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ABSTRACT
A population of intermediate-mass black holes (BHs) is predicted to be freely floating in the
Milky Way (MW) halo, due to gravitational wave recoil, ejection from triple BH systems,
or tidal stripping in the dwarf galaxies that merged to make the MW. As these BHs traverse
the gaseous MW disc, a bow shock forms, producing detectable radio synchrotron emission
from accelerated electrons. We calculate the synchrotron flux to be ∼0.01–10 mJy at GHz
frequency, detectable by Jansky Very Large Array, and ∼0.1−1 μJy in the infrared, detectable
by Hubble Space Telescope and James Webb Space Telescope. The discovery of the floating
BH population will provide insights on the formation and merger history of the MW as well
as on the evolution of massive BHs in the early Universe.
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1 IN T RO D U C T I O N

Galaxies grow through accretion and hierarchical mergers. During
the final phase of the merger of two central black holes (BHs),
anisotropic emission of gravitational waves (GW) kicks the BH
remnant with a velocity up to a few hundreds km s−1 (Baker et al.
2006; Campanelli et al. 2007; Blecha & Loeb 2008). Additionally,
BHs can be ejected from triple systems (Hoffman & Loeb 2007;
Kulkarni & Loeb 2012), or result from tidally stripped cores of
dwarf galaxies (Bellovary et al. 2010). For GW recoils, the typical
kick velocity is large enough for the BHs to escape the shallow
gravitational potential of low-mass galaxies, but smaller than the
escape velocity of the Milky Way (MW) halo. This is also the
case for triple systems as long as the kick velocity is <500 km s−1.
Consequently, a population of floating BHs formed from mergers of
low-mass galaxies are trapped in the region that eventually makes
the present-day MW (Madau & Quataert 2004; Volonteri & Perna
2005; Libeskind et al. 2006). Previous studies suggested that more
than ∼100 floating BHs should be in the halo today, based on a large
statistical sample of possible merger tree histories for the MW halo
today (O’Leary & Loeb 2009, 2012). This population of recoiled
BHs is supplemented by BHs from tidally disrupted satellites of the
MW (Bellovary et al. 2010). The discovery of this BH population
will provide constraints on the formation and merger history of the
MW as well as the dynamical evolution of massive BHs in the early
Universe.

It has been proposed that a compact cluster of old stars from the
original host galaxies is carried by each floating BH (O’Leary &
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Loeb 2009). In this paper, we propose an additional observational
signature of floating BHs, using the MW gas disc as a detector. As
the BHs pass through the MW disc supersonically they generate
a bow shock, which results in synchrotron radiation detectable at
radio and infrared frequencies.

The paper is organized as follows. In Section 2, we discuss the
interaction between BHs and the gas in the MW disc. In Section 3,
we calculate the synchrotron radiation from the bow shocks pro-
duced as the BHs cross the MW disc, and discuss the detectability
of this radiation. Finally, in Section 4, we summarize our results
and discuss their implications.

2 IN T E R AC T I O N B E T W E E N A FL OAT I N G
B H A N D T H E MW D I S C G A S

We consider a BH moving at a speed V• relative to the interstellar
medium (ISM) of number density nISM . The effective radius of
influence of the moving BH is given by the Bondi accretion radius

RBondi = GM•
c2

s + V 2•
≈ GM•

V 2•
= 0.01 M5 V −2

200 pc, (1)

where G is Newton’s constant, M5 = (M•/105 M�) and V200 =(
V•/200 km s−1

)
. The sound speed cs of hydrogen in the ISM is

given by cs = (�P/ρ)1/2 = 11.7 T
1/2

4 km s−1, where � = 5/3 is the
adiabatic index and T4 = (

T /104 K
)
. In the case of a supersonic

shock with velocity Vsh � cs, the total mass enclosed within the
Bondi radius is given by �MISM = 1.3 × 10−7 M3

5 V −6
200 n0 M�,

where n0 = (
nISM/100 cm−3

)
. The rate of fresh mass being shocked

in the ISM is �ṀISM = 3.7 × 10−9 M2
5 V −3

200 n0 M� yr−1. The total
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kinetic power can be expressed as

Lkin = 1

2

(
2πR2

BondinISMmpV•
)
V 2

•

= 4.7 × 1031M2
5 V −1

200 n0 erg s−1, (2)

where mp is the proton mass.

3 O B S E RVAT I O NA L A P P E A R A N C E

As a floating BH travels through the MW disc supersonically, a bow
shock is formed with a half opening angle θ ∼ M−1 (Shu 1992;
Kim & Kim 2009), where the Mach number is given by M =
V•/cs ≈ 17.0 V200 T

−1/2
4 (see Fig. 1). The electrons accelerated in

the shock produce non-thermal radiation that can be detected.

3.1 Non-thermal spectrum

3.1.1 Single electron

Next, we calculate synchrotron emission from the shock-accelerated
electrons around the BH. We adopt n0 = 1 and T4 = 1 in
the numerical examples that follow. From the Rankine–Hugoniot
jump conditions for a strong shock, the density of the shocked
gas is ns ≈ (� + 1) nISM/ (� − 1) = 4 nISM , whereas its temper-
ature is Ts = [(� + 1) + 2�(M2 − 1)][(� + 1) + (� − 1)(M2 −
1)]T /(� + 1)2M2. The magnetic field can be obtained by assum-
ing a near equipartition of energy UB = B2/8π = ξB ns kTs, where
ξB is the fraction of thermal energy carried by the magnetic field.
Thus, the magnetic field behind the shock is given by

B ≈ 35 ξ
1/2
B,−1 n

1/2
0 T

1/2
4 μG, (3)

where ξB, −1 = (ξB/0.1). We adopt ξB, −1 = 1 in what follows in
analogy with supernova (SN) remnants (Chevalier 1998).

For a single electron with Lorentz factor γ , the peak of its syn-
chrotron radiation is at a frequency νsyn = 4.2 B−5 γ 2

4 GHz, where
γ 4 = (γ /104) and B−5 = (

B/10−5 G
)
. The total emitted power per

unit frequency is given by (Rybicki & Lightman 1979)

P (ν) =
√

2 e3B

mec2
F (x), (4)

where F (x) ≡ x
∫ ∞

x
K5/3(ξ ) dξ , K5/3(x) is the modified Bessel func-

tion of 5/3 order, x = ν/c1Bγ 2, c1 = √
6 e/4πmec, c is the speed of

light and me, e are the electron mass and charge, respectively. The
pitch angle is assumed to be uniformly distributed.

Figure 1. Sketch of the bow shock geometry around a BH crossing the
gaseous MW disc.

The total power from synchrotron emission of a single electron
is given by (Rybicki & Lightman 1979)

Psyn = 4

9
r2

0 cβ2γ 2B2 = 2.5 × 10−18B−5 νGHz erg s−1, (5)

where r0 = e2/mec2 is the classical radius of the electron and
νGHz = (

νsyn/GHz
)
. We estimate the cooling time to be tcool =

γmc2/Psyn = 5.0 × 107B
−3/2
−5 ν

−1/2
GHz yr for V200 = 1. Since most of

the emission is near the head of the Mach cone, we compare the
cooling time-scale with the dynamical time-scale, which is given by
tdyn = RBondi/V• ≈ 53 yr. For the emission frequencies of interest,
the cooling time is much longer than the lifetime of the shock.

3.1.2 Power-law distribution of electrons

Next, we consider a broken power-law distribution of electrons
generated via Fermi acceleration:

N (γ ) dγ = K0γ
−p

(
1 + γ

γb

)−1

(γmin ≤ γ ≤ γmax), (6)

where K0 is the normalization factor in electron density distribution,
p is the electron power-law distribution index, and γ b, γ min, γ max

are the break, minimum and maximum Lorentz factor, respectively.
The break in the power law is due to synchrotron cooling. The total
synchrotron power can be written as

Lnt = εntLkin =
∫ γmax

γmin

PsynN (γ ) dγ

= 2.3 × 1030εnt,5 M2
5 V −1

200 n0 erg s−1, (7)

where εnt, 5 = (εnt/5 per cent) is the fraction of electrons acceler-
ated to produce non-thermal radiation. The normalization constant
K0 is obtained from the relation K0 = Lnt/

∫ γmax

γmin
Psynγ

−p dγ . Ob-
servations imply that the ISM density distribution in the MW disc
mid-plane can be roughly described by the form (Spitzer 1942;
Kalberla & Kerp 2009)

nISM (r, z) = nce−(r− R�)/Rn sech2

[
z√

2z0(r)

]
, (8)

where r and z are the radial and vertical coordinates relative to
the disc mid-plane, nc = 0.9 cm−3, Rn = 3.15 kpc and z0(r) is the
scaleheight at r, given by z0(r) = h0 e(r− R�)/r0 with h0 = 0.15 kpc,
R� = 8.5 kpc and r0 = 9.8 kpc (Kalberla & Kerp 2009). The gas
density and non-thermal luminosity as a function of radius in the
MW disc mid-plane are shown in Fig. 2.

The electron acceleration time-scale is given by tacc =
ξaccγmec

3/eBV 2
• , where ξ acc is a dimensionless constant of order

unity (Blandford & Eichler 1987). The upper limit of the Lorentz
factor γ max can be obtained by equalling the acceleration and cool-
ing time-scale of electrons, tacc = tcool, giving

γmax = 3mecV•
2 ξ

1/2
acc B1/2e3/2

= 2.5 × 107 V200 B
−1/2
−5 , (9)

where ξ acc is assumed to be unity in this calculation. The emis-
sion frequency associated with γ max is νmax = 3 γ 2

maxeB/4πmec =
4.2 × 1015 B−5γ

2
max,7 Hz, where γ max, 7 = (γ max/107). The break

Lorentz factor can be obtained by equalling the cooling and the adia-
batic loss time-scale R•/c, giving γb = 7.0 × 1012B−2

−5 M−1
5 V 2

200 and
the corresponding frequency νb = 4.2 × 1018 B−5γ

2
b,13 GHz, where

γ b, 13 = (γ b/1013). The value of νmax and νb is above the frequency
range of interest here.
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Figure 2. Gas density, nISM (z = 0), and non-thermal luminosity in units of
1030εnt,5M

2
5 V −1

200 n0 in the mid-plane of the MW disc.

The emissivity and absorption coefficients are given by (Rybicki
& Lightman 1979)

jν = c2B

∫ γmax

γmin

F (x)N (γ ) dγ, (10)

αν = −c3B
1

ν2

∫ γmax

γmin

γ 2 d

dγ

[
N (γ )

γ 2

]
F (x) dγ, (11)

where c2 = √
2e3/4πmec

2 and c3 = √
2e3/8πm2

ec
2. From the ra-

diative transfer equation, the specific intensity is given by (Rybicki
& Lightman 1979)

Iν = jν

αν

(
1 − e−τν

)
, (12)

where τ ν is the optical depth. The synchrotron luminosity and corre-
sponding flux at a distance d = 10 kpc from the observer are plotted
in Fig. 3.

3.2 Emission from the vicinity of the BH

Next, we estimate the emission from the vicinity of the BH through
a hot accretion flow (Narayan & Yi 1994). The Bondi accretion
rate is given by ṀBondi = 9.1 × 1017M2

5 n0V
−3

200 g s−1 (Armitage &
Natarajan 1999), and the Eddington accretion rate can be expressed
as ṀEdd = LEdd/0.1c2 = 1.39 × 1023 M5 g s−1. We estimate the to-
tal luminosity in a radiatively inefficient accretion flow as

L• = ηṀc2 = 5.4 × 1031ζ 2
−1 M3

5 n2
0 V −6

200 erg s−1 , (13)

where η ≈ 0.1
(
Ṁ/0.1ṀEdd

)
is the efficiency of converting matter

to radiation for Ṁ ≤ 0.1ṀEdd (Narayan & McClintock 2008) and
ζ = Ṁ/ṀBondi = 10 ζ−1 is the accretion rate in units of ṀBondi. The
BH accretion would produce X-ray emission which is not expected
from the bow shock spectrum in Fig. 3. Since L• ∝ M3

5 , the ac-
cretion luminosity from ISM accretion onto stellar mass BHs is
negligible compared to our source (Fujita 1998).

It is possible that an outflow would be formed near the BH.
The outflow would produce a shock at a radius Rout, which can
be obtained from f Ṁ = Ṁout = 4πR2

outnISMmpVout, where f ≤ 1 is
the fraction of the inflowing mass channelled into the outflow. This

Figure 3. Synchrotron power and flux from non-thermal electrons acceler-
ated by the bow shock of floating BHs, in units of M2

5 , for n0 = 1, V200 = 1,
Lnt = 3.0 × 1030 erg s−1, B−5 = 3.5, γ min ∼ 1 and γ max ∼ 1.0 × 107.
The upper panel shows synchrotron flux while the lower panel shows the
corresponding power. The left-hand label of the vertical axis marks syn-
chrotron luminosity per unit frequency (upper panel) or power per log ν

(lower panel) while the right one marks the corresponding flux at a distance
of d = 10 kpc. The black, blue, red and green lines correspond to power-law
indices p = 2.0, 2.2, 2.5 and 2.7, respectively, in the electron energy dis-
tribution. Synchrotron self-absorption is significant at a frequency ≤ MHz
and the cooling break corresponds to a frequency ∼1018 GHz, which are
outside the frequency range of interest.

gives

Rout =
(

f Ṁ

4πnISMmpVout

)1/2

= 6.8 × 10−4 f 1/2ζ
1/2
−1 M5V

−3/2
200 V

−1/2
out,4 pc , (14)

where Vout,4 = (Vout/104 km s−1) is the velocity of the outflow. For
typical parameters, we find that the outflow would be bounded with
Rout ≤ RBondi.

3.3 Observational signatures and detectability

Observationally, the BH emission cone would appear arc shaped,
with an angular diameter θ = RBondi/d = 0.22 d−1

1 M5V
−2

200 arcsec,
where d1 = (d/10 kpc). The non-thermal radiation should be de-
tectable at both radio and infrared band. At a frequency ν ∼ 1 GHz,
the synchrotron flux at a distance of 10 kpc is of the order of
0.01−10 mJy, depending on the choice of p. This flux is de-
tectable with the Jansky Very Large Array (JVLA), which has a
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complete frequency coverage from 1 to 50 GHz, with a sensitiv-
ity of ∼5.5 μJy beam−1 in a 1-h integration and a signal-to-noise
ratio (S/N) = 1 at 1−2 GHz (Perley et al. 2011). At a frequency
ν ∼ 1014 Hz in the infrared band, the synchrotron flux at a dis-
tance of 10 kpc is of the order of 0.1−1 μJy. The limiting sensitiv-
ity with S/N = 10 and integration time of 104s is ∼10–100 nJy
for the Hubble Space Telescope (HST), covering a wavelength
range of 0.5–1.6 μm. The corresponding sensitivity is ∼10 nJy
for James Webb Space Telescope (JWST), in the wavelength range
of 0.6–5.0 μm (STScI 2013). Therefore, the infrared signal is de-
tectable by both HST and JWST.

Morphologically, it is possible to distinguish the bow shock emis-
sion from other radio sources such as SN remnants or H II regions.
The bow shock emission is elongated along the direction of the BH’s
motion, whereas SN remnants would appear roughly circular on the
sky. There are hundreds of cometary H II regions produced by a com-
bination of supersonic motion of an OB-type star through dense gas
and ionization of gas down a density gradient (Cyganowski et al.
2003; Immer et al. 2014). The Mach cone’s opening angle can be
used to distinguish them from the much faster floating BHs. The
ongoing survey of the Galactic plane with JVLA (NRAO 2014) has
the potential to separate out these H II regions. There are far fewer
confusing H II region sources at larger radius in the disc. Other
high-velocity sources are pulsar wind nebulae (Gaensler 2005),
hyper-velocity stars (Brown et al. 2006) and runaway stars (del
Valle & Romero 2012; del Valle, Romero & De Becker 2013). The
first type can be distinguished by observing the pulsar as well as
its X-ray emission. The last two types produce less synchrotron
radiation (del Valle & Romero 2012; del Valle et al. 2013), and thus
can be distinguished as well. Globular clusters crossing the MW
disc produce another class of contaminants. Their velocity relative
to the disc is much larger than the velocity dispersion of their stars,
so their Bondi radius is much smaller than their size. Thus, they
should not produce significant synchrotron emission. The floating
BHs are also embedded in a star cluster, but the cluster size is more
compact and its gravity is dominated by the central BH (O’Leary
& Loeb 2009, 2012).

4 SU M M A RY A N D D I S C U S S I O N

If a floating BH happens to pass through the MW disc, then the
non-thermal emission from the accelerated electrons in the bow
shock around the BH should produce detectable signals in the radio
and infrared bands. The radio flux ∼0.01–10 mJy is detectable by
JVLA, while the infrared flux ∼0.1−1 μJy is detectable by HST and
JWST.

The density distribution of floating BHs in the MW has been
studied by O’Leary & Loeb (2009, 2012) and by Rashkov & Madau
(2014). High-resolution simulations show that there is a BH of mass
∼2 × 105 M� within a few kpc from the Galactic Centre (Rashkov
& Madau 2014).

Observations of the Galactic disc can be used to infer n0 and
T4. The BH speed V• can then be estimated from the Mach cone
angle. The maximum Lorentz factor γ max can be inferred from the
peak of the synchrotron spectrum. This, in turn, yields B−5 based on
equation (3). From the slope of the synchrotron spectrum, the power-
law index p can be estimated. Finally, with the above parameters
constrained, the synchrotron flux can be used to calibrate M•. The
above interpretation can be verified by observing the properties of

the star cluster carried by the floating BHs (O’Leary & Loeb 2009,
2012). The diffuse X-ray emission from the BH and synchrotron
emission from the bow shock are supplemented by stellar emission
from the star cluster around it. Since the total mass of the star
cluster is much smaller than M•, gravity is dominated by the BH,
and thus the stars do not affect the bow shock. One can measure
M• spectroscopically from the velocity dispersion of the stars as a
function of distance from the BH, and verify consistency with the
synchrotron flux estimate.
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