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ABSTRACT

The asymmetric emission of gravitational waves produced during the coalescence of a massive black
hole (MBH) binary imparts a velocity “kick” to the system that can displace the hole from the center
of its host. Here we study the trajectories and observability of MBHs recoiling in three (one major,
two minor) gas-rich galaxy merger remnants that were previously simulated at high resolution, and
in which the pairing of the MBHs had been shown to be successful. We run new simulations of
MBHs recoiling in the major merger remnant with Mach numbers in the range 1 ≤ M ≤ 6, and use
simulation data to construct a semi-analytical model for the orbital evolution of MBHs in gas-rich
systems. We show that: 1) in major merger remnants the energy deposited by the moving hole into
the rotationally supported, turbulent medium makes a negligible contribution to the thermodynamics
of the gas. This contribution is more significant in minor merger remnants, potentially allowing for
electromagnetic signatures in this case; 2) in major mergers, the drag from high-density gas allows
even MBHs with kick velocities of 1200 km s−1 to remain within 1 kpc from the host’s center; 3)
kinematically offset nuclei can be observed for timescales of a few Myr in major merger remnants in
the case of recoil velocities in the range 700− 1000 km s−1; 4) in minor mergers remnants the effect of
gas drag is weaker, and MBHs with recoil speeds in the range 300− 600 km s−1 will wander through
the host halo and may be detectable as spatially-offset active nuclei.
Subject headings: black hole physics – galaxies: halos – kinematics and dynamics – methods: numerical

1. INTRODUCTION

The pairing of massive black holes is a natural con-
sequence of galaxy mergers in hierarchical structure for-
mation scenarios (Begelman et al. 1980; Volonteri et al.
2003). To date, over 30 dual active galactic nuclei
(AGNs) have been discovered in merger remnants at
redshifts 0.34 < z < 0.82 (Comerford et al. 2009),
and Chandra observations of the nucleus of NGC6240
have unveiled a MBH binary with separation < 1 kpc
(Komossa et al. 2003; Max et al. 2007). The coalescence
of MBH binaries may become the dominant source of
gravitational waves at mHz frequencies (e.g., Haehnelt
1994; Wyithe & Loeb 2003; Sesana et al. 2004, 2005), a
sensitivity range probed by the next-generation space-
based Laser Interferometer Space Antenna (LISA).
Asymmetries in the configuration of the binary will

cause the beaming of gravitational wave radiation in
a preferred direction. To conserve linear momen-
tum, the remnant hole recoils in the direction oppo-
site to the radiative flux (Peres 1962; Bekenstein 1973;
Fitchett & Detweiler 1984). The recoil or “kick” veloc-
ity, Vkick, depends on the binary mass ratio and on the
magnitude and direction of their spins, and does not de-
pend on the total mass of the binary. Recent advances
in numerical relativity (Pretorius 2005; Campanelli et al.
2006) have allowed several groups (Baker et al. 2006;
Herrmann et al. 2007; González et al. 2007) to evolve bi-
nary black holes from inspiral through coalescence and
estimate the resulting recoil velocities as a function of
mass ratio and spin (Baker et al. 2008; Campanelli et al.
2007a). These studies show kick velocities in the range
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from a hundred to a few thousand km s−1; the maximum
speed, Vmax = 3750 km s−1, is obtained for equal-mass
maximally-spinning black holes with anti-aligned spins
(Campanelli et al. 2007b).
When Vkick is lower than the escape speed of the

host, the MBH will wander through the galaxy in an
orbit that depends on the detailed characteristics of
the host potential. Several groups have calculated the
trajectories of MBHs in smooth spherical potentials
(Madau & Quataert 2004; Gualandris & Merritt 2008;
Blecha & Loeb 2008). Asphericities in the dark matter
potential result in highly non-radial MBH orbits, increas-
ing its decay timescale compared to the spherical case
(Vicari et al. 2007; Guedes et al. 2008, 2009). In gas-rich
galaxy mergers, the wandering hole may travel through
a rotationally supported gaseous disk that is inhomoge-
neous, non-axisymmetric, clumpy, and turbulent. These
factors affect the kinematics of the recoiling MBH and its
ability to accrete new fuel. In this paper, we study the
orbits of recoiling MBHs in high-resolution galaxy merger
remnants that have successfully formed black hole pairs.
These remnants are the endpoint of the 1:1 major merger
simulation of Mayer et al. (2007) and the 1:4 and 1:10
minor merger simulations of Callegari et al. (2009). We
construct a semi-analytical model based on the host po-
tential formed after the merger and calculate the trajec-
tories of MBHs for arbitrary recoil velocities and inclina-
tion angles, accounting for the effect of dynamical friction
and gas drag. This allows us to obtain the characteristic
apocenter distances and return times for MBHs recoiling
in different environments. In addition, in order to study
the possible effect of the moving hole on the ambient gas,
we perform high-resolution N -body + SPH simulations
of recoiling MBHs in the major merger galaxy remnant.
Under the assumption that the MBH binary is able to co-
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alesce efficiently after reaching the minimum length scale
resolved by the simulation, the hole is given a kick and
launched into orbit in an environment characterized by
a turbulent, actively accreting gaseous disk surrounded
by unrelaxed stellar and dark matter components.
This paper is organized as follows. We describe the

main properties of the our three host galaxies in § 2.
Our semi-analytical model is described in § 4. We assess
the response of the gaseous disk to the motion of the
MBH, together with its detectability as a velocity-offset
or spatially-offset AGN in § 5. Finally, we discuss and
summarize our results in Section 6.

2. GALAXY MERGER REMNANTS

We study the orbits of recoiling MBHs in three galaxy
remnants that were previously simulated at high resolu-
tion, and in which the MBHs of the progenitor galaxies
were shown to successfully formed close pairs. The rem-
nants are the endpoint of the 1:1 gas-rich major merger
described in Mayer et al. (2007), and of the 1:4 and 1:10
gas-rich minor mergers of Callegari et al. (2009). Fig-
ures 1 and 2 show a 2-D rendering of the hosts’ projected
density and the rotation curves of all components – gas,
stars, and dark matter – of the three remnants.

2.1. Major merger

Our major merger remnant is part of the suit of sim-
ulations carried out Mayer et al. (2007). These simu-
lations tracked the formation of a MBH binary down
to parsec scales following the collision between two spi-
ral galaxies, and were run using the massively paral-
lel N -body + smoothed particle hydrodynamics (SPH)
code GASOLINE (Wadsley et al. 2004). Initially, two
equal mass galaxies composed of a spherical dark mat-
ter halo, an exponential disk, a spherical stellar bulge,
and a central MBH, were placed on a parabolic, copla-
nar, and prograde-prograde orbit. The galaxies have a
virial mass of 1012M⊙ and a baryonic disk mass of about
6 × 1010M⊙, with 10% of the disk mass in a cold gas
component (T = 2 × 104K) and the rest in stars (see
Mayer et al. 2007 for details on the structural parame-
ters of the models).
Radiative cooling and star formation were imple-

mented until the late stages of the simulation, when the
dark matter halos had nearly merged and the baryonic
cores were separated by about 6 kpc. At this point, in
the reference run of Mayer et al. (2007), the inner 30 kpc
of the simulation volume was refined with the technique
of particle splitting to achieve a spatial resolution of 2
pc. The star and dark matter particles were not splitted
to limit the computational burden. The calculation that
we use in this paper has a softening of 10 pc and a mass
resolution in the gas component of 5000 M⊙ after split-
ting (for a total of Ng = 1.4 × 106 SPH particles). We
use this run rather than the highest resolution simulation
presented in Mayer et al. (2007) because this resolution
matches those of the minor merger runs also used in this
work, and because it allows to perform more recoil exper-
iments at a reasonable computational cost (Mayer et al.
2007 verified the convergence in the mass distribution of
the merger remnants between the different resolutions).
The radiation physics in the refined region was mod-

eled via an effective equation of state, an ideal gas with

Fig. 1.— Projected gas density of the galaxies hosting a recoiling
MBH. (a) Remnant of a 1:1 merger simulation with initial gas
fraction fg = 0.1 (Mayer et al. 2007). (b) Remnant of a 1:4 merger
simulation with initial gas fraction fg = 0.1 (Callegari et al. 2009).
(c) Remnant of a 1:10 merger simulation with initial gas fraction
fg = 0.3 (Callegari et al. 2009). The scaling is logarithmic and
the highest and lowest values of the scale are given in units of
atoms cm−3. Note that the lower central density in the 1:4 merger
remnant, which manifests as a shallower profile of the inner rotation
curve inside a few hundred parsecs relative to the 1:10 merger case,
is an artifact of the larger gravitational softening adopted in this
run.
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Fig. 2.— Rotation curves of the galaxy remnants hosting a recoiling MBH. Left panel: 1:1 merger. Middle panel: 1:4 merger. Right panel:
1:10. The colors represent the circular velocity profiles of the gas (red), stars (blue), dark matter (green), and total (black), respectively.

adiabatic index γ = 7/5. Calculations that include ra-
diative transfer have shown that this simple treatment
approximates well the thermodynamics of a solar metal-
licity gas heated by a starburst over a wide range of den-
sities (Spaans & Silk 2000; Klessen et al. 2007).
By the end of the simulation, t = 5 Gyr after the

merger, tidal tails continue to evolve in the outer parts of
the remnant and over 60% of the gas has been funneled
to the central region, forming a compact nuclear gas disk
of mass Md = 3 × 109M⊙, radial length a = 75 pc, and
scale height b = 20 pc. The inner disk is turbulent and
rotationally supported. The two MBHs have sunk down
from about 40 pc to a few parsecs in less than a million
years, are gravitationally bound to each other, and their
orbital decay is controlled by gas drag in the supersonic
regime, not dynamical friction against the stellar back-
ground (Mayer et al. 2007; Escala et al. 2004; Ostriker
1999). Figure 2 (left panel) shows the rotation curve for
the different components of the galaxy remnant at the
endpoint of the merger. The gaseous component dom-
inates the dynamics of the inner 300 pc of the remant
galaxy. The escape speeds from the center in the parallel
and perpendicular directions to the plane of the disk are
ve‖ = 1400 km s−1 and ve⊥ = 1320 km s−1, respectively.

2.2. Minor mergers

The hierarchical ΛCDM structure formation sce-
nario predicts a high frequency of minor galaxy
mergers (Lacey & Cole 1993; Fakhouri & Ma 2008).
Callegari et al. (2009) run a set of collisionless (“dry”,
with fg = 0) and gasdynamical (“wet”) minor mergers
with the same gas fraction in the primary and secondary
galaxies, either fg = 0.1 or 0.3. As in the major mergers,
the primary galaxy is a Milky Way-mass galaxy sampled
with 106 particles dark matter particles and (initially)
2× 105 star and 105 gas particles. The secondary galaxy
is obtained by rescaling the primary galaxy in mass by
1/4 or 1/10 of its mass, according to the scaling laws of
Mo et al. (1998) for CDM galaxies, and is sampled by an
equivalent number of particles as the primary. In the 1:10

merger, which is assumed to take place at z = 3 since
this is an ideal redshift window for LISA, the masses,
radii and velocities of the galaxies are scaled further by
a factor H(z)/H0 as expected in CDM (Callegari et al.
2009).
While no MBH pair was formed in the collisionless runs

(the two holes were defined a “pair” if their relative orbit
shrunk down to a separation equal to twice the soften-
ing, which sets the resolution limit), the presence of a
gaseous component allows the formation of a MBH pair
because the massive gaseous cores in which the MBHs
are embedded sink efficiently by dynamical friction de-
livering the holes at the center of the remnant. Further-
more, the higher background density arising as inflows
driven by tidal torques associated with bar instabilities
and shocks push gas to the center of the galaxies dur-
ing the merger enhance dynamical friction in the late
stages of the orbital decay (Callegari et al. 2009). Here
we consider two such dissipational runs: a 1:4 merger
with initial gas fraction fg = 0.1, and a 1:10 merger with
fg = 0.3. Both resulted in the formation of MBH pairs
separated by twice the softening length, namely our res-
olution limit, (200 pc for the 1:4 merger and 40 pc for
1:10), hence one can expect the black holes would subse-
quently merge on timescales < 1 Gyr (see Callegari et al.
2009). The runs were performed with the GASOLINE
code, including this time atomic gas cooling, star forma-
tion, and blast-wave supernova feedback until the end of
the simulation rather than switching to an effective equa-
tion of state. The resulting interstellar medium (ISM)
density distribution is clumpier than in the case of the
major mergers that adopt an effective equation of state
and neglect supernovae explosions.
The most important difference between the major and

the minor mergers, however, is that bar-driven torques
are much weaker in the latter, especially in the pri-
mary galaxy, which is only weakly destabilized by the
secondary. As a result, gas inflows are much weaker,
and < 10% of the gas that was originally at large radii
reaches the central hundred parsec region by the end of
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the merger, as opposed to more than 60% in the case of
the major mergers (see the previous section). Figure 2
(middle and right panels) shows the rotation curves of
the minor merger remnants. They include the gas that
eventually form stars, and therefore represent an upper
limit for the gas that resides at the center in the final
stage of minor mergers. Furthermore, heating and stir-
ring by supernovae feedback makes the gas more pressure
supported and extended. Therefore, we expect the MBH
return time to be largely determined by dynamical fric-
tion against the stars and the dark matter. In addition,
the lower central densities imply a lower escape speed, so
we expect it to be easier for a black hole to travel a longer
distance with the same recoil velocity relative to the case
of the major mergers. The escape velocities in the paral-
lel and perpendicular directions to the plane of the disk
are ve‖ = 520 km s−1 and ve⊥ = 490 km s−1 in the 1:4

merger, and ve‖ = 490 km s−1 and ve⊥ = 450 km s−1 in
the 1:10 merger.

3. SIMULATIONS OF RECOILING MBHS

We performed six simulations of recoiling MBHs in the
1:1 merger remnant of Mayer et al. (2007). Their MBH
binary of total massM• = 5.2×106M⊙ was replaced with
a single black hole of the same mass. The hole was given
a kick of Vkick = 400, 800, and 1200 km s−1 at an angle
θ = 0◦ or 90◦ relative to the plane of the disk. These ve-
locities are consistent with the fit to recent numerical rel-
ativity results of Baker et al. (2008) for coalescing equal
mass binaries. Assuming randomly-oriented spins, re-
coil velocities under 500 km s−1 have a higher probability
of occurring (66%) than those over 1000 km s−1 (10%).
Though less frequent, high velocity kicks are more favor-
able for the detection of recoiling MBHs as velocity-offset
nuclei, as we discuss in Section 5.2.1. For comparison,
we have also run a simulation without the MBH. The
gas mass resolution of our simulations is 5× 103M⊙, for
a total of 1.5 × 106 SPH particles. The gravitational
softening was 10 pc for the MBH as well as the SPH
particles. The hole was kicked starting from where the
binary was, at the center of mass of the gas distribution
located some 20 pc away from the center of the potential.
The simulations were run using GASOLINE, and were
restarted using the same thermodynamical parameters
as in the refined part of the Mayer et al. (2007) simula-
tion, i.e. the SPH particles were treated as an ideal gas
with adiabatic index γ = 7/5 as in Mayer et al. (2007)
(see Section 2.1). Since only a small fraction of the nu-
clear gas will turn into stars during the timescale of the
simulations, we neglect star formation to reduce the com-
putational burden. We run the simulations for up to 50
Myr, a compromise between obtaining a good calibration
for our semi-analytical models and limit CPU time. It
has been shown by Dotti et al. (2007) that MBHs mov-
ing in nuclear disks with varying mass fraction of stars
produce a drag (via dynamical friction) that is almost
indistinguishable from the purely gaseous case. It is gas
thermodynamics instead that determines the magnitude
of frictional drag in both purely gaseous or star forming
disks, as it sets the density and temperature distribu-
tion of the gaseous disk (Escala et al. 2005; Mayer et al.
2007).
It is important to emphasize that in a model with an

effective equation of state, the temperature should not

Fig. 3.— Orbits of a MBH of mass M• = 5.2 × 106 M⊙ in our
high-resolution major merger. Panels show a hole initially kicked
with (a) Vkick = 800 km s−1 and θ = 0◦, (b) Vkick = 800 km s−1

and θ = 90◦, (c) Vkick = 1200 km s−1 and θ = 0◦, and (d) Vkick =
1200 km s−1 and θ = 90◦. The colors indicate time along the orbit,
from t < trun/3 (brown) to t > 2trun/3 (yellow). The runtime
of the simulation is trun = 10 Myr for Vkick = 800 km s−1 and
trun = 20 Myr for Vkick = 1200 km s−1. The black dots mark 1
Myr intervals. Orbits are plotted with respect to the deepest point
in the disk potential.
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Fig. 4.— The orbit of a recoiling MBH with M• = 5.2 × 106 M⊙, Vkick = 1200 km s−1, and θ = 0◦ (black dots). This is the same as
panel (c) of Figure 3. The white arrows show the instantaneous direction of the velocity at the time of the corresponding snapshot. The
color coding indicate gas number density in units of log(n/cm−3) (left panel), and specific internal energy in units of log(u/ km2 s−2) (right
panel).
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be associated with the physical temperature of a spe-
cific phase of the interstellar medium in the nuclear disk,
e.g. the molecular gas that makes up most of the disk
mass (see e.g. Downes & Solomon 1998), but rather with
an effective pressure that provides a realistic match to
the pressure scale height of the disk. In a realistic case
the cold molecular phase is embedded in a hot ionized
medium that fills most of the volume and sets the actual
pressure scale height. The pressure scale height of our
nuclear disk is z0 =15 pc at the beginning of the sim-
ulations, and z0 =21 pc at t =20 Myr. This compares
well with the pressure scale height of 23 pc observed in
Mrk 231 (Downes & Solomon 1998; Davies et al. 2004).
Likewise, the effective sound speed used throughout the
paper should be close to the sound speed of the hot, dif-
fuse phase (the cold molecular phase has would have a
sound speed of < 1 km s−1).
Figure 3 shows the resulting orbits for MBHs kicked

with Vkick = 800 km s−1 and Vkick = 1200 km s−1 in a
direction that is either along the disk plane (cases a and
c) or perpendicular to it (cases b and d). The boxes have
varying lengths and the orbits are centered on the point
where the potential is the deepest. The orbit for the
case Vkick = 1200 km s−1 and θ = 0◦ is shown again in
Figure 4 together with the evolution of the background
gas number density and specific internal energy.

4. SEMI-ANALYTICAL MODEL

In order to obtain a large sample of MBH orbits at
relatively low computational cost, we have constructed
a semi-analytical model based on our numerical results.
With this approach we can follow the trajectories of
MBHs until they return to the center of their host, on
a timescale that can be much longer than the time it is
practical to run a full N -body + SPH simulation, par-
ticularly for larger recoil kicks. The motion of a MBH in
a multi-component potential can be studied analytically
by integrating numerically its equation of motion under

the action of a conservative force ~∇Φ and a damping
frictional term:

d~v

dt
= −~∇Φ + ~fDF, (1)

where the total potential is Φ = Φgas + Φstars + Φdark.
The gradient of the potential is computed directly from
the simulation data. The dynamical friction term for
an object of mass M• moving with relative velocity v
through a gaseous medium of density ρ is given by

~fDF = −4πG2M• ln Λρ

v2
Iv v̂. (2)

The velocity integral, Iv = I(M), depends on the the

Mach number M ≡ |v|/cs, where cs =
√

γkBT/µ is the
sound speed. In our model, the local gas density and
sound speed are measured directly from the simulation
data in a sphere of size

Rs(r) = Rs(r = 1kpc)

[

ρ(r = 1kpc)

ρ(r)

]1/3

(3)

around the MBH, where ρ(r) is the average density at a
distance r from the center of the host and we choose
Rs(r = 1kpc) = 100 pc. As for the shape of the

velocity integral, we adopt the hybrid formulation of
Tanaka & Haiman (2009) which combines the prescrip-
tions of Ostriker (1999) and Escala et al. (2004):

I(M) =
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[
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1.5 lnΛ
[

erf
(

M√
2

)

−
√

2
πM exp

(

−M2

2

)]

(0.8 < M ≤ 1.5);
0.5 ln

(

1− 1
M2

)

+ lnΛ
(M > 1.5).

(4)

The Coulomb logarithm is set to lnΛ = 3.1 as suggested
by Escala et al. (2004).
In a collisionless medium, the velocity integral depends

on the local velocity distribution of the stars or dark mat-
ter. If the medium is isotropic and the velocity distribu-
tion is Maxwellian, then Iv = I(X ≡ v/

√
2σ) where σ is

the one-dimensional isotropic velocity dispersion of the
medium. In this case, equation (2) becomes the Chan-
drasekhar dynamical friction formula (Chandrasekhar
1943), where

I(X) = erf(X)− 2X√
π
e−X2

(5)

and ρ is the stellar or dark matter density. In a recent
merger, however, the velocity distribution of the stellar
and dark component deviate from Maxwellian and there-
fore we calculate the velocity integral numerically from
the actual velocity space distribution of the particles in
the simulations,

Iv =

∫ v

0

f(v′)dv′ (6)

where f(v′)dv′ is the number of particles with velocities
between v′ and v′ + dv′ in the vicinity of the hole. The
equation of motion of the MBH is integrated numerically
using an adaptive Adams-Bashforth-Moulton algorithm.
Figure 5 shows a comparison between the MBH orbit

obtained in a hydro simulation and our semi-analytical
model. The hole was kicked with Vkick = 800 km s−1 in
the disk of the major merger remnant. The orbit is shown
in projection in the left and middle panels, for the sim-
ulation case and the semi-analytical model case, respec-
tively. The right panel shows that the radial evolution of
the MBH in the simulation, including the amplitude of
the oscillations (dictated by the shape of the potential)
and decay by dynamical friction, are well reproduced by
the model over the timescale in which a comparison is
feasible.
Figure 6 shows the first apocenter distance Rmax for

MBHs recoiling in our 1:1, 1:4, and 1:10 merger rem-
nants, launched in a direction that is either parallel or
perpendicular to the plane of the gaseous disk. The black
hole mass was scaled in each case to match the M• − σ
relation, giving M• = {5.2, 3.2, 2.8} × 106 M⊙ for the
1 : 1, 1 : 4, 1 : 10 mergers, respectively.
At supersonic speeds, gas drag plays an important role

in damping the MBH orbit in the 1 : 1 remnant. Shortly
after the recoil kick, when the MBH’s Mach number is in
the regime 1 < M < 5, gas drag accounts for over 70%
of the total frictional force. In the deep potential of the
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Fig. 5.— Comparison between the orbit of a recoling MBH of mass M• = 5.2 × 106 M⊙ in our numerical simulation versus the semi-
analytical model. (a) Same simulation as in panel (a) of Figure 3. (b) Semi-analytical orbit. For clarity, panels (a) and (b) show the orbit
10 Myr after the initial kick. (c) Radial evolution of the orbit in the model (gray) compared to the simulation (red).

major merger remnant, where the gas density can reach
105 particles cm−3, MBHs kicked in the plane of the
disk with initial recoil velocities as high as 1200 km s−1

can only reach apocenter distances of Rmax = 0.3 kpc.
As Vkick approaches the escape speed along this direc-
tion, i.e. Vkick = 1350 km s−1 = 0.98ve‖, the first apoc-
enter distance becomes Rmax = 10 kpc. As we show
in Section 5, recoiling MBHs accreting from the ISM
are more likely to be observable as velocity-offset AGN
in major merger remnants, particularly in cases where
Vkick approaches the escape speed, as in this case the
hole undergoes many pericenter passages where its rela-
tive velocity is maximal. MBHs kicked in the direction
perpendicular to the plane of the disk are able to reach
the low-density outer regions for slightly lower initial re-
coil speeds, and therefore apocenter distances are larger
and return timescales are more extended. A hole with
Vkick = 1200 km s−1 = 0.91ve⊥ reaches Rmax ≃ 1 kpc
and its return time is nearly 10 Gyr.
Minor mergers have significantly lower central den-

sity profiles, and therefore apocenter distances can be
significantly larger even for modest recoil speeds. In
the 1 : 4 merger remnant, a recoil velocity of Vkick =
500 km s−1 perpendicular to the disk can displace the
hole by Rmax ∼ 10 kpc. The same initial speed yields a
maximal separation of Rmax = 100 kpc in the 1 : 10 case.
Since lower recoil velocities are more frequent than larger
kicks, minor mergers remnants are better candidates for
the detection of recoiling MBHs as spatially-offset AGNs.
We discuss the detectability of recoling holes in more de-
tail in the next section.

5. DETECTABILITY OF RECOILING MBHS

Three main methods have been proposed to detect re-
coiling MBHs: 1) through the imprint of the holes on the
gaseous medium of the host galaxy; 2) as kinematically-
offset AGNs, where the broad line region carried by
the hole is displaced by a velocity ∆v from the narrow
starlight associated with the host galaxy; 3) as spatially-
offset AGNs, where the MBH is observed to be displaced
by a distance ∆r from the hosts’s nucleus.

Fig. 6.— First apocenter distance of recoiling MBHs as a function
of kick velocity. Red: 1:1 merger remnant. Orange: 1:4. Green:
1:10. Solid curves: MBHs recoiling in a direction parallel to the
plane of the disk. Dashed curves: MBHs recoiling in a direction
perpendicular to the plane of the disk.

5.1. Interaction with the gaseous disk

Devecchi et al. (2009) have recently carried out a suite
of numerical simulations aimed at studying the de-
tectability of recoiling MBHs in the hot gas of elliptical
galaxies. The host galaxy was modeled as a spherical
Hernquist sphere (Hernquist 1990), with a mass resolu-
tion of 2 × 107M⊙ and a polytropic equation of state
with γ = 5/3. They find that, at high Mach numbers,
the shocked gas can produce an X-ray signature that may
be detectable with the Chandra satellite in nearby galax-
ies. Simulations of recoiling black holes surrounded by
a thin circumbinary disc (Rossi et al. 2010) show that
the likelihood of observable emission is low and depends
strongly on the orientation of the kick with respect to
the disk, on the magnitude of the kick, and on the mass
of the disk.
In the numerical simulations described in § 3, the inner
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disk is rotationally supported (vrot = 300 km s−1), tur-
bulent (vturb = 500 km s−1 at r = 20 pc), and actively
accreting material from the outer regions. Dense columns
of cooler gas reach the nuclear region constantly changing
the internal energy profile of the inner region. We find
that the ratio between the integrated energy deposition
of the MBH (associated with energy losses via dynam-
ical friction against the gas) and the integrated change
in internal energy by the gas (measured in the simula-
tion without MBH) is very small, ∆EDF/∆Eint = 0.02.
As a result, overdensities produced in the gas by the
recoiling MBH are rapidly weakened. In contrast with
Devecchi et al. (2009), the removal of the central MBH
from the disk potential does not have a significant ef-
fect on the central density profile, since the mass of the
hole amounts to only 2% of the mass of the nuclear disk.
At the end of the simulation, the gas density profile is
nearly undistinguishable from the density profile of the
no-MBH run. Figure 4 shows the evolution of the density
(left panel) and internal energy (right panel) in the inner
regions of the major merger. At t = 0 columns of dense
and cool gas have reached the inner disk of the major
merger, rapidly changing the local properties of the gas
as the MBH orbits the nucleus.
In our 1:10 merger instead, the integrated change in in-

ternal energy of the gas is comparable to the integrated
orbital energy loss by the MBH over a few tens of or-
bits. High Mach numbers can be reached at lower recoil
speeds since the sound speed profile rises slowly to reach
30 km s−1 at 50 pc and then it stays constant out to
100 pc (whereas in the major merger the sound speed
reaches a peak of 230 km s−1 at 10 pc and then drops to
150 km s−1 at 100 pc). This suggests that minor merger
remnants are suitable sites for the detection of recoiling
MBHs through their electromagnetic interaction with the
gas.

5.2. Off-nuclear AGNs

The detectability of a MBH as an offset AGN depends
on the hole’s phase space location at the time of obser-
vation and on its ability to accrete material and shine at
that location. We assume that, upon ejection, the hole
carries a punctured accretion disk (e.g. Loeb 2007) and
an associated broad line region (BLR) that is visible for
a time comparable to the viscous lifetime of the disk. In
our model, the mass carried by the disk is (Loeb 2007)

Mdisk = 1.9× 106α−0.8
−1 η−0.6M2.2

7 V −2.8
3 M⊙, (7)

where α−1 is the viscosity parameter in units of the fidu-
cial value α = 0.1, M7 is the MBH mass in units of
107M⊙, η ≡ (ǫ/0.1)/(L/LE) where ǫ is the matter-to-
radiation conversion efficiency, V3 is the kick velocity in
units of 103 km s−1, and LE = 1.4× 1045M7 ergs s−1 is
the Eddington luminosity. The disk’s lifetime is the vis-
cous timescale for the material at the outer disk radius,
Rout, to reach the central hole:

tdisk ≈ 8.4 α−0.8
−1 η0.4M1.2

7 V −1.8
3 Myr. (8)

We find that ram pressure stripping does not affect
the accretion disk as the MBH travels through the
host. For a hole moving with velocity v relative to a
medium of density ρ, we can calculate the stripping ra-
dius Rstr by equating the ram pressure force Fram = ρv2

(Gunn & Gott 1972) to the restoring force of the disk,
using the density profile of (Goodman & Tan 2004). In
the cases considered here, Rout ≪ Rstr, and therefore the
disk is not destroyed.
Because precise measurements of the peaks of broad

emission lines in quasar spectra are challenging, the ob-
servation of potential recoil candidates as velocity-offset
AGNs – whose broad emission lines are substantially
shifted in velocity relative to the narrow-line gas left
behind (Bonning et al. 2007) – is biased toward large
kicks. In the following we assume that a recoiling MBH
is detectable as a kinematically-offset AGN if its veloc-
ity shift, ∆v, is above the detection threshold ∆vt =
600 km s−1 (Shields, private communication). At every
time step of our numerical integration of the hole’s orbit,
we calculate the instantaneous accretion rate, the associ-
ated luminosity, and update the MBH mass. When the
initial bound disk is exhausted, the BLR is assumed to
vanish and the recoiling MBH is no longer recognizable
as such from kinematics measurements.
From this point on, the MBH is allowed to accrete ma-

terial from the ISM. In this case, the accretion rate de-
pends on the local density and sound speed of the gaseous
medium and on the relative speed of the MBH with re-
spect to the host following the Bondi-Hoyle-Lyttleton
(BHL) formula:

Ṁacc = 7× 10−7 nM2
7 v

−3
3 M⊙yr

−1, (9)

where n is the local gas number density in units of cm−3,
v3 ≡ (v2+ c2s)

1/2 is expressed in units of 103 km s−1, and
v is the instantaneous MBH velocity relative to the host.
The bolometric luminosity associated with the BHL ac-
cretion rate is given by

L = ǫṀaccc
2 = 4× 1040ǫ n0M

2
7 v

−3
3 erg s−1, (10)

where ǫ is the radiative efficiency. Using the above equa-
tions, a MBH ejected from the central region of the major
merger (n = 105 cm−3) with mass M7 = 0.52 and kick
velocity Vkick = 1, 200 km s−1 can shine for 2 Myr with-
out depending on the surrounding material for fueling.
If a recoiling accreting MBH is both above a threshold

spatial separation ∆rt from the host center, as well as
a luminosity threshold Lt, the hole can be detected as
a spatially-offset AGN. For illustrative purposes, we set
∆rt equal to roughly twice the resolving power of the
telescope – 0.2” for the Hubble Space Telescope (HST)
and the James Webb Space Telescope (JWST), and 1”
for Chandra). For reference, at redshift z = 1 (0.1) an
offset of 10 kpc corresponds to an angular separation of
1.25” (5.4”).
Figure 7 shows a breakdown of the orbital phase dia-

gram of a MBH of massM• = 5.2×106 M⊙ recoiling with
velocity Vkick = 1, 300 km s−1 in the plane of the disk.
Regions where ∆v ≥ 600 km s−1, ∆v ≥ 1, 000 km s−1,
or ∆r > ∆rt are marked in the velocity-distance plane.
In this example ∆rt = 2”, corresponding to 1 kpc at
z = 0.025. The MBH undergoes disk accretion and is
shining with luminosity L ≥ Lt along the thin red line:
it is therefore detectable as a kinematically offset AGN
when it is still close to the center, along the portion of
the red line where ∆v ≥ 600 km s−1. The MBH is instead
detectable as a spatially-offset AGN in the low-velocity
region where it accretes rapidly from the ISM (orange)
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Fig. 7.— Phase diagram of the orbit of a MBH of mass M• =
5.2 × 106 M⊙ recoiling with Vkick = 1300 kms−1 launched from
r=0 in the direction parallel to the disk. The hole undergoes disk
accretion and is shining with luminosity L ≥ Lt along the thin
red line, while it is accreting rapidly from the ISM in the orrange
region. See text for details.

or from the initial disk (red) and where ∆r > 1 kpc at
this redshift. We set the threshold luminosity for detec-
tion equal to Lt = 1043(1 + z)2 erg s−1 for z < 0.3 and
Lt = 2 × 1044(1 + z2) for 0.3 ≤ z ≤ 1, and apply a
bolometric to X-ray correction χ2−10 keV = 20 if L/LE <
0.1 and χ2−10 keV = 50 otherwise (Vasudevan & Fabian
2007). Our threshold luminosity is consistent with ob-
servational limits on X-ray selected AGNs (e.g. Pierce et
al. 2010). Note that, since large kinematic offsets occur
near pericenter while large spatial offsets near apocenter,
the total time in which observable velocity offsets are de-
tectable is generally much shorter than that of spatially
offset AGNs.

5.2.1. Velocity-offset AGNs

Several candidates of velocity-offset AGNs have been
discussed in the literature (e.g. Magain et al. 2005;
Komossa et al. 2008; Shields et al. 2009; Civano et al.
2010), but none has been positively confirmed to date.
In particular, Komossa et al. (2008) reported a potential
recoil candidate in quasar SDSS J092712.65+294344.0,
where is BLR, powered by a MBH of mass 6×108M⊙,
appears to be offset by ∆v = 2650 km s−1 relative to the
narrow line region (NLR) of the galaxy. This hypothe-
sis has been challenged by several authors, who regard
instead this object as a MBH binary (Dotti et al. 2009;
Bogdanović et al. 2009) or as a pair of interacting ac-
tive galaxies (Shields et al. 2009; Heckman et al. 2009).
More generally, the study of Bonning et al. (2007) shows
that there is only scarce (if any) evidence for recoiling
MBHs in SDSS quasars.
To assess the detectability of recoiling MBHs as kine-

matically offset AGN, we have generated a library of or-

bits using the semi-analytical model described in Sec-
tion 4, for kick velocities lower than the escape speed
from the host and return timescales shorter than the
Hubble time. We set the bolometric luminosity thresh-
old high enough so that the recoiling MBHs can be ob-
served to redshift z = 3. Figure 8 shows the return
timescale, treturn, of recoiling MBHs in the major merger
remnant, launched with initial inclination θ = 0◦ (left
panel) and θ = 90◦ (right panel) with respect to the
plane of the disk, for different kick velocities. The fig-
ure also shows the total time spent by the hole above
the thresholds velocity offsets ∆vt ≥ 600 km s−1 and
∆vt ≥ 1000 km s−1, as well as the detectability window
as velocity-offset AGN, i.e. the total time during which
the MBH is both above the velocity threshold and ac-
creting with L ≥ Lt. The black solid curve shows the
lifetime of the initial disk carried by the MBH in each
case. The total time during which the recoiling hole is
observable depends on the kinematic profile of the or-
bit. For moderate kick velocities, where the MBH can
undergo many pericenter passages before the initial disk
is exhausted, more eccentric orbits yield higher relative
velocities, bringing the MBH into the observable win-
dow for kinematically-offset AGNs. When the MBH is
launched in the direction perpendicular to the disk, the
return timescale is longer and orbits are less eccentric,
yielding generally shorter observability windows for large
kinematic displacements. In our major merger, a MBH
launched with recoil velocity Vkick = 1200 km s−1 in the
θ = 0◦ direction, will return to the center of the galaxy in
about 0.3 Gyr, and would be observable as a kinematic
offset AGN for only a 0.2 Myr. The detectability window
drops by a factor of 4 in the θ = 90◦ case for the same
recoil speed. In the minor mergers the threshold velocity
is reached only for kicks with Vkick > vesc, and therefore
are not shown here.
The probability that a recoiling hole is observed as a

velocity offset AGN with ∆v during its wandering phase
can be expressed as

P∆v(~Vkick)=P{∆v>∆vt,L>Lt}(
~Vkick, z) (11)

×PVkick
(~a1,~a2, q)× PLOS,

where P{∆v>∆vt,L>Lt}(
~Vkick) is the probability that a

hole with initial kick Vkick has an velocity offset ∆v >
∆vt while shining with bolometric luminosity above the
threshold Lt, assuming no obscuration. PVkick

(~a1,~a2, q)
is the probability that a coalescing MBH binary with
spin vectors ~a1, ~a2 and mass ratio q recoils with veloc-
ity Vkick > ∆vt, and PLOS is the probability that the
MBH travels along the line-of-sight (LOS) at the time of
observation. In terms of the relevant timescales,

P∆v(~Vkick, z)=

[

t{∆v≥vt,L≥Lt}(
~Vkick)

treturn

]

(12)

×PVkick
(~a1,~a2, q)× PLOS,

where t{∆v≥vt,L≥Lt}(
~Vkick, z) is the integrated time dur-

ing which ∆v > ∆vt and L ≥ Lt.
In our major merger, the probability that a MBH can

be observed as a kinematic offset during its wandering
time peaks at large recoil velocities (800 km s−1 in the
θ = 0◦ case and 700 km s−1 for θ = 0◦). The statis-
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Fig. 8.— Relevant timescales in assessing the detectability of recoiling MBHs as kinematically offset AGN in our major merger. Gray
curves show the return time of a MBH of mass M• = 5.2 × 106 M⊙. Dashed cyan lines show the integrated time during which the MBH
has velocity offset ∆v ≥ 600 kms−1, i.e. the threshold for detection of kinematically offset AGN. The Solid lines of the same color show
the observable region of the orbit, i.e. the integrated time over which the MBH has a velocity offset ∆v ≥ 600 km s−1 while shining with
luminosity L ≥ Lt. Dashed blue lines and solid blue lines use a threshold for detection ∆v ≥ 1000 kms−1 for the detection of kinematic
offset. The solid black line shows the lifetime of the initial disk as a function of recoil velocity.

tical study of coalescing black hole binaries conducted
by Lousto et al. (2010) shows that, for a uniform distri-
bution of binary mass ratios, the probability to obtain
a recoil velocity Vkick = 700 km s−1 along the LOS is
about 0.025%. In general, if a uniform distribution of
spins magnitudes and directions is assumed, the distribu-
tion of recoil velocities peaks at lower velocities for lower
mass ratios and broadens at higher values of q. Because
of this, we expect that the velocity distribution along the
LOS for q = 1 dominates the overall distribution for high
recoil velocities (> 1000 km s−1), dropping to a slightly
lower value at Vkick = 700 km s−1. The recoil velocity
distribution is also sensitive to the direction of the kick.
Assuming a uniform distribution of spin magnitudes and
mass ratios, the probability is strongly peaked toward
kick directions that are parallel to the orbital angular
momentum of the binary and in general the magnitude
of the recoil is an order of magnitude larger for out-of-
the-plane kicks. If we assume that the orbital plane of
the merging binary is aligned with the plane of the nu-
clear disk, we can set up upper limit on the peak of the
overall probability in Equation 12 for our major merger
of 10−5 which occurs in the θ = 90◦ case.

5.2.2. Spatially-offset AGNs

Using a method similar to that described in the previ-
ous Section, we estimate here the amount of time spent
by the MBH at distances that are large enough to be ob-
served through current and next-generation telescopes.
In this case we assume that the MBH can accrete from
the surrounding medium after the initial disk has been
exhausted.
Figure 9 shows the integrated time during which the

MBH is displaced by a threshold distance ∆rt = 0.4”
(dashed green lines) and ∆rt = 2” (dashed brown lines)
at z = 0.1, corresponding to twice the resolution of
HST/JWST and Chandra, respectively. Solid lines of
the same color show the integrated time when the MBH
is both above the spatial threshold ∆rt and accreting

with L ≥ Lt. Gray lines represent the time it takes the
MBH to return to the center of its host. The upper, mid-
dle, and lower panel show the results for the 1:1, 1:4, and
1:10 mergers, respectively.
In the major merger, only large recoil velocities (of

the order of the escape velocity) can displace the MBH
over ∆rt in cases where the MBH is launched along the
plane of the gaseous disk. Here, the MBH can shine
for timescales far larger than the lifetime of the initial
disk, since there is a large supply of gas in the disk for
fuel near apocenter, where the MBH spends most of its
wandering time. In cases where the MBH is launched in
the direction perpendicular to the disk, the MBH reaches
larger apocenter distances at slightly lower recoil veloci-
ties (> 1000 km s−1).
In the minor mergers, the potential wells are shal-

lower and large apocenter distances are reached at low re-
coil velocities (Vkick < 500 km s−1), particularly in cases
where the initial inclination of the kick velocity with re-
spect to the disk is high. In both the 1:4 and the 1:10
mergers, the contribution from the surroundings is sig-
nificant. At low inclination, the 1:10 merger can accrete
slightly more from the ISM due to the higher gas frac-
tion present in the disk in this case. Here, a modest
recoil velocity of Vkick = 300− 500 km s−1 can place the
MBH sufficiently far from the center of the host to be-
come resolvable X-ray sources to at least z = 0.1. The
detectability window in this case ranges from a few to
tens of Myr.
The probability that a MBH of recoil velocity Vkick can

be observed as an offset AGN during its wandering phase
is

P∆r(~Vkick, z)=P{∆r>∆rt,L>Lt}(
~Vkick, z) (13)

×PVkick
(~a1,~a2, q)× (1− PLOS),

where P{∆r>∆rt,L>Lt} is the probability that a recoil-
ing MBH is accreting with resulting luminosity L > Lt

and is displaced by a distance larger than the threshold
∆rt. In this case, the probability that the offset AGN
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Fig. 9.— Timescales during which the MBHs are observable as offset AGN at z = 0.1. Gray lines show the return time of MBHs recoiling
in a 1:1, 1:14, and 1:10 mergers. The detectability threshold is set to ∆rt = 0.4”, twice the resolution of HST/JWST. Dashed green lines
show the integrated time during which the MBHs have spatial offsets of ∆r ≥ ∆rt and solid green lines indicate the detectable portion
of each orbit, i.e. where the MBH has spatial offset ∆r ≥ ∆rt while shinning with luminosity L ≥ Lt. Similarly, dashed brown lines and
solid brown lines show the same integrated time scales using a spatial threshold ∆rt = 2”, resolvable by both Chandra and HST/JWST.
The solid black line shows the lifetime of the initial disk as a function of recoil velocity.
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Fig. 10.— Timescales during which the MBHs are observable as offset AGN at z = 1. Gray curves show the return time of MBHs
recoiling in a 1:1, 1:14, and 1:10 mergers. The detectability threshold is set to ∆rt = 0.4”, twice the resolution of HST. Dashed green lines
show the integrated time during which the MBHs have spatial offsets of ∆r > ∆rt and solid green lines indicate the detectable portion of
each orbit, i.e. where the MBH has spatial offset ∆r ≥ ∆rt while shinning with luminosity L ≥ Lt. Similarly, dashed brown lines show
the integrated time scales during which he MBH is above the threshold ∆rt = 2”. In this case, there are no observable regions at this
resolution. The solid black line shows the lifetime of the initial disk as a function of recoil velocity.
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will be observed is higher if the MBH is ejected in the
direction perpendicular to the LOS.
In terms of the relevant timescales,

P∆r(~Vkick, z)=

[

t{∆r≥rt,L≥Lt}(
~Vkick, z)

treturn

]

(14)

×PVkick
(~a1,~a2, q)× (1 − PLOS).

In the major merger large spatial displacements only
occur for relatively large recoil speeds, where return
times are extended. In the θ = 90◦ case, the MBH
reaches observable spatial offsets for Vkick > 1000 km s−1.
Lousto et al. (2010) showed that the probability distri-
bution of recoil velocities is nearly a factor of 10 larger for
kicks launched in the direction parallel to the orbital an-
gular momentum of the MBH binary and that the high-
velocity tail of this distribution is dominated by large
values of q. Assuming that the orbital plane of the bi-
nary is oriented along the plane of the disk, then the kicks
launched in the θ = 90◦ direction roughly follow the over-
all distribution of recoil velocities. For kicks nearly per-
pendicular to the LOS, the probability of obtaining a kick
with velocity 1000− 1400 km s−1 is ∼ 0.01%. Therefore,
the probability of observing a MBH during its wandering
time in our major merger peaks at ∼ 10−7. In our minor
mergers large displacements are reached at recoil speeds
< 500 km s−1. At low recoil speeds (300 − 500 km s−1),
the probability distribution is dominated by low values
of q, and therefore we can again assume that the overall
probability follows the distribution at these speeds for
the q = 0.1 merger. In this case the MBH can shine for
up to 10% of its travel time, and the probability that a
recoil of velocity 300− 500 km s−1 occurs in a particular
LOS is ∼ 0.1%. Therefore, the peak of the overall prob-
ability of observing these MBHs as the travel through
its host is ∼ 10−4, significantly larger than in the major
merger.
Figure 10 shows the integrated time during which the

MBHs are displaced by a threshold distance ∆rt at red-
shift z = 1. As in Figure 9 , solid lines show the inte-
grated time during which the MBHs are above the spatial
threshold and shine with L ≥ Lt. In this case, no spatial
offsets are observed in the major merger for timescales
> 1 Myr. At high launch angles, the MBHs can be ob-
served for a few Myr if the recoil is large (> 1000 km s−1).
In the minor mergers, displacements can be observed for
up to ∼ 50 Myr at much lower recoil speeds.

5.3. Major dry mergers

The formation of binary MBHs in purely collisionless
mergers is first driven by energy loss via dynamical fric-
tion against the background stars and the dark matter,
which brings the MBHs to separations of a few kpc. In
triaxial potentials, further orbital energy loss may occur
though the ejection of star in centrophilic orbit families,
(Merritt & Milosavljević 2005). If the merger is success-
ful, a gravitational recoil will ensue, and if the remnant
galaxy is non-axisymmetric the orbit of the MBH will not
be strictly radial (Vicari et al. 2007; Guedes et al. 2008,
2009). As a consequence, the return time is extended,
the MBH orbits at large apocenter distances with few
central passages, and the AGN phase is determined by

the mass of the accretion disk at the time of the merger.
Observatios of AGN pairs in red elliptical galaxies sug-
gest that traces of gas in the nuclear region may suffice
to drive accretion (e.g. Comerford et al. 2009).
In Guedes et al. (2009) we considered an aspherical po-

tential consisting of Milky Way-sized spherical bulge em-
bedded in a triaxial dark matter halo (with triaxiality
parameters that vary as a function of distance from the
center and as a function of redshift) and found that a
MBH of mass M• = 3.7× 106M⊙ kicked with initial re-
coil velocity Vkick = 500 km s−1 can reach an apocenter
distance of over 20 kpc with treturn > tH , and carry a disk
of mass Macc = 1.5×106M⊙ with a lifetime of only ∼ 17
Myr. Volonteri & Madau (2008) carried out a study of
the detectability of recoiling MBHs through cosmic time
assuming purely “dry” potentials. They found that up
to ∼ 30 spatially offset sources should be detectable in
the HST-COSMOS deep fields. The addition of a stel-
lar bulge yields less than one observable source, and the
inclusion of gas physics would reduce the expected num-
ber of sources even further. Note that in this case only
spatial offsets are being considered for detectability.

6. DISCUSSION

We have studied the orbital evolution of recoil-
ing MBHs in post-merger environments through high-
resolution N -body + SPH simulations and through
a semi-analytical model that combines the results of
merger simulations with a prescription for MBH accre-
tion. Our work can be summarized as follows:
1. We construct a library of MBH orbits recoiling

in three gas rich galaxy mergers, allowing the MBHs
to carry a BLR upon ejection and to accrete from the
ISM when the accretion disk is exhausted. We find that
the high gas densities of the nuclear region of our ma-
jor merger do not allow for large spatial offsets at low
recoil velocities, particularly at low ejection inclinations,
and large kicks (Vkick > 1000 km s−1) can be observed for
timescales of 10-60 Myr. In the unequal mergers, smaller
recoil kicks can place the MBHs at resolvable distances
to high redshift at lower recoil velocities.
2. We dissect the MBH orbits into regions where the

MBH is kinematically or spatially offset from the center
of the galaxy. In the case of kinematically offset AGN,
the BLR of the MBH remains bound to the MBH at
the time of ejection and survives for a timescale com-
parable to the viscous lifetime of the disk. This way,
the MBH is observable as a kinematically offset AGN
in a small time window where the MBH has a rela-
tive velocity ∆v > 600 km s−1 and the BLR is active.
In our gas rich major merger, moderate recoil velocities
(700− 1000 km s−1) provide the most likely scenarios for
the detection of kinematically offset nuclei, since the ini-
tial disk can remain bound during pericenter passages. In
the unequal mergers, kinematic offsets can only be seen
if the MBHs are ejected with Vkick > vesc for a timescale
much shorter than the lifetime of the bound disk.
3. At redshift z < 0.1, spatially offset AGN can

be observed with both Chandra and HST/JWST for
a few Myr in major mergers for high recoil speeds (>
1000 km s−1). In minor mergers, the detectability win-
dow shifts to lower recoil speeds (Vkick < 500 km s−1)
and extends to up to a few 100 Myr in some cases. We
find that the probability of observing offset AGN within
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their return time in our hosts at z = 0.1 is larger (by
three orders of magnitude) in the 1:10 merger than in
the 1:1 merger, since in the minor merger the offsets are
large at lower recoil speeds, which have a higher proba-
bility of occurring.
4. We find no evidence for an observable imprint of

recoiling MBHs in the gaseous medium of our major
merger. In our simulations, the integrated energy de-
position of the MBH into the gaseous medium accounts
for only 2% of the integrated change of internal energy of
the gas, even when MBHs are launched with high Mach
number (M = 6) in the plane of the nuclear disk. How-
ever, in the minor mergers, the orbital energy loss is com-
parable to the integrated change in the internal energy
of the gas, providing more suitable for the detection of
recoiling MBHs through their interaction with the gas.
Our semi-analytical model has been calibrated onto a

limited set of numerical simulations, in which we have
considered a limited range for the relevant parameters
such as the gas fraction and mass ratio of the galax-
ies. For the major mergers, the choice of the gas frac-
tion, 10%, is very conservative; a larger gas content,
which is quite likely at high redshift, would cause in-
creased drag on the recoiling black hole, thus reinforc-
ing our conclusions. For the 1:10 mergers, which are
some of the most common type of mergers during the
hierachical assembly of galaxies, we have considered a
larger gas fraction, 30%, because in this case the pairing
of the two black holes, and hence their eventual coales-
cence and subsequent recoil, is significantly faster than
in the 10% gas fraction case. Such a choice is still on
the conservative side; indeed for galaxies with masses in
the range 2 × 1010 − 2 × 1011M⊙, corresponding to the
virial masses of, respectively, the primary and secondary
galaxy in the 1:10 mergers, the typical gas fraction is in
the range 30− 50% at low redshift (Simon & Geha 2007;
Leroy et al. 2008). Typical gas fractions for galaxies of
all masses would be even higher at high redshift, as sug-
gested by several recent observations of distant galax-
ies (Schreiber et al. 2009; Tacconi et al. 2010). Again,
increasing the gas fraction would make the effect of re-
coils less efficient. However, additional merger simula-
tions with gas fractions as high as 50% in the secondary
galaxy (Callegari et al. 2010) show that central gas den-
sities are almost indistinguishable from those in the 30%
gas fraction case. This is because the gas inflow, which is
controlled by the tidal perturbation of the primary, has a
similar strength with varying gas fraction but fixed mass
of the primary galaxy. As for the mass ratio, our simula-
tions sample quite well the regime in which the dynami-
cal friction timescale is short enough for the galaxies to
merge in a few orbits. Increasing the mass ratio signifi-
cantly would not be very relevant for the problem that we
want to study because the secondary galaxy will merge

on too long a timescale for the merger of the two black
holes to be an efficient process, due to a combination
of long dynamical friction timescales and increased tidal
mass loss of the secondary that slows down dynamical
friction further (Colpi et al. 1999; Taffoni et al. 2003, -
this happens at a critical mass ratio 20:1). Therefore,
despite the limited region of the parameter space probed
by our simulations, our findings and predictions on the
detectability should be quite general in the sense that
they are representative of situations in which a merger
of two massive black holes would could take place in a
relatively short timescale.
A limitation of the present study is that the simula-

tions do not capture all the phases of the ISM: gas is
either warm, with temperatures close to 104 K, or hot
(T ∼ 105 − 106 K) as a result of heating by super-
novae explosions or shocks in the final collision of the
two galaxy cores (the latter happens in the case of the
major mergers). The cold molecular phase is believed
to represent a significant fraction of the mass in ob-
served nuclear disks (e.g. Downes & Solomon 1998) and
is missing in our current calculations. At temperatures
of hundreds of degrees Kelvin in presence of a starburst
(Klessen et al. 2007), molecular material would likely be
arranged in a thin and dense sheet embedded within the
warmer gas, lying at the midplane of the nuclear disk
(e.g. Wada & Norman 2001). Black holes recoiling along
the plane would then suffer more dynamical friction were
this dense molecular sheet included in the calculations;
as a result there would be a greater difference between
in-plane and off-plane recoils relative to what we have de-
termined in this work. Yet, because the average densities
of the simulated nuclear disks are comparable to those in
the observed nuclear disks (Mayer et al. 2008), we do not
expect that our main findings would change dramatically
with a proper implementation of a multi-phase medium.
Studies of the spin evolution of MBHs in a gaseous

medium show that spins tend to align in gaseous envi-
ronments due to frame dragging, yielding maximum re-
coil velocities of ∼ 200 km s−1 (Bogdanović et al. 2007).
This effect would drastically decrease the probability of
observing both kinematically and spatially offset AGN in
the gaseous environments described here, suggesting that
the same mechanism that allows for efficient MBH binary
formation could prevent recoiling MBHs from leaving the
nuclei of their host galaxies.

This research was funded by NASA through grants
NNX09AJ34G (P.M.) and by NSF through a graduate
student research fellowship (J.G). Simulations were car-
ried out on the Pleiades supercomputer cluster at UCSC,
and some results were rendered using the SPLASH code
(Price 2007).
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