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SUMMARY: We follow trajectories of kicked black holes in static and evolving
dark matter halo potential. We explore both NFW and Einasto dark matter density
distributions. The considered dark matter halos represent hosts of massive spiral
and elliptical field galaxies. We study the critical amplitude of kick velocity neces-

sary for complete black hole ejection at various redshifts and find that ∼ 40% lower
kick velocities can remove black holes from their host haloes at z = 7 compared
to z = 1. The greatest difference between the static and evolving potential occurs
near the critical velocity for black hole ejection and at high redshifts. When NFW

and Einasto density distributions are compared ∼ 30% higher kick velocities are
needed for complete removal of BHs from dark matter halo described by the NFW
profile.
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1. INTRODUCTION

According to the currently favoured hier-
archical growth of structure, dark matter (DM)
haloes and the associated galaxies experience multi-
ple mergers during their history. Black holes (BHs)
in their centres form a binary system due to dynam-
ical friction. Further binary hardening requires stel-
lar dynamical processes. BH binaries capture nearby
stars and then eject them at much higher veloci-
ties. This tree-body interactions carry away energy
of the system and decrease the separation between
BHs (Begelman et al. 1980). When BHs get close
enough, the energy losses due to gravitational radia-
tion cause them to merge. If the merging BHs have
unequal masses or spins the asymmetric emission of
gravitational radiation can lead to BH kick. Gravi-
tational waves propagate in a preferential direction
due to non-zero net linear momentum and the centre
of mass of the binary recoils in the opposite direction

(Redmount and Rees 1989).
Gravitational wave recoil can displace a newly

formed BH from the galaxy core or completely eject
it if the BH speed is larger than the escape velocity
from the halo centre. The magnitude of the gravita-
tional wave recoil depends on the mass ratio of BHs,
the spin magnitude and orientation with respect to
the binary orbital plane, and the eccentricity of the
orbit (e.g. Schnittman and Buonanno 2007, Baker et
al. 2002). Both analytic and numerical calculations
show that maximum recoil velocity for non spinning
BHs is < 200 km/s (Fitchett and Detweiler 1984,
Favata et al. 2004, Blanchet et al. 2005, Damour
and Gopakumar 2006, Baker et al. 2006, Gonzalez
et al. 2007b). Similar values are expected for BHs
with low spins or with spins aligned with the bi-
nary orbital angular momentum. Calculations us-
ing the perturbation theory suggested that kick ve-
locities should not to exceed 500 km/s (Favata et
al. 2004). However, full numerical relativity simula-
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tions have shown that when the spin vectors have
opposite directions and are in the orbital plane, the
recoil velocity can be as large as ∼ 4000 km/s (Her-
rmann et al. 2007, Gonzales et al. 2007a, 2007b,
Campanelli et al. 2007a, 2007b, Schnittman and
Buonanno 2007, Koppitz et al. 2007). Lousto and
Zlochower (2011) suggested that the kick velocity
could approach 5000 km/s for spins partially aligned
with the orbital angular momentum.

Such large velocities are able to eject BH even
from massive elliptical galaxies whose escape velocity
is ∼ 3000 km/s (Merritt et al. 2004). On the other
hand, much lower kick velocities (∼ 200 km/s) can
eject BHs from globular clusters or low mass galaxies.
Also, DM haloes at high redshifts have low masses
and thus shallow potential wells so that kick veloc-
ities of ∼ 150 km/s can be sufficient to eject BHs
from the centre of the most massive haloes at redshift
z ≥ 11 (Merritt et al. 2004, Micic et al. 2006, Volon-
teri 2007, Schnittman 2007, Sesana 2007, Volonteri
et al. 2010, Micic et al. 2011).

Gravitational wave recoil can significantly af-
fect the SMBH growth through mergers. Pop III
stars are believed to form early, at z ∼ 20, and leave
BH seeds with typical masses of ∼ 100 M�. Those
BH seeds could merge to form SMBHs observed in
high redshift quasars (Madau and Rees 2001, Heger
et al. 2003, Wise and Abel 2005). However, the
BHs at high redshift haloes with shallow potential
wells might be very sensitive to gravitational wave
recoil and thus the BH growth can be suppressed
(e.g. Haiman 2004, Merritt et al. 2004, Volonteri
2007).

If the kick velocity is lower than the escape ve-
locity of the host BH will gradually return to the halo
centre due to dynamical friction against stars and
gas. Several authors calculated the trajectories of re-
coiling BHs in a purely stellar systems (e.g. Madau
and Quataert 2004, Boylan-Kolchin et al. 2004, Gua-
landris and Merritt 2008). After reaching the maxi-
mum distance, a BH in such systems makes several
passages across the centre of the galaxy and sinks
back to the core. The time scale for orbit decay
depends on the kick velocity and surrounding den-
sity. Gualandris and Merritt (2008) have shown that
a BH which returns to the core exhibits long-lived
oscillations with amplitude comparable to the core
radius which can last 1 Gyr in the case of massive
galaxies. A kicked BH transfers kinetic energy to
the stars which lower the core density (Redmount
and Rees 1989, Merritt et al. 2004, Boylan-Kolchin et
al. 2004). BH trajectories in a potential that includes
both the stellar bulge and gaseous disk have also been
studied numerically (Devecchi et al. 2009, Blecha et
al. 2011, Guedes et al. 2011, Sijacki et al. 2011). Gas
content of galaxies has a high influence on recoiling
BH trajectories. BH will spent significantly less time
wandering in the gas-rich galaxy than in the gas-poor
galaxy (Blecha et al. 2011). Guedes et al. (2011) and
Sijacki et al. (2011) suggested that in gas-rich major
merger remnants, BHs should only rarely be able to
escape from massive galaxies at high redshifts due
to the presence of a massive gaseous disc. Vicari et

al. (2007) have shown that time scales for orbital de-
cay of BHs kicked from triaxial potential are longer
than in spherical potential since a recoiling BH does
not return directly through the dense centre where
the dynamical friction force is highest.

Several authors suggested that, since the typi-
cal recoiling velocity is smaller than the escape veloc-
ity of the Milky Way halo, many ’rogue’ BHs should
remain in the halo today (Volonteri and Perna 2005,
Libeskind et al. 2006, O’Leary and Loeb 2009, 2011,
Micic et al. 2011).

Recoiling BHs could leave observable signa-
tures. Ejected BHs carry an accretion disk, which
can be observed as spatially or kinematically off-
set quasars (e.g. Madau and Quataert 2004, Loeb
2007, Blecha and Loeb 2008, Blecha et al. 2011,
Guedes et al. 2011, Sijacki et al. 2011). In the case
of a spatially-offset AGN, the accreting BH is dis-
placed from the host’s nucleus while in the case of
kinematically-offset AGN, the broad line region car-
ried by the recoiling BH is displaced by a velocity
∆v from the narrow line region associated with the
host galaxy. Blecha and Loeb (2008) suggested that
finding such quasars could be challenging. Large kick
velocities result is large offsets but those BHs have
small accretion disk and thus short quasar lifetime.
On the other hand, low kick velocities imply short
wandering time. However, when a supply of bound
gas is exhausted a BH can again become active while
passing through the galactic gas disk. These passes
would produce knotted or twisted jets. Non-active
recoiling BH could be observed through the imprint
on the gaseous medium of the host galaxy (Devec-
chi et al. 2009). Guedes et al. (2011) showed that
changes in the central density profile are significant
only in the case of minor mergers. A SMBH bi-
nary could also explain precessing jets and X-shaped
sources observed in some radio sources (e.g. Merritt
and Ekers 2002, Zier 2005).

Most of the above works followed trajectories
of recoiling BHs in a static potential and neglected
the impact of galaxy evolution.

DM haloes and galaxies grow by smooth ac-
cretion from the cosmic web and through mergers.
There are two types of accretion: the hot accre-
tion, where hot, virialised gas in halo cools, loses its
pressure support and settles into a disk (Rees and
Ostriker 1977, White and Rees 1978, Fall and Efs-
tathiou 1980), and the cold accretion through dark
matter filaments (Dekel and Birnboim 2006). The
hot accretion dominates the growth of massive galax-
ies in galaxy clusters at low redshifts, while cold ac-
cretion dominates in lower mass structures and at
high redshifts.

Spiral galaxies formed first and they grew
mainly through the cold mode accretion. In high
density regions of space, large number of mergers
lead to formation of galaxy clusters. The most mas-
sive galaxies reside in clusters where they can grow
both by mergers (which are common because of the
high density environment) and by accretion of the
shock heated gas (hot accretion). Elliptical galax-
ies are formed by major mergers of gas-rich spiral
galaxies and they continue to grow by continuous in-
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fall of dwarf galaxies, the so called minor mergers.
The fraction of elliptical galaxies in galaxy clusters
is high compared to the field. In less dense regions
field galaxies grows in isolation, mergers are rare and
cold accretion dominates (Micic 2013 and references
therein).

The goal of this paper is to compare trajec-
tories of recoiling BHs in a static and evolving DM
potential. The evolving DM potential is calculated
using the van den Bosch et al. (2014) code. We
focus on two dark matter haloes: one with mass of
1012M� which represents a Milky Way-type host and
the other with mass of 2×1013 M� which is the host
of the most massive field elliptical galaxy (Niemi et
al. 2010). Considered DM haloes have masses which
correspond to hosts of a typical and the most massive
field galaxies as well as the group of galaxies in the
field at z < 1. The same halo masses are also typ-
ical of the proto-cluster environment at higher red-
shifts. This chosen mass interval is of the greatest
significance for studying the effects of BH kicks on
SMBH population in massive galaxies because, once
the cluster is formed, deep gravitational well in clus-
ter prevents a recoiling BH to be completely ejected.
Since both galaxies are isolated it can be assumed
that the halo growth is due to the cold mode accre-
tion and that mergers can be neglected.

Recent N-body simulations (Navarro et al.
2004, 2010, Merritt et al. 2006, Gao et al. 2008,
Hayashi and White 2008, Stadel et al. 2009, Reed
et al. 2011, Dutton and Macciò 2014) have shown
that DM haloes are better described by Einasto pro-
file (1965) than by the NFW profile (Navarro et al.
1997). NFW and the Einasto models differ mainly
at small radii (∼ 1% of the virial radius) where the
Einasto profile implies lower density. In this paper
we consider both the NFW and Einasto DM density
distributions.

In Section 2 we describe the method. The re-
sults are presented in Section 3. We summarise and
discuss the results in Section 4.

2. METHOD

In this paper we follow trajectories of recoiling
BHs in a DM halo which is distributed according to
a NFW profile (Navarro et al. 1997) and the Einasto
profile (Einasto 1965). A BH is placed at the halo’s
centre and kicked with recoil velocity vkick at redshift
zkick. Its orbit is then governed by the potential of
a NFW/Einasto density distribution. Two different
cases are explored: The BH orbits in a static, and
in evolving potential. At multiple runs, various kick
velocities are assigned to BHs at different redshifts
in both a static and evolving potential.

The amplitude of the kick determines whether
the BH will be removed from its host or not. If the
escape velocity is greater than the kick velocity, a
BH will return to the halo centre. Dynamical fric-
tion against stars (e.g. Merritt et al. 2004, Madau
and Quataert 2004, Boylan-Kolchin et al. 2004, Gua-
landris and Merritt 2008) and gas (e.g. Blecha et
al. 2011, Guedes et al. 2011, Sijacki et al. 2011) leads

to the orbit decay and, after several passages across
the galaxy centre, the BH will settle down in the
bottom of potential well. In this paper, since BH
trajectories are followed in pure DM halo potential,
it is assumed that each BH which passed across the
halo’s centre stayed there due to dynamical friction
which acts as to slow the BH down.

We consider two DM haloes. The first one has
mass of 1012 M� at redshift z = 0 (Halo 1 in further
text) and it represents a Milky Way-type host. The
second DM halo with mass of 2× 1013 M� (Halo 2)
hosts the most massive field elliptical galaxy (Niemi
et al. 2010).

2.1. Evolving potential

The evolving NFW density profile is modeled
using a code given by van den Bosch et al. (2014)1.
Van den Bosch et al. (2014) have studied the growth
of DM haloes which can be characterised by its
mass accretion history (MAH) and the potential well
growth history (PWGH). They follow the growth of
DM haloes described by an NFW density profile:

ρNFW(r) = ρcrit
δchar

r/rs (1 + r/rs)2
(1)

where ρcrit = 3H2(z)/8πG is the critical density for
closure, rs is the scale radius and δchar is defined as

δchar =
∆vir

3
c3

f(c)
, (2)

with c = rvir/rs the halo concentration parameter:

f(x) = ln(1 + x)− x

1 + x
, (3)

and:

∆vir(z) = 18π2 + 82x− 39x2 , (4)

where x = Ωz − 1.
The maximum circular velocity, which occurs at ra-
dius rmax ' 2.16 rs, is given by:

Vmax = 0.465 Vvir

√
c

f(c)
. (5)

The virial velocity, defined as the circular velocity at
the virial radius, is:

Vvir = 159.43km/s
(

M

1012h−1 M�

)1/3 [
H(z)
H0

]1/3

[
∆vir(z)

178

]1/6

. (6)

The authors use the model for halo concentra-
tion from Zhao et al. (2009):

c(M, t) = c(t, t0.04) = 4.0

[
1 +

(
t

3.75 t0.04

)8.4
]1/8

,

(7)

1http://www.astro.yale.edu/vdbosch/PWGH.html
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where t0.04 is the proper time at which the host halo’s
main progenitor gained 4 percent of its mass. The
gravitational potential of a spherical NFW density
distribution is given by:

Φ(r) = −V 2
vir

ln(1 + cx)
f(c) x

= −
(

Vmax

0.465

)2 ln(1 + cx)
cx

,

(8)
where x = r/rvir. This method is described in Jiang
and van den Bosch (2014). Since the halo’s gravita-
tional potential is directly proportional to the square
of the maximum circular velocity Vmax, it can be used
to track halo’s growth history.

The authors use the extended Press-Schechter
(EPS) formalism (Bond et al. 1991) to make merger
trees from which they determine the MAH. For a halo
with a given mass at the final redshift they trace the
merger tree to determine the mass of its main pro-
genitor as function of redshift. Next, they use the
mass of the main progenitor to compute the maxi-
mum circular velocity (Eqs. 5 and 6). Hence, the
extracted MAH (M(z)/M0) is used for computing
PWGH (Vmax(z)/Vvir,0). The authors test and cali-
brate their model using merger trees from the Bolshoi
simulation (Klypin et al. 2011).

They found that MAHs have a universal form
which they use to compute the average MAH and
PWGH for a halo of any mass in any ΛCDM cos-
mology.

2.2. Static potential

The potential of a DM halo which follows the
NFW density distribution (Eq. 1) is given by:

ΦNFW(r) = −4πGδcharρcritr
2
s

(rs

r

)
ln

(
r + rs

rs

)
,

(9)
where parameters δchar, ρcrit and rs are defined in
Section 2.1.

The Einasto density distribution (Einasto
1965) is

ρEin(r) = ρ−2exp
{
− 2

α
[(r/r−2)α − 1]

}
, (10)

where r−2 is the radius where the logarithmic slope
of the density profile is equal to -2, analogous to the
rs of a NFW profile, ρ−2 is the density at that radius
and α is a parameter that describes the shape of the
density profile. The potential of DM distributed ac-
cording to the Einasto model is given by Cardone et
al. (2005):

ΦEin(x) = −GMtot

r−2
F(x;α) , (11)

with:

F(x;α) =
Γ(3/α)− Γ(3/α, 2xα/α)

xΓ(3/α)
+ (12)(

2
α

)1/α Γ(2/α) + Γ(2/α, 2xα/α)
Γ(3/α)

where x is defined as x ≡ r/r−2, Mtot is the total
mass of the DM halo and Γ(x) and Γ(a, x) are the Γ
function and the incomplete Γ function, respectively.

The Einasto profile has an additional shape
parameter α whose value is mass dependent. α in-
creases with halo mass and redshift with α ∼ 0.16
for galaxy size haloes and α ∼ 0.3 for the most mas-
sive clusters (e.g. Navarro et al. 2004, 2010, Gao
et al. 2008, Hayashi and White 2008, Dutton and
Macciò 2014). This implies that DM haloes are not
strictly universal as suggested by the NFW profile
which has a fixed shape and mass and size as two
scaling parameters.

2.3. Recoiling BH in evolving potential

The code given by van den Bosch et al. (2014)
is designed to compute the average MAH and
PWGH. Input parameters are the final redshift, final
DM halo mass, and cosmology. The ΛCDM cosmol-
ogy used in this paper is:

Ωm = 0.27, ΩΛ = 0.73, h = 0.7, σ8 = 0.8, ns = 0.95,

where h is the Hubble constant at z = 0 in units of
100 km s−1 Mpc−1, σ8 is the rms amplitude of lin-
ear mass fluctuations in 8h−1 Mpc spheres at z = 0,
and ns is the spectral index of the primordial power
spectrum.

Using this code we compute growth of two DM
haloes. DM halo masses at z = 0 are chosen to be
1012M� (Halo 1) and 2×1013M� (Halo 2). Halo pa-
rameters at z = 0 (the code output) are c = 9.9 and
rs = 24.5 kpc for Halo 1 and c = 7.4 and rs = 88.7
kpc for Halo 2.

Next step is to integrate the trajectory of the
BH under the influence of evolving potential de-
scribed by Eq. 8. Variables in Eq. 8 are the max-
imum circular velocity and halo concentration pa-
rameter, and both parameters are the output of the
code. The BH is placed at halo’s centre at zkick > 0
and kicked by the recoil velocity vkick. We follow the
evolution of the parent halo from z = 7 to z = 0.
At each time-step the halo potential is modified, and
BH’s position and velocity is updated. At multi-
ple runs, different kick velocities are assigned to the
BH at different redshifts so that the entire parameter
space is explored.

To calculate BH trajectories in the evolving
Einasto potential we assume that the choosing dif-
ferent density distributions (NFW or Einasto) does
not change the total halo mass at the given redshift,
so we can use the MAH calculated by the van den
Bosch et al. (2014) code. We follow recoiling BHs
in the potential described by Eq. 11 and, as in the
case of evolving NFW profile, at each time-step the
halo potential is modified and BH’s position and ve-
locity are updated. The evolution of parameter α is
taken from Dutton and Macciò (2014). In their Fig.
13 the authors show how the Einasto shape param-
eter varies with halo mass for a range of different
redshifts (0 < z < 5). We follow BHs in evolving
Einasto potential from z = 5 to z = 0.
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2.4. Recoiling BH in static potential

We repeat the same procedure for a BH kicked
from the centre of a halo whose potential is static
and described with the NFW/Einasto density dis-
tribution. Static NFW and Einasto density pro-
files have the same halo parameters as the evolving
NFW/Einasto profile at redshift z = 0 (1012 M�
and rs = 24.5 kpc for Halo 1, and 2 × 1013 M� and
rs = 88.7 kpc for Halo 2). The Einasto shape param-
eter is taken to be α = 0.16 which is the expected
value for a galaxy size halo at redshift z = 0 (e.g.
Dutton and Macciò 2014). Again, the BH is kicked
from the halo’s centre but this time, since the poten-
tial is static, only the BH’s position and velocity is
updated at each time-step. We integrate BHs trajec-
tories under the influence of DM potentials given by
Eqs. 9 (NFW) and 11 (Einasto) for ranges of zkick

and vkick.
We compare the BH’s position at redshift

z = 0 in a static and evolving potential to see how the
host halo’s evolution and mass growth affect orbits
of recoiling BHs for both NFW and Einasto density
distributions.

3. RESULTS

Fig. 1 shows evolution of two DM haloes con-
sidered in this paper. The DM halo growth history
is the output of the code taken from van den Bosch
et al. (2014). The black solid line corresponds to the
mass growth of Halo 1, while the blue dashed line
represents Halo 2. The considered haloes grow in
isolation so the growth is dominated by smooth cold
mode accretion from the cosmic web.
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Fig. 1. Halo mass as a function of redshift.
The growth history is taken from van den Bosch et
al. (2014). The black solid and blue dashed lines rep-
resent evolution of Halo 1 and Halo 2, respectively.

Fig. 2 shows displacement of a kicked BH from
a host halo’s centre at z = 0 as a function of vkick and
zkick. BH trajectories are calculated in the evolv-
ing and static potential for both NFW (right) and
Einasto (left) density distributions for Halo 1 (top

panels) and for Halo 2 (bottom panels). White lines
represent the critical velocity for complete BH ejec-
tion.

In the case of a static NFW potential, the
gravitational well is deep even at high redshifts and
moderate kick velocities cannot eject the BH from
the host halo. BHs kicked from the centre of Halo
1 (Halo 2) will return to the bottom of the poten-
tial well if vkick ≤ 500 km/s (vkick ≤ 1350 km/s),
independent of zkick. The critical velocity for ejec-
tion of a BH from Halo 1 (Halo 2) described by the
static Einasto profile is vkick ∼ 370 km/s (vkick ∼
850 km/s).

On the other hand, Fig 1. shows that haloes
grow by approximately two orders of magnitude from
z = 7 to z = 0. If this evolution is taken into ac-
count, haloes at high redshifts have relativity low
masses compared to the static case and the BH dis-
placement is more sensitive to zkick. Amplitude of a
kick necessary to remove the BH from Halo 1 (Halo
2) varies from 300 km/s (725 km/s) at z = 7 to
500 km/s (1200 km/s) at z = 1 in the case of evolv-
ing NFW potential, and from 200 km/s (350 km/s)
at z = 5 to 280 km/s (600 km/s) at z = 1 in the case
of evolving Einasto potential.

The critical velocity for a complete BH ejec-
tion is ∼ 30% lower for the static Einasto profile
than for the static NFW profile, and ∼ 50% lower
when the evolving Einasto and NFW profiles are
compared. For a given DM halo mass the Einasto
and NFW distributions differ at small radii where
the Einasto profile predicts a shallower potential well
and thus a lower escape velocity.

Note that Fig 2. shows a sharp edge between
BHs that return back to the bottom of the poten-
tial well and BHs whose displacement is ∼ 1Mpc.
This is a consequence of using a pure DM potential.
Usually one expects a greater number of rogue BHs
wondering in the galaxy’s halo (Volonteri and Perna
2005, Libeskind et al. 2006, O’Leary and Loeb 2009,
2011, Micic et al. 2011). If amplitude of the kick is
not large enough to completely eject the BH, BH will
cross the galaxy core several times before it settles
down. In the dense centre, dynamical friction force is
highest and BH’s orbits decay. However, in this pa-
per, only the DM halo is considered and there are no
interactions with stars and gas which can slow down
the recoiling BH. Because of that, it is assumed that
each BH that reaches the galaxy core stays there.

In Fig. 3 we compare positions of recoiling
BHs in a static and evolving NFW/Einasto poten-
tials. Fig. 3 shows the difference between the dis-
tance from the galaxy’s core that a BH can reach at
z = 0 for a static and evolving potential, as a func-
tion of vkick and zkick. Upper panels represent Halo
1 while bottom panels represent Halo 2.

Both haloes show the greatest differences at
high redshifts where the evolving DM halo has low
mass and thus shallow potential well. Also, the
greatest deviation occurs near the critical velocity
needed for complete ejection of a BH from the static
potential.
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Fig. 2. Distance of a kicked BH from a host halo’s centre at z=0 as a function of vkick and zkick. Top panels
represent evolving and static NFW (right)/Einasto (left) potential for Halo 1 and bottom panels correspond
to Halo 2. White lines represent critical velocity for complete BH ejection. Distance of a kicked BH from a
host halo’s centre, r[Mpc], is represented by different colours.
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Fig. 3. Difference between the distance of a kicked BH from a host halo’s centre at z=0 in the case of
static and evolving NFW/Einasto potential as a function of vkick and zkick. Top panels represent Halo 1
while bottom panels represent Halo 2. White lines represent the critical velocity below which BHs will stay
in the host halo for both static and evolving case. The difference between BH positions in static and evolving
potential, ∆r[Mpc], is represented by different colours.

Black region in Fig. 3 represents the param-
eter space where a recoiling BH will stay in its host
halo for both the static and evolving cases. For these
values of vkick and zkick host halo evolution does not
effect BH’s position at z = 0. White lines in Fig 3.
represent minimum values of vkick necessary to re-
move the BH from the evolving potential halo for a
given value of zkick.

Fig. 4 shows the distance from the host’s cen-
tre at z = 0 as a function of vkick for four differ-
ent kick redshifts (zkick = 1, 3, 5, 7). At higher red-
shifts kick, amplitude in the evolving potential has a
greater impact on the final BH distance. At z = 1 the
evolving potential does not significantly differ from
the static potential and the final BH positions are
similar for both cases. The difference between the
static and evolving potentials is more pronounced for
Halo 2 which has greater mass. The same behaviour
is noticeable for both NFW and Einasto density dis-
tributions.

The difference between a static and evolving
potentials can be represented in the form:

vkick,evol =
vkick,stat

f(z)
(13)

where vkick,evol and vkick,stat are minimum values of
the kick amplitude necessary to remove BH from the
host halo for evolving and static potentials, respec-
tively, and f(z) is the fitting function. Fitting func-
tion is a quadratic polynomial with coefficients:

f(z)Halo1(Halo2) = 0.01(0.02)z2 − 0.01(−0.03)z
+1.05(1.07) (14)

for the NFW profile, and:

f(z)Halo1(Halo2) = −0.05(−0.03)z2 + 0.42(0.23)z
+0.92(1.08) (15)

for the Einasto profile.
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Fig. 4. Distance of a recoiling BH from halo’s centre at z=0. The upper panel shows Halo 1 while the
bottom panel shows Halo 2.
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4. DISCUSSION

In this paper, trajectories of kicked BHs are
followed in static and evolving DM halo potentials
described by the NFW and Einasto density distribu-
tions. Growth and evolution of DM haloes are calcu-
lated using the van den Bosch et al. (2014) code. DM
haloes considered in this paper have masses 1012 M�
(Halo 1) and 2 × 1013 M� (Halo 2) at z = 0. These
haloes represent hosts of a Milky Way-type galaxy
and the most massive field elliptical galaxy (Niemi
et al. 2010), respectively. BHs are placed in the
halo’s centre and given various kick velocities at var-
ious redshifts, so the entire parameter space is ex-
plored. BH positions at redshift z = 0 are compared
for static and evolving potentials for both NFW and
Einasto density profiles.

When a BH is kicked from the center of a
static NFW potential, the gravitational well is deep
even at high redshifts. The critical kick velocity
necessary for a complete BH ejection varies from
vkick ∼ 500 km/s for a Milky Way-type host to
vkick ∼ 1350 km/s for a massive elliptical field galaxy,
and it is constant with redshift. If a shallower
Einasto potential is adopted, then critical velocities
are lower: vkick ∼ 370 km/s for a Milky Way size
halo and vkick ∼ 850 km/s for an elliptical galaxy.

However, if the host halo evolves then the crit-
ical velocity for ejection is sensitive to redshift at
which the BH is kicked. To remove the BH from its
host at redshift z = 0, kick velocity needs to have
∼ 40% larger amplitude at zkick = 1 compared to
zkick = 7 for both Milky Way and massive ellipti-
cal type hosts. In evolving NFW potential, criti-
cal velocity varies from 300 km/s at zkick = 7 to
500 km/s at zkick = 1 for Halo 1, and from 725 km/s
at zkick = 7 to 1200 km/s at zkick = 1 for Halo 2.
Again, if the evolving Einasto potential is considered,
then the critical velocities are lower: 200(350) km/s
at zkick = 5, and 280(600) km/s at zkick = 1 for Halo
1 and Halo 2, respectively.

When static and evolving potentials are com-
pared, the BH positions at redshift z = 0 show the
greatest difference near the critical velocity and at
high redshifts. This applies to both considered haloes
and both density distributions. At high redshifts,
evolving haloes have shallow potential wells and kick
amplitude has a greater impact on the final BH po-
sition.

The gravitation wave recoil can affect the
SMBH growth since ejected BHs are less likely to
merge with other BHs. The question that remains
is how often BHs get significant kick velocities. As
summarised by Blecha and Loeb (2008), several au-
thors have calculated kick distributions. Schnittman
and Buonanno (2007), Campanelli et al. (2007a) and
Baker et al. (2008) found that 12, 36, and 23 per
cent of recoiling BHs have velocities > 500 km/s,
and 3, 13, and 9 per cent have > 1000 km/s, respec-
tively. This is calculated under the assumption that
BH spins are a = 0.9 and that BH mass ratios are
within the range 1/10 ≤ m1/m2 ≤ 1.

In the light of these estimates, a relatively
large number of BHs can be completely removed from

their host haloes. In this model, 500 km/s is the crit-
ical velocity for ejection of BHs from a static NFW
potential of Halo 1, while kick velocities as low as
∼ 300 km/s can remove BHs at z = 7. Halo 2 is
more massive and thus less sensitive to gravitational
wave recoil. Only a small fraction of highest veloci-
ties can eject BHs from static NFW potential where
the critical velocity is vkick ∼ 1350 km/s and a mod-
erate fraction from a evolving NFW potential. On
the other hand, the Einasto profile predicts a lower
central density and BHs can easily be removed from
their hosts at both high and low redshifts.

Evolution and mass growth of the parent ha-
los clearly impact their capability to retain recoiling
BHs. However, since parameters on which the recoil
velocity depends are uncertain, the additional obser-
vational constraints on merging or recoiling BHs are
needed to determinate the kick velocity distribution
more accurately.

The chosen halo mass interval represents hosts
of massive field galaxies at redshifts z < 1. Fakhouri
et al. (2010) used Millennium (Springel et al. 2005)
and Millennium II (Boylan-Kolchin et al. 2009) sim-
ulations to construct merger trees of DM haloes and
quantify their merger rates. These authors have
shown that Milky Way-sized halo has, on average,
experienced one merger with halo mass ratio > 0.1
since z = 1, and seven mergers with the same mass
ratio since z = 7. Similarly, the host of a massive
elliptical galaxy had one merger since z = 1 and
nine mergers since z = 7. At redshift z = 1, the
static and evolving potentials do not differ signifi-
cantly. Only BHs with highest velocities can escape
host haloes. At higher redshifts, mergers were more
common and 40% lower kick velocities are able to
eject BHs at redshift z = 7, which makes the differ-
ence between the static and evolving potential more
pronounced. Growth of the SMBH by mergers might
be suppressed in an evolving NFW halo potential,
while ejections from a static NFW potential would
be rare. If the Einasto profile is considered, then a
larger number of complete BHs ejections is expected.

Fakhouri et al. (2010) have shown that the
halo merger rate (number of mergers per halo per
redshift) is nearly independent of redshift for z < 15
and that the dependence on halo mass is weak (their
Fig. 3, left panel). Having this in mind, the halo
mass function can be used for a crude estimate of
halo masses whose mergers are most common at each
redshift. For example, Halo 1 in this model at z = 5
has mass of ∼ 2 × 1010 M�. The halo mass func-
tion (Reed et al. 2003, their Fig. 2) shows that
at z = 5 haloes with masses ∼ 1010 M� are most
abundant, and so mergers of these haloes are most
common mergers at the given redshift. At the same
redshift, haloes with masses ∼ 1012M� (mass of Halo
1 in static potential) and their mergers would be rare.
This implies that BH ejections would be more likely
in the evolving potential at high redshifts compared
to static potential since mergers of the given halo
mass are the most common mergers and critical kick
velocity is relatively low. Similarly, Halo 2 at z = 5
has mass of ∼ 2×1011M�. Halo mass function given
by Reed et al. (2003) predicts high number of similar
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mass halo mergers at the given redshift while there
are no 2×1013 M� haloes and thus no their mergers.
This could also impact the BH growth in the evolv-
ing halo. At lower redshifts, as the DM halo grows in
mass, the difference between the static and evolving
potential becomes less pronounced.

The considered halo mass interval also corre-
sponds to massive galaxies in proto-clusters at higher
redshifts. Haloes that end up in clusters have formed
earlier than the isolated haloes of the same mass and
they have 3-5 times higher merger rates (Gottlöeber
et al. 2001). However, in proto-cluster environment,
the density is higher and thus ejected BHs are more
likely to settle down in cluster’s centre.

Note that this method is approximative for
two reasons:

(1) It is assumed that the halo growth is only
due to a smooth cold mode accretion. Since the con-
sidered haloes have masses that typically hosts mas-
sive field galaxies, mergers can be ignored since in
low density regions, the accretion from the cosmic
web dominates. However, the same mass interval is
also typical of the proto-cluster environment. Proto-
clusters are early over-densities of massive galaxies
and thus, in these regions, merger rates are higher.
Mergers would affect the assumed smooth accretion
as well as BH trajectories.

(2) Trajectories of recoiling BHs are followed
in a pure DM potential. Interactions with stars and
gas tend to slow down a recoiling BH and bring
it back to the galaxy core after several oscillations
(e.g. Merritt et al. 2004, Madau and Quataert 2004,
Boylan-Kolchin et al. 2004, Gualandris and Merritt
2008, Blecha et al. 2011, Guedes et al. 2011, Sijacki
et al. 2011). Since this model excludes gas, it is as-
sumed that the BH that reaches the galaxy center
stays there and further oscillations are ignored. As
a consequence of this assumption, BHs in this model
either settle back to the galaxy core or completely
leave the parent halo and there are very few rogue
BHs wondering in the galaxy’s halo. In order to get
more accurate results, effects of gas should be in-
cluded.
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Niemi, S.−M., Heinämäki, P., Nurmi, P. and Saar,
E.: 2010, Mon. Not. R. Astron. Soc., 405,
477.

O’Leary, R. M. and Loeb, A.: 2009, Mon. Not. R.
Astron. Soc., 395, 781.

O’Leary, R. M. and Loeb, A.: 2012, Mon. Not. R.
Astron. Soc., 421, 2737.

Redmount, I. H. and Rees, M. J.: 1989, Comments
on Astrophysics, 14, 165.

Reed, D. S., Gardner, J., Quinn, T., Stadel, J.,
Fardal, M., Lake, G. and Governato, F.: 2003,
Mon. Not. R. Astron. Soc., 346, 565.

Reed, D. S., Koushiappas, S. M. and Gao, L.: 2011,
Mon. Not. R. Astron. Soc., 415, 3177.

Rees, M. J. and Ostriker, J. P.: 1977, Mon. Not. R.
Astron. Soc., 179, 541.

Schnittman, J. D.: 2007, Astrophys. J., 667, L133.
Schnittman, J. D. and Buonanno, A.: 2007, Astro-

phys. J., 662, L63.
Sesana, A.: 2007, Mon. Not. R. Astron. Soc., 382,

L6.
Sijacki, D., Springel, V. and Haehnelt, M. G.: 2011,

Mon. Not. R. Astron. Soc., 414, 3656.
Springel, V. et al.: 2005, Nature, 435, 629.
Stadel, J., Potter, D., Moore, B., Diemand, J.,

Madau, P., Zemp, M., Kuhlen, M. and Quilis,
V.: 2009, Mon. Not. R. Astron. Soc., 398,
L21.

van den Bosch, F. C., Jiang, F., Hearin, A., Camp-
bell D., Watson, D. and Padmanabhan, N.:
2014, Mon. Not. R. Astron. Soc., 445, 1713.

Vicari, A., Capuzzo-Dolcetta, R. and Merritt, D.:
2007, Astrophys. J., 662, 797.

Volonteri, M.: 2007, Astrophys. J., 663, L5.
Volonteri, M. and Perna, R.: 2005, Mon. Not. R.

Astron. Soc., 358, 913.
Volonteri, M., Gultekin, K. and Dotti, M.: 2010,

Mon. Not. R. Astron. Soc., 404, 2143.
Wise, J. H. and Abel, T.: 2005, Astrophys. J., 629,

615.
White, S. D. M. and Rees, M. J.: 1978, Mon. Not.

R. Astron. Soc., 183, 341
Zhao, D. H., Jing, Y. P., Mo, H. J. and Borner, G.:

2009, Astrophys. J., 707, 354.
Zier, C.: 2005, Mon. Not. R. Astron. Soc., 364,

583.

27



M. SMOLE

GRAVITACIONI UZMAK CRNIH RUPA U STATIQKOM I
EVOLUIRAJU�EM POTENCIJALU HALOA TAMNE MATERIJE

M. Smole

Astronomical Observatory, Volgina 7, 11060 Belgrade 38, Serbia
E–mail: msmole@aob.rs

UDK 524.7–423 + 524.7–857
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U ovom radu se prate trajektorije crnih
rupa koje usled emisije gravitacionih talasa
dobijaju gravitacioni uzmak i kre�u se u sta-
tiqkom i evoluiraju�em potencijalu haloa
tamne materije. Ispitane su NFW i Einasto
raspodele gustine. Razmatrani haloi pred-
stavǉaju haloe u qijim se centrima nalaze ma-
sivne, izolovane spiralne i eliptiqne galak-
sije. Ispitana je kritiqna brzina koju crne
rupe moraju dobiti usled emisije gravita-
cionih talasa kako bi napustile halo na raz-

liqitim crvenim pomacima. Naxli smo da je
na crvenom pomaku z = 7 potrebna ∼ 40% maǌa
brzina nego na crvenom pomaku z = 1. Najve�a
razlika izme�u statiqkog i evoluiraju�eg po-
tencijala se prime�uje blizu kritiqne brzine
za izbacivaǌe crne rupe i na visokim crvenim
pomacima. Kada se uporede NFW i Einasto
raspodele gustine dobija se da su potrebne
∼ 30% ve�e brzine za izbacivaǌe crne rupe
iz haloa tamne materije opisanog NFW pro-
filom.
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