandering SMBHs on bound trajectories
that may significantly disrupt galactic structure. Because no known
quasars have been conclusively identified as such, we can assume
the fraction of offset quasars is relatively small. Similarly, Volonteri
(2007) considered the limits placed on ejected BHs by the MBH–σ ∗
relation. She concluded that ejection of SMBHs could not have been
a very common occurrence throughout most of the history of the
Universe, or we would observe considerably more scatter in BH–
galaxy relations. However, Volonteri points out that in large haloes
at high redshift, mergers were more frequent and recoil kicks, which
are independent of absolute mass, could more easily have ejected
BHs from the relatively small host galaxies.

Gualandris & Merritt (2008) studied GW recoil with a set of
N-body simulations that followed the motion of a kicked SMBH
in a stellar potential. They find that BHs on bound orbits have
long oscillation time-scales, up to ∼1 Gyr, including a phase of
low-amplitude oscillations in the stellar core. A large stellar core
is scoured out by these oscillations, in some cases larger than the
cores that binary SMBHs are expected to produce. Gualandris &
Merritt (2008) also discuss the possible observational signatures of
such oscillating BHs, such as displaced AGN and offset jets.

In a recent paper, Kornreich & Lovelace (2008) have focused
on a different aspect of GW recoil, namely its effect on galaxy
morphology. Using GADGET-2, they also find that BHs on bound
orbits have long oscillation time-scales and conclude that recoil
events can produce significant asymmetry in galactic discs. We
note, however, that by definition, any galaxy containing a recoiling
SMBH will have recently undergone a merger, which will also
produce asymmetric morphology.

Magain et al. (2005) discovered a quasar with no apparent host
galaxy located near an ultraluminous infrared galaxy (ULIRG),
which had likely undergone a recent merger. A number of papers dis-
cussed whether this might be an ejected SMBH (Haehnelt, Davies
& Rees 2006; Hoffman & Loeb 2006; Merritt et al. 2006). This does
not appear to be the case for this system, however. Among other
factors, the quasar has a significant narrow-line region indicating
the presence of more gas than could be ejected with the SMBH, and
recently, direct evidence for a host galaxy has been observed (Feain
et al. 2007).

While this paper was undergoing revision, Komossa, Zhou & Lu
(2008) announced that the quasar SDSS J0927+2943 is a candidate
recoiling SMBH, with a velocity of 2650 km s−1. They have ob-
served an offset between the broad emission lines and some of the
narrow emission lines in this unusual quasar’s spectrum, which they
suggest can be explained if the broad-line region is gravitationally
bound to a recoiling BH and the narrow-line region is left behind
in the galactic disc. 2650 km s−1 is close to the maximum possible
recoil kick velocity, and the actual velocity may be even higher if
there is a velocity component perpendicular to the line of sight.
Thus, this proposed recoil event is certainly not a typical event.

Bonning, Shields & Salviander (2007) conducted a targeted
search for GW recoil events. They examined a quasar population
for Doppler shifts in spectral lines that would indicate a moving
source and found a null result. However, this method applies only
to high-velocity BHs that are active quasar sources. Additionally,
because a BH on a bound trajectory spends a large fraction of its
time at turnaround, such objects are statistically more likely to be
observed with low velocities.

In this paper, we focus on the dynamical aspect of SMBH accre-
tion in the context of large kicks from GW recoil. We emphasize
that the details of BH accretion occur on scales below the current
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resolution of state-of-the-art simulations of galaxy mergers, and
that the physics of turbulent viscosity driving this accretion cannot
be simulated easily. Thus, a semi-analytic approach is an appropri-
ate first step toward understanding accretion on to recoiling BHs.
We use a set of semi-analytical models to follow the trajectories
of SMBHs ejected with varying kick velocities in the potential of
a galaxy containing both gas and stellar components; we also es-
timate the accretion rate for the moving SMBHs. Our model and
choice of parameters are outlined in Section 2. The results of these
calculations for our fiducial model are given in Section 3.1, while
Sections 3.2 and 3.3 detail the results of varying the SMBH mass
and galaxy gas fraction. In Section 3.4, we consider the implications
of our results for observational signatures of GW recoil. Section 3.5
contains comments on the sensitivity of our results to our choice of
parameters. Finally, in Section 4, we summarize and discuss these
results in the broader context of SMBH–galaxy co-evolution.

2 MO D EL

We construct a galaxy model consisting of two distinct components:
a spherical stellar bulge and a gaseous disc. Note that in reality, the
stellar and gas distributions may be highly asymmetric following
a major merger. Choosing symmetric distributions is therefore a
simplification necessary for our semi-analytical approach, although
if the SMBH merger time-scale is long, the galaxy may in fact be
significantly relaxed when the recoil occurs. The dark matter (DM)
halo is ignored for the purpose of following SMBH orbits, because
the halo profile will be fairly flat on the scale of the baryonic galaxy.
Also, on large scales the halo is expected to be significantly triaxial
(Bullock et al. 2001; Jing & Suto 2002), so even though the DM halo
would decrease the SMBH orbital decay time, it would also increase
the chance of scattering the BH on to a less-centrophilic orbit, such
that the BH would wander in the halo instead of returning to the
galaxy centre. The details of this scattering are highly dependent
on the shape of the triaxial potential, so we ignore this effect and
consider it a source of uncertainty in our high-velocity recoil runs.

2.1 Stellar bulge

The stellar bulge is assumed to follow an η-model density profile
(Tremaine et al. 2002), with η = 2.5. We choose this profile that
is slightly flatter than a Hernquist (1990) profile (η = 2) under
the assumption that a galaxy merger remnant will have a flattened
core due to stellar ejections during SMBH binary inspiral. The total
stellar bulge mass is estimated from the SMBH mass using the
relation of Marconi & Hunt (2003);

M∗ = 4.06 × 1010 M�
(

MBH

108 M�

)1.04

. (1)

The scale radius, a, for the η-model profile is related to the SMBH
mass in terms of the half-mass radius, r1/2;

a = r1/2(21/η − 1). (2)

An approximate relation for the ratio of effective (half-light) radius
to half-mass radius is given by Dehnen (1993, equation 17);

Re

r1/2
≈ 0.7549 − 0.00439(3 − η) + 0.00322(3 − η)2

− 0.00182(3 − η)3 ± 0.0007. (3)

The effective radius is Re = GM∗/3σ 2
∗, and the one-dimensional

velocity dispersion, σ ∗, is calculated from the MBH–σ ∗ relation

(Tremaine et al. 2002);

σ∗ = 220 km s−1

(
MBH

2 × 108 M�

)0.249

. (4)

Thus, the scaling of the stellar model radii with BH mass is
(Re, r1/2, a) ∝ M1/2

BH .
Stellar dynamical friction on the ejected SMBH is modelled us-

ing the Chandrasekhar (1943) formula. Assuming a Maxwellian
velocity distribution, the drag force on a BH moving with velocity
vBH through a background density ρ∗ is

f df = −I (M) × 4πρ∗(GMBH)2

σ 2∗

vBH

vBH
, (5)

where

I (M) = ln(�)

M2

[
erf

( M√
2

)
−

√
2

π
Me−M2/2

]
, (6)

and the Mach number M ≡ vBH/σ∗. We use 3.1 for the Coulomb
logarithm ln(�) (Escala et al. 2004; Gualandris & Merritt 2008).

2.2 Gaseous disc component

In addition to a stellar bulge, most galaxies will contain a significant
gaseous component. This is especially true of merger remnants, as
mergers are more frequent between galaxies at high redshift, where
gas fractions are generally higher. We assume that by the time a
SMBH binary has merged in the galaxy centre, the gas has cooled
into a disc. For our fiducial model, we assume the disc mass is
determined by the gas fraction f gas ≡ Mdisc/M∗ = 0.5, such that the
galaxy is relatively gas-rich.

2.2.1 Disc structure

Analytical models of disc structure generally fall into two distinct
categories: SMBH-dominated, viscosity-driven accretion discs (i.e.
α-discs) with Mdisc 
 MBH, and self-gravitating, star-forming galac-
tic discs with Mdisc � MBH. The intermediate regime, Mdisc ∼ MBH,
is less straightforward to model analytically and is seldom resolved
by hydrodynamical simulations. This regime also defines the SMBH
radius of influence, rinfl, through the relation Mdisc(< rinfl) = 2MBH.
Goodman (2003) and Goodman & Tan (2004) discuss the issue
of self-gravitating accretion discs, though they focus on scales of
�pc where the disc is still nearly Keplerian (as in our Zone II,
defined below). Thompson, Quataert & Murray (2005) conduct a
more detailed analysis of this problem all the way to the BH radius
of influence using a semi-analytical model of the disc structure that
includes dust; this is a more involved approach than is necessary
for the scope of our paper.

In addition to seeking a simpler disc model, we address the more
general question of whether a purely analytic disc solution can be
constructed for the entire region between the self-gravity radius and
the BH radius of influence. Solutions have been derived by other
authors for various limits, but to our knowledge this is the first
attempt to extrapolate these limits to model the entire disc. Our
approach is to construct an analytic model of the disc structure at
all radii, from the innermost stable circular orbit around the BH
to the outer reaches of the galaxy. Because this range incorporates
vastly different physical environments that cannot be modelled by a
single set of simple equations, we define several regimes separated
by critical radii. Fig. 1 shows the four concentric ‘zones’ we have
defined in this ‘onion-skin’ model. Extending the disc continuously
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Figure 1. Schematic face-on diagram of our model for the gaseous galac-
tic disc (not to scale). Zone I is the standard Shakura & Sunyaev (1973)
α-disc, marked with horizontal hash marks. The solid circle denotes the
radius rQ1. Zone II (shown in dark grey) is the inner (BH-dominated) por-
tion of the self-gravitating accretion disc, while Zone III (shown in light
grey) is the outer (disc-dominated) portion of the accretion disc. The tran-
sition between the two, rtrans, is marked with the long-dashed circle. The
BH radius of influence, rinfl, is marked with the dot–dashed circle. Beyond
this radius is the exponential disc (Zone IV), which has no defined outer
boundary.

from galactic scales down to the innermost radii is important for
calculating the accretion rate and ejected mass for a wide range of
recoil velocities. However, we note that BHs kicked out of the disc
plane spend a small fraction of their wandering time in the inner
disc regions, such that the dynamics of these BHs will generally be
dominated by the outermost disc region (Zone IV) and the stellar
distribution. Thus, our dynamical results are largely independent of
the details of the inner disc model described here.

The innermost zone, Zone I, is a standard α-disc (Shakura &
Sunyaev 1973). The outer edge of this region, rQ1, is defined as the
radius at which the disc becomes unstable according to the Toomre
(1964) parameter,

Q = csκ	

πG

, (7)

where cs is the gas sound speed, κ2
	 = 4	2 + r(∂	2/∂r) is the

epicyclic frequency defined in terms of the rotation angular fre-
quency, 	, and 
 is the disc surface density. Q < 1 corresponds
to an unstable (i.e. self-gravitating) disc. Following Goodman &
Tan (2004), we assume that radiation pressure dominates gas pres-
sure at r � rQ1, such that the sound speed is simply given by c2

s =
4σ BT4/3cρ, where σ B is the Stefan–Boltzmann constant. Although
radiation pressure dominates in this region, we assume the viscos-
ity scales only with the gas pressure; otherwise the disc may be
unstable. From these assumptions one can derive the radius rQ1

(Goodman 2003; Goodman & Tan 2004):

rQ1 ≈ 1.5 × 10−2 pc

(
α/0.3

μ

)1/3 (
fEdd

εrad/0.1

)1/6 (
κ

κes

)1/2

×
(

MBH

108 M�

)1/2

. (8)

Here μ is the mean molecular weight of the gas, fEdd = Ṁα/ṀEdd

is the ratio of the α-disc accretion rate to the Eddington rate, εrad is
the radiative efficiency, and the opacity κ is scaled to the electron-
scattering value, κes = 0.4. We use κ = κes in our calculations. For
our fiducial parameters, the radius at which the radiation and gas

Table 1. Parameters used in different galaxy models. The free parameters,
MBH and fgas, are shown in bold. The other parameters are derived from
these as defined in the text.

Model A B C D

MBH (M�) 108 106 109 109

f gas 0.5 0.5 0.5 0.1

M∗ (1010 M�) 4.1 0.034 45 45
rpeq (10−2 pc) 4.0 0.026 50 15
rQ1 (10−2 pc) 1.5 0.15 4.7 3.6
rtrans (pc) 13 2.8 28 82
rinfl (pc) 60 6.9 160 250
rdisc (102 pc) 7.8 1.1 20 18
a (102 pc) 7.2 0.60 25 25
ṀEdd (M� yr−1) 2.2 0.022 22 22
Ṁα (M� yr−1) 2.2 0.022 22 4.4

pressures are equal is rpeq ≈ rQ1, and the dependence of rQ1 on BH
mass is weak; thus, it is reasonable to calculate rQ1 assuming that
Zone I of the disc is radiation-pressure dominated in general (see
Table 1). Likewise, for r > rQ1 the disc is assumed to be gas-pressure
dominated.

The self-gravitating region beyond rQ1 will cool and undergo star
formation, which will heat the disc via feedback processes. Gas
compression and shocks may also form due to gravitational insta-
bilities created when Q < 1. It has frequently been argued that these
feedback and cooling processes will balance, leaving the disc in
a marginally stable state with Q ∼ 1 (e.g. Hohl 1971; Paczynski
1978; Bertin 1997). This is supported by results from various sim-
ulations (e.g. Gammie 2001; Lodato & Rice 2004). Accordingly,
we constrain the disc beyond rQ1 to have Q = 1,which is effec-
tively an equation balancing heating and cooling processes in the
gas. We derive our set of equations using this constraint in place
of the equation for balance between radiation and viscous dissipa-
tion of orbital energy (see e.g. Bertin 1997; Bertin & Lodato 1999;
Goodman 2003). We retain the assumption of a steady accretion
rate via viscous dissipation of angular momentum,

Ṁα = 3πν
 = 3παcsh
 = constant, (9)

where the viscosity ν = αcsh is defined according to the α-disc pre-
scription, h is the disc scale height, and the dimensionless constant
α is a free parameter, usually assumed to be in the range ∼0.01–
0.1. Goodman (2003) suggests that for self-gravitating, Q = 1 discs,
this value may be as high as 0.3. This is the fiducial value we use
in our disc calculations. Consumption of gas via star formation in
the disc is neglected, such that Ṁ remains constant, although the
energy input from star formation is included indirectly by setting
Q = 1. We also use the thin-disc approximation, as well as the
relation ρg ≡ 
/2h for the gas density.

We construct the intermediate disc regime as follows. Just be-
yond rQ1, the BH still overwhelmingly dominates the gravitational
potential. Likewise, at the BH radius of influence, rinfl, the disc be-
comes dominated by its own gravitational potential. We use these
two limits to define two zones (Zones II and III) in the region
rQ1 < r < rinfl: in Zone II, the disc contribution to the potential is ne-
glected, and in Zone III the BH term is neglected. The transition ra-
dius, rtrans, is defined where the two density profiles intersect (
II =

III), thus creating a smooth transition between the two regimes. In
the thin-disc, BH-dominated regime (Zone II), cs = h	BH, where
	2

BH = GMBH/r3. The relation for cs, along with equations (7) and
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(9), can be solved to give expressions for 
, cs and h:


II = 	BH

π

(
Ṁα

3αG2Q2

)1/3

, (10)

cs,II =
(

GQṀα

3α

)1/3

, (11)

hII = 	−1
BH

(
GQṀα

3α

)1/3

. (12)

For Zone III, cs is approximated by using only the disc poten-
tial term to solve for vertical hydrostatic equilibrium and the radial
Poisson equation, giving c2

s = 2πG
h. 	(r) similarly is taken to
depend only on the disc mass, Mdisc: 	(r)2 = GMdisc(< r)/r3. This is
the form of 	(r)2 for a spherical distribution; using this expression
for a disc is initially a simplifying assumption. However, we find a
self-consistent solution for a disc with a 1/r surface density profile
– i.e. a Mestel disc (Mestel 1963). In this special case, the disc’s
rotation curve exactly equals that of an equivalent spherical distri-
bution, so 	(r) is not an approximation. The general equation for
the viscous mass accretion rate in a non-Keplerian disc is

Ṁα = 2πν

d ln	

d lnr
= constant. (13)

Equations (7) and (13), along with the sound speed equation, yield
the disc quantities for Zone III;


III =
(

4

πQ2

) (
Ṁ2

α

α2G

)1/3

r−1, (14)

cs,III =
(

GṀα

α

)1/3

, (15)

hIII = Q2

8
r. (16)

This results in an angular velocity 	(r)2 = (cs,III/hIII)2 (hIII/r).
In a recent review, Lodato (2007) also derives the set of equations
for what we call Zone III and defines the radius of transition to a
Keplerian disc. Note that his numerical factors differ slightly from
ours due to a different definition of the disc scale height.

We model the region beyond rinfl (Zone IV) with an exponential
profile, 
IV = 
0e−r/rdisc , where the scale radius rdisc is set by
matching 
III(rinfl) = 
IV(rinfl). 
0 is obtained by integrating 
(r)
from rinfl and equating this to the gas mass beyond rinfl:


0 = Mdisc(> rinfl)

2πr2
disc [(rinfl/rdisc) + 1] e−rinfl/rdisc

. (17)

To calculate the disc gravitational potential at points outside the
disc plane, we again use the approximation of spherical symme-
try for the gravitational potential, namely, ∂/∂R = GM(<R)/R2.
However, a perfectly spherically symmetric potential is clearly un-
physical given the asphericity of the gas disc. To break this symme-
try, we introduce a small elliptical perturbation to the potential by
writing the radial coordinate as R̃ = √

r2 + (z/q)2, where q < 1
is the axial ratio of an equipotential ellipsoid. This parameter is not
intended to reproduce accurately the ellipticity profile of the galac-
tic potential at all radii – in fact, in this approximation the ellipticity
is constant at all radii. Instead, it merely allows some precession of
the orbits in the r–z plane, as one expects due to torques introduced
by the aspherical mass distribution. As a fiducial value in our runs,
we choose q = 0.99 (i.e. a 1 per cent distortion of the axial ratio).

We find that the largest effects due to this perturbation occur for
near-escape orbits with vk ≈ vesc, where the BH reaches the largest
radii. This further validates the choice of small q, since in reality
the galactic potential will tend toward sphericity at large radii. See
Section 3.5 for further discussion on the sensitivity of our results to
this parameter.

When the SMBH is ejected from the centre of the galaxy, it
carries with it a portion of the gaseous disc out to a radius rej. This
radius can be estimated simply as rej = GMBH/(v2

k + c2
s ); namely,

the gas orbiting the BH with vorb > vk remains bound to the BH as
it leaves the galaxy centre (Loeb 2007). We thus assume the total
mass ejected is Mej = MBH + Mdisc,ej. Another consideration is that
numerous studies have found that in hydrodynamical simulations a
binary BH with moderate mass ratio (such as would produce large
recoils) creates torques on the surrounding gas disc that carve out a
circumbinary gap about twice the size of the semimajor axis (Liu,
Wu & Cao 2003; Escala et al. 2005; Milosavljević & Phinney 2005;
Hayasaki, Mineshige & Sudou 2007; MacFadyen & Milosavljevic
2008). As the binary approaches merger, the gravitational-wave
merger time-scale, tgw, decreases rapidly, and the BH orbit decays
faster than the hole’s viscous time-scale to refill, tvisc. The final
gap size at merger is determined by the point at which tgw 

tvisc, which for our models is ∼100 rS (Milosavljević & Phinney
2005; rS is the Schwarzschild radius). The disc mass within this
radius is negligible, so we can ignore the circumbinary gap in our
simulations.

We also assume that the ejected disc leaves a hole in the galactic
gas disc of radius rej in our model. The hole will eventually refill;
we assume refilling will take place on the viscous time-scale tvisc ∼
r2/ν = r2/αcsh, though we note that Milosavljević & Phinney
(2005) have suggested that the hole should refill faster than the
viscous time-scale. We calculate this time-scale in each of our runs,
based on the environment at the hole radius rej. For BHs kicked into
the disc plane with low velocity, this time-scale will be �108 yr,
which in this case is generally longer than tfin, the time for the BH
to settle back to the centre. For out-of-plane kicks, tvisc > tfin for low
vk, when rej is large. The velocity vk where tvisc = tfin depends on the
galaxy model and kick inclination, and is ∼300–400 km s−1 for our
fiducial model. We neglect the refilling of the central hole in these
cases. However, for larger kick velocities, the hole is very small
(rej ∝ 1/v2) and makes little difference to the overall dynamics and
accretion of the moving BH.

2.2.2 Gas dynamical friction

When the BH+ejected disc are moving through the galactic disc,
gas dynamical friction acts on them in addition to stellar dynam-
ical friction. Ostriker (1999) derived an analytical formula for a
body moving through a gaseous medium that has the same form as
Chandrasehkar’s formula, but with a different function I(M) and
with M ≡ vBH/cs. This formula provides a fairly accurate es-
timate of gas drag forces and has been used by many other au-
thors (e.g. Narayan 2000; Karas & Šubr 2001; Kim, El-Zant &
Kamionkowski 2005). However, Escala et al. (2004), as well as
Sánchez-Salcedo & Brandenburg (2001), have found that Ostriker’s
formula overestimates the dynamical friction somewhat for slightly
supersonic velocities, M ∼ 1. To get around this problem, we
adopt the approach of Escala et al. (2004) and choose a simple
parametric form for I(M) that approximates Ostriker’s formula
for a given value of ln(�) but lowers the drag force in the region
M ∼ 1–2. Assuming ln(�) = 3.1 as a reasonable nominal value
(cf. Lin & Tremaine 1983; Cora, Muzzio & Vergne 1997), we use
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1316 L. Blecha and A. Loeb

Chandrasekhar’s formula (equation 5) for the gas dynamical frition,
but with ln(�) = 4.7 for M ≥ 0.8 and ln(�) = 1.5 for M < 0.8.

We must also consider that the kinetic energy removed from the
SMBH by dynamical friction is added to the gas disc; this energy
input is not negligible. Detailed treatment of this process would
require a full hydrodynamical approach, but ignoring it completely
yields unphysical results. We therefore modify our prescription for
gas dynamical friction to account for the heating of the disc as
follows. We assume the disc is ‘puffed up’ to a modified scale
height h′ ∼ r, such that the gas density is reduced by a factor h/r
and the sound speed cs is increased by a factor (h/r)−1, where h
is the initial scale height. We furthermore assume, due to the large
initial energy input as the BH moves through the cold disc, that this
heating occurs effectively instantaneously, and we always use the
modified quantities in the dynamical friction calculation.

2.2.3 SMBH mass accretion rate

In addition to tracking the trajectory of the SMBH, we also make
an estimate of the accretion rate at each time-step. Nominally, the
accretion rate is set to Ṁα , a free parameter for r < rinfl (disc
Zones I–III). We define Ṁα = fEddṀEdd, where

ṀEdd = 4πGMBH

κes c εrad
, (18)

and we adopt a value of εrad = 0.1 for the radiative efficiency. We set
f Edd = 1 for the gas-rich (f gas = 0.5) models, such that the accretion
is Eddington-limited. For consistency we keep the same ratio f Edd =
2 f gas for the f gas = 0.1 model (such that f Edd = 0.2 in this case). If
the SMBH is out of the plane of the disc, its accretion rate is Ṁα

for 0 < t < taccr, where taccr is the accretion time-scale Mdisc,ej/Ṁα .
After this time, we assume the ejected disc has been consumed,
and the accretion rate is set to zero. When the SMBH is in the gas
disc, either as it leaves the centre or on subsequent passages through
the disc (‘disc crossings’), the accretion rate may change. Again, at
t < taccr, we can nominally assume that the BH carries with it a disc
of its own that feeds the BH at a rate Ṁα . However, the BH may
pass through regions of the galactic gas disc with a much larger
scale height than in its own disc, meaning that the BH may accrete
mass from all directions, not just its disc plane – i.e. mass in the
galactic disc may be swept up by the BH. The accretion from above
and below is more accurately modelled by Bondi–Hoyle accretion
(Bondi & Hoyle 1944):

ṀB = 4π(GM)2ρg,∞
(v2

rel + c2
s,∞)3/2

, (19)

where vrel(r) = [vBH,r(r)r̂, (vBH,φ(r) − vcirc) φ̂, vBH,z(r) ẑ], and
vcirc = vcirc(r + rej) is the circular velocity at the outer edge of
the BH disc ρg,∞, cs,∞ are also evaluated at this radius. This can be
rewritten in terms of the Bondi radius rB = 2GMej/(v2

rel + c2
s ) as

ṀB = πρg,∞
√

v2
rel + c2

s,∞ r2
Bfgeom, (20)

where we have added the geometric factor f geom ≡ min(1, h/rB)
to account for the reduced cross-sectional area of accretion if the
Bondi radius is larger than the physical height of the disc. Because
the BH also carries with it a disc from which it is accreting at a rate
Ṁα , the accretion cannot be modelled by either the Bondi–Hoyle or
α prescriptions alone; we therefore introduce a hybrid prescription.
We first assume that as long as t < taccr, the BH accretion rate will
not fall below Ṁα while passing through the galactic disc, because

it accretes at this rate from its bound disc. Bondi–Hoyle accretion
alone decreases with BH velocity as 1/v3

BH, but it also varies with
environment, which depends on radius. It is unclear a priori whether
the accretion rate will increase or decrease in this case. We therefore
calculate the accretion rate as follows. ṀB(r, v) for a moving object
is related to ṀB(0), the Bondi rate for a stationary, central object by

ṀB(r, v) = f ṀB(0),

f =
⎛
⎝ cs,∞(0)√

c2
s,∞ + v2

rel

⎞
⎠

3 (
ρg,∞

ρg,∞(0)

)

×
(

Mej

MBH

)2 (
fgeom

fgeom(0)

)
. (21)

For a cold disc rather than an idealized infinite, homogeneous back-
ground, the low gaseous sound speed in the disc gives a Bondi
radius much larger than the BH radius of influence when the BH is
stationary, while in reality the two should be about equal. To avoid
calculating unphysical accretion rates much greater than ṀEdd, we
define a fiducial sound speed cs,∞ ≡ (2GM/rinfl)1/2, where M =
MBH for cs,∞(0) and M = Mej for cs,∞. These are the sound speeds
used in the equation above. Because we know that the BH will
nominally accrete at the α-model rate instead of the Bondi rate,
we adopt the factor f defined in equation (21), which depends on
cs,∞, vrel, ρg,∞, Mej and fgeom, and normalize it to Ṁα . We then have
the accretion rate Ṁ = fampṀα , where f amp ≡ max(f , 1) prevents
Ṁ from falling below Ṁα . As mentioned above, this applies only
when t < taccr; otherwise, the BH is naked when it passes through
the galactic disc and its accretion rate is just ṀB(r, v) as given in
equation (21).

From this approach, and also adding the requirement that the
accretion rate be Eddington limited, we can define five distinct
accretion regimes for the BH:

(i) |zBH| > h, t ≤ taccr : Ṁ = Ṁα ,
(ii) |zBH| > h, t > taccr : Ṁ = 0,
(iii) |zBH| ≤ h, t ≤ taccr, famp = 1 : Ṁ = Ṁα ,
(iv) |zBH| ≤ h, t ≤ taccr, famp > 1 : Ṁ = min(fampṀα, ṀEdd),
(v) |zBH| ≤ h, t > taccr : Ṁ = min(ṀB(r, v), ṀEdd).

In practice, we find that the amplification factor famp is almost
never greater than unity; slight amplification occurs in our dry-
merger model for the (low-velocity) in-plane kicks. In all other
cases the v−3 dependence in the Bondi–Hoyle formula dominates
the dependence on the changing gaseous environment, such that
any contributions to the mass accretion from above and below the
BH–disc plane are negligible. In other words, a negligible amount
of mass is swept up by the BH. We can therefore choose f Edd =
1 for our fiducial model, such that Ṁα = ṀEdd, and disregard
the amplification factor. When t > taccr, however, Ṁ is determined
solely by the Bondi–Hoyle formula and can have more interesting
behaviour as seen in Figs 3, 4 and 9.

2.3 Calculation of SMBH trajectories

We integrate the trajectories of SMBHs under the influence of grav-
ity and dynamical friction, for a range of kick velocities and angles.
The integration is stopped when one of the following four criteria
is met.

(i) The BH escapes from the galaxy. The actual escape velocity is
slightly higher than that calculated from the gravitational potential
alone, due to the drag from dynamical friction. We consider the BH
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Recoiling supermassive black holes 1317

‘escaped’ when it exceeds the nominal escape velocity,
√−2, and

is still moving away from the galaxy at a distance of 5rdisc.
(ii) The BH settles back in the centre of the galaxy, with velocity

vBH < 0.01σ ∗, where σ ∗ = σ ∗(Re) is the stellar velocity dispersion
calculated from the MBH–σ ∗ relation.

(iii) Sufficient energy is injected into the gas via dynamical fric-
tion to effectively unbind the disc. The binding energy of the gas
disc is estimated to be ∼0.5GMdisc/(5rdisc). The cumulative energy
injected by dynamical friction is the sum of the energy at each time-
step dt, ∼ Mej f df vBH dt. (This limit is not reached in any of our
simulations.)

(iv) The integration time reaches a Hubble time. (This limit is
not reached in any of our simulations.)

2.4 Fiducial model parameters

In our fiducial model (Model A), we use a BH mass of 108 M� and
a gas fraction of f gas = 0.5. Other galactic parameters are scaled to
these two input parameters as outlined in Sections 2.1 and 2.2, and
Table 1 summarizes these quantities. We test kick inclinations of
i = 0o, 45o and 90o relative to the disc plane.1 Two merging BHs
that have no spin or aligned spins oriented along the binary orbital
rotation axis produce a recoil kick in the binary orbital plane. This
very specific configuration would be important only if the BH spins
are preferentially aligned by some mechanism, such as torques
from the gas disc (Bogdanović et al. 2007). In this case we can
assume that the orbital plane and resultant recoil kick would both
be aligned with the disc plane. Simulations using full numerical
relativity have shown that the maximum recoil kick velocity in this
case is ∼200 km s−1 (González et al. 2007a), so we include only
data with vk ≤ 200 km s−1 for in-plane (i = 0o) runs.

In the absence of empirical evidence for preferentially aligned
spins, we must also consider that the distribution of merging BH
spins may be closer to random, producing a random distribution of
kick inclinations (cf. Campanelli et al. 2007a; Schnittman & Buo-
nanno 2007; Baker et al. 2008). Thus, we also consider kicks with
i = 45o and i = 90o. For these out-of-plane kicks, recoil velocities
could be very large (Campanelli et al. 2007a; González et al. 2007b)
– up to 4000 km s−1 (Campanelli et al. 2007b). However, trajecto-
ries are uninteresting for vk > vesc, so we calculate trajectories for
kick velocities ranging from 100 km s−1 up to the escape velocity,
in increments of 20 km s−1.

2.5 Additional models

We also test three models in addition to our fiducial model (see
Table 1). We calculate the same set of trajectories with BH masses
of 106 and 109 M� (Models B and C, respectively), representing
the lower and higher ends of the observed SMBH mass function.
106 M� BHs are of particular interest because the mergers of these
BHs would be observable with the LISA gravitational wave detec-
tor.2 In addition, because Models A, B and C are ‘gas-rich’ models,
we test a model with MBH = 109 M� and a gas fraction of f gas =
0.1 (Model D), corresponding to a massive, low-z galaxy that has
undergone a nearly ‘dry’ merger.

1 All kicks velocities are oriented along the positive x-axis; thus, inclined
kicks are initially in the x–z plane and in-plane kicks are initially purely on
the x-axis.
2 http://lisa.nasa.gov/

3 R ESULTS

3.1 Fiducial model

All the results in this subsection pertain to our fiducial model (Model
A). As explained in Section 2, only low velocities (� 200 km s−1)
are important for in-plane (i = 0o) kicks. Very little happens in
these runs; the kick is effectively a small perturbation that is quickly
damped out in �106.5 yr. We do not expect these low-velocity, in-
plane kicks to be easily observable.

Inclined kicks with low kick velocity are also mostly uninterest-
ing; an example is shown in Fig. 2. Here, the trajectory and mass
accretion rate are plotted for the i = 45o, vk = 100 km s−1 run. The
BH (and its accompanying disc) wander about 20 pc away from the
galactic centre in the x and z directions, settling back to the centre
in <4 Myr, after just one orbital period. The time-scale for the BH
to accrete the ejected disc, taccr, exceeds the wandering time; hence,
the accretion rate Ṁ = Ṁα is constant throughout the simulation.

We have plotted an example of a BH with a moderate kick ve-
locity (vk = 440 km s−1) in Fig. 3. Compared with the low-velocity
example in Fig. 2, the wandering time of the BH is much longer,
∼15 Myr, and the BH travels much further from the galactic centre.
Note also that the size of the ejected disc, and hence taccr, are smaller
for higher kick velocities. In this case, taccr ≈ 9 Myr is marked with
a red dot in Fig. 3(b) and corresponds to the point at which Ṁ

first drops to zero. The subsequent spikes correspond to passages
through the disc, or disc crossings, where the BH is again fed by
the gas via Bondi–Hoyle accretion.

The effective escape speed for i = 45o kicks is between 740
and 760 km s−1. At vk = 740 km s−1 (Fig. 4), the behaviour is a
qualitatively similar but greatly amplified version of the moderate-
velocity example in Fig. 3. The orbital precession induced by the
ellipticity of the galactic potential is quite apparent in this case.
The BH consumes its small ejected disc almost immediately and
reaches a maximum distance of ∼14 kpc from the centre. During
the ∼1.2 Gyr it takes to settle back to the centre, it crosses the disc
28 times, producing multiple short bursts of accretion (Fig. 4b).
This is an idealized scenario, however, because on scales �kpc, the
DM–halo potential will start to dominate that of the baryonic galaxy
component. Because the DM distribution is likely to be significantly
triaxial on these scales, the BH may be scattered on to an orbit that
takes significantly longer to return to the centre of the galaxy, or it
may wander indefinitely in the halo. (See Vicari, Capuzzo-Dolcetta
& Merritt 2007, for a more detailed analysis of this regime.) This
means that the number of disc crossings and total mass accretion
are upper limits, and the BH wandering time is a lower limit. The
amount of accretion will in reality be reduced even further; 1.2 Gyr
is well in excess of typical starburst time-scales (∼100 Myr, cf.
e.g. Springel, Di Matteo & Hernquist 2005; Marcillac et al. 2006),
after which less gas will be left to accrete. Additionally, this wan-
dering time is roughly comparable to typical time-scales between
major galaxy mergers, so this may be another complicating factor.
We note, however, that the upper limit of ∼1 Gyr for the wan-
dering time-scale in massive galaxies is a similar result to that
of Gualandris & Merritt (2008), despite the substantially differ-
ent physics and parameters that were included in our respective
models.

When the BH is kicked directly out of the plane (i = 90o), the
effective escape velocity is slightly lower than in the i = 45o case
(∼ 660 km s−1 for Model A). The main difference in this case,
however, is that very little accretion occurs after taccr. This is because
the BH precesses very little about the galaxy centre when it is ejected
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1318 L. Blecha and A. Loeb

Figure 2. (a) SMBH trajectory for Model A run with i = 45o, vk =
100 km s−1, seen from three orthogonal orientations. Turnaround points are
numbered in sequence to show the BH trajectory. The y-axis (top and side
panels) has been expanded by a factor of 10 to show greater detail. (b) Top
panel: radial distance of SMBH from centre versus time. Maxima are num-
bered to correspond with turnaround points in (a). Bottom panel: calculated
mass accretion rate versus time, normalized to the α-model accretion rate.
Note that in this low-vk example, the accretion rate is constant (Ṁ = Ṁα)
for the entire run.

directly along the vertical axis; all of its disc crossings occur very
close to the centre where the disc height is small, so the disc-crossing
time is typically too short for any measurable accretion to occur.

To understand how GW recoil may affect the mass accretion his-
tory of SMBHs, we calculate the total mass accreted by the SMBH

Figure 3. Same data as Fig. 2, but with vk = 440 km s−1. In (a), the y-
axis (top and side panels) has been expanded by a factor of 100 to show
greater detail. Turnaround points are numbered in sequence to show the BH
trajectory; only the first three are numbered. The red dot in the top panel of
(b) indicates the time taccr = Mdisc,ej/Ṁα when the ejected disc has been
consumed by the SMBH. Correspondingly, the accretion rate (bottom panel)
drops to zero here and is non-zero again only when the SMBH crosses the
galactic disc.

during each simulation (�M). We are also interested in how this
compares with the mass that would have been accreted by a sta-
tionary BH of the same mass over the same time (�M0 ≡ tfin/Ṁα).
Fig. 5 shows the SMBH growth as a function of kick velocity. �M0,
and correspondingly tfin, increase monotonically with kick velocity
until vesc is reached. In the middle panel where �M is shown, one
can see the remarkable result that the mass accreted by wandering
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Recoiling supermassive black holes 1319

Figure 4. Same data as Fig. 2, but with vk = 740 km s−1 (i.e. just below
the escape speed for this inclination from this galaxy model). In (a), the
y-axis (top and side panels) has been expanded by a factor of 100 to show
greater detail. Turnaround points are numbered in sequence to show the
BH trajectory; only the first nine are numbered. The red dot indicates the
time-scale taccr, as described in Fig. 3.

SMBHs is fairly constant at ∼ 10 per cent for all kick velocities
�vesc. This appears to be a coincidental balance between the com-
peting factors of the wandering time, which increases with vk, and
the time to accrete the ejected disc, which decreases with higher vk.
Section 3.4 gives further details about this result.

3.2 SMBH mass models

In Model B with a 106-M� BH, kick velocities as low as
∼200 km s−1 result in escape of the BH from the galaxy. Since
the magnitude of GW recoil depends on the mass ratio of the

Figure 5. SMBH mass increment for Model A as a function of kick velocity.
In all panels, black-filled squares with dotted line denote i = 0o kicks (low vk

only), blue-filled circles with thick line denote i = 45o kicks, and red-filled
triangles with thin line denote kicks with i = 90o. Open circles around a
point indicate that the BH escaped from the galaxy’s baryonic component.
Top panel: the estimated BH growth, normalized to the initial BH mass,
if the BH were to remain in the galactic centre for the simulation time
(�M0 = Ṁα × tfin). Because �M0 scales linearly with tfin, the latter is
shown on the right-hand side vertical axis. Middle panel: the estimated BH
growth, normalized to the inital BH mass, calculated based on the moving
BH’s trajectory. Bottom panel: the ratio of these two quantities.

Figure 6. SMBH growth for Model B as a function of kick velocity. Nota-
tion is the same as in Fig. 5.
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1320 L. Blecha and A. Loeb

Figure 7. SMBH growth for Model C as a function of kick velocity. Nota-
tion is the same as in Fig. 5.

progenitor BHs but not on their absolute masses, the probability of
large recoil kicks is the same for smaller SMBHs as it is for the
most massive ones. Note that �M/MBH ∼ 10 per cent for v � vesc

in this model as well (Fig. 6). For v > vesc, however, one can see
that �M/MBH gradually declines, because taccr is also decreasing
(see Fig. 11).

Fig. 7 shows that the growth for a 109-M� BH is qualitatively
similar to that of a 108-M� BH, but here the trends are even more
apparent. AGN feedback or gas depletion via star formation should
reduce the accretion on to stationary BHs over the long time-scales
shown in the top panel; the projected growth factor of almost 100
is clearly unphysical. However, the middle panel demonstrates that
recoil kicks are effective at suppressing the BH growth; the growth
factor is again remarkably constant at ∼ few × 10 per cent, regard-
less of kick velocity.

3.3 Dry merger model

Model D (a ‘dry merger’) has the same parameters as the
109-M� model above, but with a gas fraction of 0.1. Fig. 8 shows
the BH growth for this model, which is again qualitatively similar
to Fig. 7. As would be expected, the escape velocity is lower for the
galaxy containing less gas (note that we have defined fgas such that
this model, with lower fgas, is less massive overall than the others).
Aside from this, the growth factor for the wandering BH is still
∼10 per cent, suggesting again that dynamics, not the details of the
gas physics, dominate the determination of the final BH mass when
the BH is not stationary.

Fig. 9 shows an example of the BH accretion in Model D, with
Ṁα < ṀEdd. The kick velocity vk = 1100 km s−1 is just below the
effective escape velocity for this model, so taccr is very short and Ṁ

quickly drops from Ṁα to zero. The accretion rate on all subsequent
passages through the disc is set by the Bondi rate ṀB, which varies
depending on the velocity and position of the disc crossing. Near the
end of the simulation, as the BH slows down, its accretion becomes
Eddington limited.

Figure 8. SMBH growth for Model D as a function of kick velocity. Nota-
tion is the same as in Fig. 5.

Figure 9. Same notation as Fig. 2(b), here showing data from Model D
for a trajectory with vk = 1100 km s−1, i = 45o. In this case, Bondi–Hoyle
accretion amplifies Ṁ above Ṁα = 0.2ṀEdd up to the Eddington limit.

3.4 Observational signatures

Because GW recoil has not been unambiguously observed in any
astrophysical system, an important application of this work is to con-
sider the observational signatures that recoiling BHs could produce
such that their existence could be directly confirmed. An observable
recoiling BH, i.e. one with significant accretion luminosity, could
be distinguished from a stationary central BH via offsets in either
physical space or velocity space. A BH with a resolvable spatial
offset from its host galaxy is statistically more likely to have a rel-
atively low velocity, since a large fraction of orbital time is spent at
turnaround. Likewise, the largest velocity offsets will occur either
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Recoiling supermassive black holes 1321

Figure 10. Relevant time-scales for off-centre quasars. Black line: lifetime
taccr = Mdisc,ej/Ṁα of the accretion disc ejected with the BH. Blue line
with filled circles: simulation time tfin for runs with i = 45o. Red line with
filled triangles: tfin for runs with i = 90o. In all cases, the bold portions of
the line indicate the minimum of (taccr, tfin) at each vk; remaining portions
are shown with a dotted line.

soon after the recoil event or on subsequent passages of the BH
through the galactic disc, where the spatial offset from the galactic
centre is small. The duty cycle for the former type of event depends
on the size of the accretion disc that the recoiling BH carries with it;
higher recoil speeds result in smaller ejected discs and shorter duty
cycles. After this disc is exhausted, the most plausible way for the
wandering BH to become observable again is by accreting matter
as it makes subsequent passages through the galactic disc, possi-
bly generating a quasi-periodic signature such as knotted or twisted
jets. Accordingly, we distinguish between two types of ‘recoiling
quasars’: the former, primarily spatially offset active BHs are iden-
tified as ‘off-centre quasars’, and the latter, primarily velocity offset
sources are identified as ‘disc-crossing quasars.’ Note, however, that
there is not a one-to-one correspondence between quasar velocity
offsets and disc crossings, or between spatial offsets and ‘off-centre’
quasars. In particular, ejected quasars will often only be visible for
a short time after ejection, while they still carry an accretion disc, so
that off-centre quasars will often have a significant velocity offset
as well. Similarly, many ‘disc-crossing’ events occur when the BH
is settling back to the centre of the galaxy and slowing down, so
their velocity offsets will be small. Note also that the term ‘quasar’
is used loosely here to refer to a source with observable accretion
activity; recall that in our runs all BHs except those in Model D
radiate at their Eddington luminosities.

To quantify the duty cycles for off-centre quasars, we plot both the
simulation time tfin (the time for the BH to settle back to the galactic
centre) and the calculated accretion time for the ejected BH disc,
taccr, as functions of vk (Fig. 10). The bold lines show the actual time
for which the BH might be visible as an off-centre quasar. At low
kick velocities, the BH settles back to the centre before consuming
its bound disc, and at high kick velocities, the BH accretes its disc
and then continues to wander as a naked BH. The effective time for
off-centre quasar activity, ∼106.2–107 yr, varies relatively little with
vk. This balance helps explain why the growth of the wandering

Figure 11. taccr = Mdisc,ej/Ṁα is plotted for 100 ≤ vk ≤ 4000 km s−1,
for models A, B, C and D. The solid dot on each curve denotes the escape
velocity for that model. The bump in curve B occurs when rej < rQ1 and the
disc profile changes.

BHs is also roughly constant with varying kick velocity (Figs 5–
8). However, Fig. 11 shows that taccr continues to decrease, albeit
slowly, for vk > 800 km s−1. Thus, we expect a lower �M/MBH for
vk � vesc.

The simple picture shown in Fig. 10 provides a plausible explana-
tion for the accretion behaviour seen in our simulations based on off-
centre quasar activity alone, suggesting that accretion during disc
crossings is relatively unimportant. Also, for vk ≈ vesc, �M/MBH ∼
10 per cent regardless of whether the BH escapes or returns for
subsequent disc passages, further indicating that disc crossings
contribute negligibly to the growth of recoiling BHs. However, a
more quantitative analysis demonstrates that this is not the complete
picture.

As one would expect, the number of disc crossings (Ncross) gener-
ally increases with increasing kick velocity (Fig. 12). In each model,
even Model B with the least massive BH, Ncross > 10 for the highest
kick velocities. The kick inclination has little effect on the number
of disc crossings. However, as mentioned in Section 3.1, the amount
of quasar activity during these crossings is inclination-dependent;
virtually no accretion occurs when i = 90o, due to the small disc
height in the inner regions. Additionally, very low kick inclinations
will produce few disc crossings; we therefore expect recoil kicks
with moderate inclinations to be the most likely candidates for pro-
ducing observable disc-crossing quasar activity. We accordingly
restrict our discussion of disc-crossing quasars to our runs with
i = 45o.

Figs 13(a) and (b) compare the contributions of both quasar types
with the total quasar activity. Fig. 13(a) shows the total mass ac-
creted for the fiducial model, as well as the mass accreted via
off-centre quasars only and via disc crossings only. We see that as
expected, the off-centre quasar phase dominates the overall growth,
although at kick velocities 550 km s−1 � vk < vesc the two contri-
butions are comparable. Note that in this same velocity range, the
simulation time is generally greater than the expected time-scale
for a merger-induced starburst, ∼108 yr. Because accretion during
disc crossings does not dominate the BH growth, a paucity of fuel
in the post-starburst phase would reduce the total mass accretion by
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1322 L. Blecha and A. Loeb

Figure 12. Number of disc crossings versus vk for each model. Blue with
filled circles indicates kicks with i = 45o, and red with filled triangles
indicates i = 90o. Upper left: Model A. Lower left: Model B. Upper right:
Model C. Lower right: Model D. Only bound trajectories are shown, because
the escaping BHs do not cross the disc.

Figure 13. (a) �M/MBH for Model A, i = 45o. Blue thick line with filled
circles: total mass accreted during simulation (same as in Fig. 5). Open
circles denote simulations in which BH escaped from the galaxy. Green
thin line with crosses: mass accreted from the ejected accretion disc, as an
off-centre quasar. Magenta dashed line with crosses: mass accreted during
disc crossings. (b) Same plot as Fig. 10, but with i = 90o runs omitted and a
(cyan) line with crosses added denoting the total quasar duty cycle for each
simulation, i.e. taccr + tcross, where tcross is the sum of duty cycles for all
disc crossings in each run.

only a moderate amount. Furthermore, if triggering of the starburst
happens late in the merger process, the fuel supply may last longer.

Fig. 13(b) is the same as Fig. 10 except that the i = 90o runs are
excluded, and an extra line is added to denote the total active quasar

Figure 14. Probability distributions of velocity (left-hand panels) and spa-
tial (right-hand panels) offsets for selected runs. In all cases, black lines
denote the distribution for the entire simulation, green lines denote the dis-
tribution of time spent in off-centre quasar phases only (i.e. t < taccr) and
magenta lines denote the distribution of time spent in disc-crossing phases
only. Top panels: Model A, run with i = 45o and vk = 440 km s−1 (trajec-
tory shown in Fig. 3). Middle panels: Model A run with i = 45o and vk =
740 km s−1 (trajectory shown in Fig. 4). Bottom panels: Model C run with
i = 45o and vk = 1440 km s−1 (trajectory not shown). Note that the prob-
ability distributions of off-centre quasar phases in the higher-velocity runs
are plotted, but are so low that they are almost invisible.

time for each simulation, taccr + tcross. Interestingly, the total time
spent in disc-crossing quasar phases is quite large at high velocities,
up to ∼100 Myr in a few cases. This result has two important
caveats, however. First, the accretion rate is clearly not Eddington-
limited for the entirety of these long duty cycles, since the mass
contribution from this type of accretion is at most comparable to
that of off-centre quasars. Evidence for this sub-Eddington accretion
can be seen in Fig. 4(b). Correspondingly, the luminosities of disc-
crossing quasar events may often be relatively low and thus harder
to detect than off-centre quasar activity. The second caveat is that
the longest duty cycles for disc crossings are those in which the
BH has the lowest velocity, i.e. the final passages before the BH
settles back to the galaxy centre. This is a trade-off in observability:
the disc-crossing quasars that would be most easily distinguished
observationally from stationary quasars are those with the highest
velocity disc passages and, by definition, the shortest duty cycles.

Fig. 14 demonstrates this point more quantitatively; the distri-
butions of velocity and spatial offsets are shown for three selected
runs, with green and magenta lines denoting the time spent in off-
centre and disc-crossing quasar phases, respectively. The top panels
show the Model A run with vk = 440 km s−1, in which the BH
retains an accretion disc for about half of its wandering time. The
off-centre quasar spends most of its lifetime at low velocities (near
turnaround) and at spatial offsets of a few hundred parsecs. The
BH crosses the disc only four times, however, so the time fraction it
spends in disc-crossing quasar phases is very small. The runs shown
in the middle and bottom panels of Fig. 14, which have v � vesc for
their respective models, have shorter off-centre quasar duty cycles
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and longer wandering times, so the time fractions of the off-centre
quasar phases are very low – virtually indiscernible. The time frac-
tion spent in disc-crossing quasar phases is more substantial, but
because many disc crossings occur late in the simulation as the BH
is settling back to the centre, these are primarily constrained to the
lowest velocity bin (and as expected, the smallest distance bin as
well). Therefore, while it is certainly possible in principle for GW
recoil to produce a quasar with a measurable offset, it may prove
challenging to observe one directly, especially one with a very high
kick velocity.

As mentioned in Section 1, Komossa et al. (2008) have proposed
that SDSS J0927+2943 is a recoiling quasar with a velocity offset
of 2650 km s−1. We do not plot any recoil trajectories with kick
velocities this high, because this is well above galactic escape ve-
locities. Were we to reproduce the distributions in Fig. 14 for a run
with vk = 2650 km s−1, we would find a delta function at vk, because
the BH would be ejected from the galaxy with little deceleration.
The quasar lifetime, however, would be short. Taking the mass and
luminosity values estimated by Komossa et al. (2008), MBH ∼ 6 ×
108 M� and L ∼ 0.1LEdd, we find that the BH will only retain a gas
disc of mass ∼2 per cent MBH and radius ∼0.37 pc, which it will
accrete within ∼107 yr. This is much shorter than the upper limit of
∼109 yr that Komossa et al. (2008) estimate using Mdisc,ej ≈ MBH.
If the conclusion of Komossa et al. (2008) is accurate, then their
discovery is extremely serendipitous, because it combines two low-
probability events. The first is the merger of two BHs with spins,
mass ratio and spin alignment configured in an unlikely manner to
give a kick near the maximum possible GW recoil velocity, and
the second is the observation of the recoiling BH during its rela-
tively short quasar phase. This combined probability is difficult to
calculate due to its dependence on unknown distributions of BH
binary parameters, and it is unclear a priori whether this rare recoil
event is in fact more or less likely to occur than a superposition of
somewhat unusual quasars. The possible role of gaseous outflows
is also unclear. Although outflows cannot easily explain all the un-
usual spectral lines, neither can the recoil scenario explain all of the
narrow lines without outflows or similar phenomena being invoked
at any rate. Follow-up observations of this intriguing source would
help to clarify the situation.

Our finding that high-velocity GW recoil events are unlikely to be
observed is consistent with the null result of Bonning et al. (2007),
who conducted a search for velocity offsets >800 km s−1 in quasar
spectra. In Fig. 11, we have plotted taccr in all of our models, for the
range 100 ≤ vk ≤ 4000 km s−1. The decline in quasar duty cycle
for high velocities can easily be seen, and at the highest velocities,
all models have taccr � 107 yr. The duty cycle for an off-centre
quasar with vk = 800 km s−1 is 6 × 105–5 × 106 yr for our models
in which vesc < 800 km s−1 (Models A and B), although the BH
decelerates over this time. The most massive BHs (Models C and
D) retain more mass after they are ejected and thus have longer duty
cycles, but decelerate more quickly since they are on bound orbits
at this vk. Duty cycles are somewhat longer for these off-centre
quasars if the accretion luminosity is lower, although of course
they then will be dimmer. The duty cycles for disc-crossing quasars
with v ∼ 800 km s−1 are shorter, however; ∼105 yr. In all cases,
duty cycles are shorter still if one considers higher vk. Clearly,
the probability of observing a recoiling quasar is low, although
future searches sensitive to smaller velocity offsets will increase
these probabilities. Finally, as a corollary to the arguments on the
detectability of disc-crossing quasars, we note that King & Dehnen
(2005) and Libeskind et al. (2006) have argued that some of the
brightest ultraluminous X-ray sources (ULXs) might be explained

as wandering intermediate-mass BHs (MBH ∼ 102–105 M�) that
were ejected from their host galaxies in previous merger events and
that begin accreting again upon returning to a dense gaseous region.

There is another possibility for detecting recoil events in addition
to observing quasar offsets. Lippai, Frei & Haiman (2008), Shields
& Bonning (2008) and Schnittman & Krolik (2008) have recently
pointed out that strong flares may occur following a GW recoil as
the surrounding gas is disrupted and gas marginally bound to the
BH falls back on to the galactic disc. Lippai et al. (2008) argue
that strong shocks are a natural consequence of perturbations to
highly supersonic gas, as is the case with thin accretion discs. If
the shock propagates at vshock � vk, it will produce a flare with
an emission spectrum peaking at k Tshock = (3/16) μmH v2

shock ≈
19 eV (vshock/100 km s−1)2. Such flares would be observable in soft
X-rays for recoil kicks �200–300 km s−1; below these energies,
most of the emission would be absorbed by interstellar hydrogen.
The highest kick velocities (�1000 km s−1) could produce hard
X-ray flares, though these would be short-lived. These photon en-
ergy ranges would change if the shock propagates at only a small
fraction of the kick velocity, as Lippai et al. (2008) have estimated;
in this case some flares might be observable at ultraviolet (UV) en-
ergies. Shields & Bonning (2008) estimate a typical flare time-scale
tflare ∼ 104 yr and an observable flare rate of ∼1 in 104 quasars.
Schnittman & Krolik (2008) suggest that because the disc is op-
tically thick, recoil flares may produce long-lived infrared after-
glows, of which up to ∼105 might be visible today. These numbers
are uncertain, however, and detailed hydrodynamical simulations
of recoiling discs will be needed to determine more accurately the
frequency and duration of these flares, as well as whether their
spectra and luminosities can be distinguished easily from concur-
rent AGN activity. The important point to note, however, is that
a recoiling BH making numerous passages through the disc may
create a succession of flares, rather than just an initial flare during
the recoil event. This could substantially increase the rate at which
recoil flares occur.

3.5 Sensitivity of results to q parameter

As mentioned above, we have accounted for the ellipticity of the
gas disc potential (R) by introducing a small perturbation, q, in
the radial coordinate such that R̃ = √

r2 + (z/q)2 and  = (R̃).
We use q = 0.99 as a fiducial value for our runs, and here we
investigate the sensitivity of our results to this choice of q. A priori,
one can expect the largest perturbation to the BH orbit to occur near
turnaround, where the velocity is low and the BH is most sensitive to
acceleration from the (perturbed) gravitational potential. Therefore,
the largest cumulative perturbation should occur for orbits with the
most turnarounds, i.e. those with large vk. Orbits with large vk also
have longer turnaround times, since turnaround can be defined as
a fixed fraction of the orbital period, which increases for higher
kick velocities. Fig. 15 shows the total mass accretion, �M/MBH,
as a function of q for low, moderate and high values of vk. Indeed,
we see that very little variation with q occurs except in the highest
velocity case, vk � vesc. We can thus conclude that the value of q
does not matter for simulations with low-to-moderate vk. For the
largest kicks, we can assume that choosing q fairly close to unity
is appropriate, since turnarounds will occur mostly at large radii
where the degree of ellipticity of equipotential contours should be
small. Furthermore, BH trajectories for vk � vesc are already the
most susceptible to other inaccuracies due to physical effects that
were not included here. For example, at the largest radii probed by
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Figure 15. �M/MBH as a function of the ellipticity parameter q, using
Model A and i = 45o. The low-(vk = 100 km s−1, top panel), moderate-
(vk = 440 km s−1, middle panel) and high-velocity (vk = 740 km s−1, bot-
tom panel) kicks shown in Section 3.1 are chosen again here to demonstrate
variation with q. For clarity, the value log(1 − q) is plotted on the x-axis.
The solid dot denotes our chosen fiducial value q = 0.99.

orbits bound to the baryonic galactic component (generally tens of
kpc), BHs are likely to encounter perturbations due to the triaxiality
of the DM halo. The host galaxy is also likely to evolve and undergo
star formation during the long (�Gyr) wandering time of the BH in
these cases.

4 D ISCUSSION

We have considered SMBH accretion without requiring that the
SMBH remains stationary at the centre of its host galaxy. Instead,
the SMBH was assumed to be ‘kicked’ from the centre at 100s to
1000s of km s−1, which can occur due to GW recoil following a BH
merger. To calculate the trajectories of recoiling SMBHs in a galac-
tic potential, we have developed an analytical model that includes a
stellar bulge and a multicomponent gaseous disc. The SMBH mass
and gas fraction are free parameters that we varied in four differ-
ent cases (Models A–D). For bound trajectories, we examined the
dynamics and the wandering time-scales of the SMBHs, as well as
the effect of this wandering on SMBH growth.

Surprisingly, the kick velocity, vk, has little effect on the amount
of mass accreted on to the SMBH while it wanders through the
galaxy. For all cases, the fractional SMBH growth, �M/MBH, is
roughly 10 per cent over the time from the recoil kick to when the
BH settles back to the galactic centre. This is primarily the com-
bined result of two different effects: the total wandering time is short
for low vk, where the BH quickly settles back to the centre, and the
accretion time is short for high vk, where the accretion disc bound to
the BH is small. Due to these competing factors, the time-scale for
off-centre accretion, and hence the amount of growth in this time,
remains almost constant for all vk. Additionally, bursts of accretion
during subsequent disc crossings contribute little to the total BH
mass. The consistency of �M/MBH implies that GW recoil is an
effective means of self-regulation for SMBH growth. If the SMBH
remained stationary at the galactic centre, substantial growth could
occur. This growth could be regulated via more conventional pro-

cesses such as energy or momentum feedback, but these depend
on the details of the gas physics and may vary greatly in different
galactic environments. In contrast, GW recoil depends only on the
parameters of the merging SMBH progenitors. It is also interest-
ing to note that because other feedback processes will be halted
when the recoiling SMBH has depleted its reservoir of bound gas,
these two methods of growth regulation are complementary. The
possibility that both wandering and stationary SMBHs self-regulate
their masses indicates how recoiling BHs could be consistent with
the observed MBH–σ ∗ relation, even if large recoils �vesc are not
rare occurrences. The latter conclusion assumes, of course, that the
escape fraction of recoiling SMBHs is still small; otherwise, we
would expect to see more scatter in the MBH–σ ∗ relation (Libeskind
et al. 2006; Volonteri 2007) or galaxies without a central SMBH
in the local Universe, which are not observed (e.g. Kormendy &
Richstone 1995; Richstone et al. 1998; Ferrarese & Ford 2005).

Even small recoil kicks can have a significant impact on accretion
and feedback processes. For the lowest kick we consider, vk =
100 km s−1, the BH wanders in the galaxy core for a few Myr before
settling back to the centre and carries along a large accretion disc.
Thus, feedback from moving sources will be distributed over much
larger volumes than the emitting regions of stationary AGN. For
example, in our fiducial model, a BH kicked at 100 km s−1 reaches
∼30 pc before turning around. Assuming most of the AGN emission
originates from a region ∼102–103 rS across, the initial volume in
which energy is released by the BH increases by about 8 orders of
magnitude in this case. Most of the energy will be deposited at the
largest radii, since turnaround takes the largest fraction of the orbital
time. This implies an even greater disparity between the impact of
moving and stationary BHs on their surrounding environments.

The importance of GW recoil in the evolution of SMBHs clearly
depends on how often significant recoil kicks occur. This is dif-
ficult to estimate, because the recoil kick distribution depends on
the spin and mass ratio distributions of the progenitor BH bina-
ries, which are not well known. Schnittman & Buonanno (2007),
Campanelli et al. (2007a) and Baker et al. (2008) have calculated
kick distributions; Schnittman & Buonanno (2007) use an approx-
imate method, and the last two derive empirical formulae from
numerical relativity simulations. The differences in the results of
the last two stem from different assumptions of how the kick ve-
locity scales with BH progenitor mass ratio. Assuming BH spins of
a = 0.9, mass ratios in the range 1/10 ≤ q ≤ 1 and random spin
orientations, the three groups respectively estimate that 12, 36 and
23 per cent of recoiling BHs will have vk > 500 km s−1 and 3, 13,
and 9 per cent will have vk > 1000 km s−1. Note that these fractions
are not insignificant, although they might be much smaller if BH
spins are on average lower or are preferentially aligned (cf. Bog-
danović et al. 2007). To constrain the actual recoil kick distribution,
better observational constraints on merging BHs or observations of
individual recoiling BHs will be required.

Our results indicate that the latter method for constraining GW
recoil, i.e. direct observations of recoiling BHs, will be challenging
because several factors make recoiling BHs difficult to observe.
First, the BH must be actively accreting to appear as an observable
source. The recoil could be observed either via spatial offsets from
the galactic nucleus or via velocity offsets in the quasar spectrum. In
both cases, larger offsets resulting from large recoil kicks are more
easily observable, but large kicks imply a small disc bound to the
BH and thus a short off-centre quasar duty cycle. After it exhausts its
supply of bound gas, the moving BH could again become an active
source on subsequent passages through the galactic gas disc, an
effect which could be observed as a velocity offset in its spectrum.
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This could also be a source of periodic quasar or disc flare activity.
However, the greater the velocity offset, the shorter the duty cycle
for these ‘disc-crossing’ quasars, since they pass rapidly through the
relatively thin galactic disc. It is worth emphasizing that because
our results indicate that GW recoil may be difficult to observe
directly and that the growth of wandering BHs may be consistent
with observed galaxy–BH relations, neither of these observational
methods may be able to rule out a significant population of recoiling
BHs.

If, indeed, GW recoil is a relatively common phenomenon in
SMBH mergers, this represents a fundamental change in our under-
standing of SMBH–galaxy co-evolution, because we cannot gain a
complete picture by considering only stationary SMBHs. In reality,
GW recoil and AGN feedback are likely to work together to produce
the observed SMBH–galaxy relations.
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