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Abstract Ambient magnetic fields are thought to play a
critical role in black hole jet formation. Furthermore, dual
electromagnetic signals could be produced during the inspi-
ral and merger of binary black hole systems. In this paper, we
derive the exact solution for the electromagnetic field occur-
ring when a static, axisymmetric binary black hole system
is placed in the field of two magnetic or electric monopoles.
As a by-product of this derivation, we also find the exact
solution of the binary black hole configuration in a magnetic
or electric dipole field. The presence of conical singularities
in the static black hole binaries represent the gravitational
attraction between the black holes that also drag the external
two monopole field. We show that these off-balance config-
urations generate no energy outflows.
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1 Introduction

Dazzling electromagnetic signals can be produced during the
inspiral and merger of a binary supermassive black hole sys-
tem as a natural outcome of galaxy mergers [1,2]. The highly
collimated jets of energy originate from a localized central
region of the galaxies – generally believed to be spinning
black holes – and are thought to play a fundamental role in
the formation and evolution of massive galaxies.

In addition to the first direct detection of gravitational
waves [3], the first observation of the collision and merger
of a pair of stellar mass black holes was recently reported
by the Laser Interferometer Gravitational-wave Observatory
(LIGO) signaling a major scientific breakthrough [4]. The
inspiral of binary black hole systems is therefore of utmost
astrophysical importance for future observations in the grav-
itational wave band as well as in the various electromagnetic
bands.

Alongside these substantial developments in the observa-
tion of binary black hole signals, there have been dramatic
advancements in our theoretical understanding of electro-
magnetic emissions from black holes [5–9]. The basic picture
of the electromagnetic (force-free) model for black holes was
developed by Blandford and Znajek (BZ) [10] and entails an
external magnetic field that is dragged by a rotating black
hole background inducing electric fields, allowing currents
to flow.

Extending the success of the process described by BZ
for a single spinning black hole, the picture that emerges in
[6] for a binary black hole array with jets suggests that the
dynamical behavior of the system induces collimation of the
electromagnetic field around each intervening black hole,
distilling energy from them and ultimately merging into a
single black hole with the standard BZ scenario.

In spite of all the progress, a detailed understanding of
the jets of binary black holes remains elusive. In part, due
to the inability of detecting clean electromagnetic signals
from the central region close to the black holes and to the
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lack of theoretical models dealing with the interaction of
electromagnetic fields and possible emissions in binary black
hole systems.

As one step towards a systematic theoretical modeling of
the electromagnetic emission from an inspiralling black hole
binary, we consider the more simplistic scenario in which
the binary is static and embedded in an external two mag-
netic monopole field. In this approximation, the electromag-
netic field may be treated as a ”test” field on the unper-
turbed, asymptotically flat, neutral binary black hole solu-
tion. Specifically, we focus on a static binary black hole con-
figuration – a pair of black holes at a finite distance with
arbitrary masses – and find exact solutions for the two mag-
netic(electric) monopoles external field. Our starting point is
a class of solutions to Einstein-Maxwell theory [11,12] that
represent two charged black holes. Employing a linearized
analysis on the (fully back-reacted) charged black hole solu-
tions we find a new exact neutral static neutral binary black
hole solution embedded in an external two monopole mag-
netic field. In [13] the authors employed the linearized anal-
ysis (starting with the Kerr-Newman solution) to recover
Wald’s solution [14]. The features of the binary black hole in a
two magnetic monopole field provide a connection to several
of the above mentioned issues. In particular, we will study
these new exact electromagnetic fields to test the results of
energy outflows in head-on collisions of non-spinning black
holes [15,16]. The exact electromagnetic field solutions that
we construct are very general and are valid for arbitrary black
hole masses and charges.

2 Setup

As we previously discussed, we will focus in the neutral black
hole solutions of Rμν = 0 in electromagnetic field back-
grounds F = d A, with gauge field A, that solve Maxwell’s
equations in vacuum

d F = 0, d ∗ F = 0. (1)

We will adopt Weyl’s canonical coordinates (t, ρ, z, φ), and
assume the spacetime line element takes the form

ds2 = − f dt2 + f −1 [e2γ (dρ2 + dz2) + ρ2dφ2], (2)

The functions f, γ only depend on ρ and z.
We begin with a review of the classic Michel magnetic

monopole solution [17], in polar and canonical Weyl coor-
dinates, which illustrates the basic form of the electromag-
netic test field for a single black hole. The exact binary static
black hole solution [18], that is the central focus of this paper,
is then discussed. We present our results for the black hole
binaries in different double monopole electromagnetic fields,

while the last section includes our assessment of the new con-
figurations and conclusions.

3 Black hole in a monopole field

This section briefly reviews the exact solution of a
Schwarzschild black hole in an external magnetic monopole
field.

3.1 Schwarzschild in an external monopole field

To illustrate the more complex cases of background electro-
magnetic fields in binary black holes, we first start inspecting
the magnetic monopole solution in a Schwarzschild black
hole background

ds2 = −r − 2m

r
dt2 + r

r − 2m
dr2 + r2(dθ2 + sin2 θdφ2).

(3)

In these coordinates, the gauge field

Aμ = (0, 0, 0,−q cos θ). (4)

is a solution of (1) in the presence of a static black hole
(3) (which includes flat space-time as a special case when
m = 0). The corresponding field strength F = d A is the
monopole field of charge q and has a constant flux integral
4πq for any radius.

The electric monopole field F̃ ≡ d Ã = ∗F with

Ãμ = (−2q/r, 0, 0, 0), (5)

is also a solution of vacuum Maxwell’s equations in the pres-
ence of a static black hole (3).

3.2 Schwarzschild in an external monopole field: Weyl
coordinates

The static binary black hole solutions that are the subject
of this work are better represented in Weyl coordinates.
Hence, it will be useful to review the description of the sin-
gle monopole field solutions previously discussed in these
coordinates. We start by inspecting the static Schwarzschild
black hole in the Weyl canonical coordinates. To this end we
transform the (r, θ) coordinates into (ρ, z) through

ρ =
√

r2 − 2m r sin θ, z = (r − m) cos θ. (6)

Then space-time metric (3) becomes (2) with functions

f = R+ + r+ − 2m

R+ + r+ + 2m
, e2γ = (R+ + r+)2 − 4m2

4 R+r+
, (7)
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Fig. 1 Electromagnetic structure of a radial magnetic monopole field (in orange) in a Schwarzschild black hole represented in cartesian (left) and
Weyl (right) coordinates

where we have defined

R+ =
√

ρ2 + (z + m)2, r+ =
√

ρ2 + (z − m)2. (8)

In Weyl coordinates, the black holes event horizon cor-
respond to rods along the z-axis with ρ = 0. For the
Schwarzschild black hole the rod that represents the event
horizon, has a of length equal to 2m and is located at
{ρ = 0,−m ≤ z ≤ m}.

The magnetic monopole (4) in these coordinates yields

Aμ =
(

0, 0, 0,
q(R+ − r+)

2m

)
, (9)

while the electric monopole field (5) becomes

Ãμ =
( −2q

R+ + r+ + 2m
, 0, 0, 0

)
. (10)

The electromagnetic structure of the background magnetic
monopole field is depicted in Fig. 1. Note that in Weyl coor-
dinates the structure of the event horizon and the field lines
slightly change.

4 Binary black hole

4.1 Binary black hole geometry

Now let us consider the Israel-Khan solution [18], which is
an exact solution of Einstein’s equation in vacuum describing
a set of two static neutral black holes. This binary black hole

system contains two black holes of arbitrary masses m1 and
m2 and the solution is of the form (2) with functions

f = D − G
D + G , e2γ = f0(D2 − G2)

(x2
1 − m2

1 y2
1 )(x2

2 − m2
2 y2

2 )
, (11)

where D,G are the polynomial functions

D = x1x2 + δ
[
x2

1 + x2
2 − (m1 y1 − m2 y2)2]

G = m1x2 + m2x1 + 2δ [m1x1 + m2x2 − m1 y1	 + m2 y2	] ,

(12)

with parameters 	 = z2 − z1 that characterizes the z-
distance separating these sources (when 0 < z1 < z2),
δ = m1m2/(	

2 − m2
1 − m2

2) the conical angle on the z-axis
and, f0 = (1 + 2δ)−2 guarantees the asymptotic flatness of
the solution. Here (xi , yi ) with i = 1, 2 are the bi-polar coor-
dinates centered on the symmetry axis ρ = 0 at z = z1 and
z = z2 defined by the expressions

xi = Ri + ri

2
, yi = Ri − ri

2mi
, (13)

where

Ri =
√

ρ2 + (z + (mi − zi ))2, (14)

ri =
√

ρ2 + (z − (mi + zi ))2. (15)

The latter equations give an explicit expression of the binary
static black hole solution. It is fully determined in terms
of three free real parameters: besides m1, m2 that charac-
terize the individual masses of the black holes 	 is the
separation between the black holes. We are considering
the case 	 > m1 + m2, which corresponds to two non-
overlapping rods. The event horizons or rods are located at
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{ρ = 0, zi − mi ≤ z ≤ zi + mi } where zi is the i-th rod
mid point. The black holes are of course expected to attract
each other. Hence, for any choice of these parameters the
solution has conical singularities which indicate the pres-
ence of pressure, a strut, along the symmetry axis between
the sources. Note that when 	 = m1 + m2 , the rods overlap
and the solution for an individual Schwarzschild black hole
of mass m1 + m2 can be retrieved. The Israel-Khan solution
[18] of two identical static (neutral) black holes as found in
[11] is recovered considering m1 = m2 = m positioned at
−z1 = z2 = k. Finally, it is worth noticing that the irre-
ducible mass in e.g. the latter case is Mirr = (A/16π)1/2

where A = 16πm2(1 + m/k) is the event horizon area of
a single black hole. Thus, while from a static neutral black
hole energy cannot be extracted, the maximum extractable
energy for the binary black hole configuration that we are
studying yields M − Mirr = (2 − √

1 + m/k)m.

5 Binary black hole in a double monopole field

5.1 Exact double electric monopole field solution

The most general five parameter solution that describes the
superposition of two Reissner-Nordström sources with arbi-
trary parameters along the axis was presented in [12]. This
is a fully back-reacted solution to Einstein-Maxwell’s equa-
tions that represents two charged black holes. We are inter-
ested in finding the two monopole electric field of the solu-
tion for two neutral black holes (without any back-reaction)
which are relevant in the construction of the so called BZ
models. Henceforth, employing a linearized analysis start-
ing with a the two charged black hole solution, we are able to
find the exact binary black hole in an external double electric
monopole field solution of (1). The metric becomes precisely
the neutral static binary black hole metric (2) with functions
(11), and

F̃ = d Ã, Ãμ =
( F
D + G , 0, 0, 0

)
, (16)

that is the gauge potential with D,G defined in (12),

F = 2δ[q1x1+q2x2+y1(m2γF − q1	) + y2(m1γF + q2	)]
+q1x2 + q2x1 + γF (m1 y1 + m2 y2) (17)

and γF = (m2q1 −m1q2)/	. This field defines a two electric
monopole field for a static binary black hole system, each
one parametrized by q1 or q2. For q1, q2 > 0 or q1, q2 < 0
the configurations carry a two electric monopole field and in
the case of opposite signs e.g. q1 < 0 and q2 > 0 these carry
an electric dipole field.

With these solutions in hand, we will turn to the magnetic
case.

5.2 Exact double magnetic monopole field solution

To find the corresponding double magnetic monopole field
we have to perform the duality transformation of the purely
electric field (16). The purely magnetic field

F = − ρ

f
dφ ∧ (∂z Ãt dρ − ∂ρ Ãt dz). (18)

is a new exact solution of (1) when a static, axisymmetric
binary black hole system (2) with (11) is placed in this two
magnetic monopoles field. As in the electric case, each mag-
netic field is governed by the free parameters q1, q2. Same
charge sign configurations q1, q2 > 0 or q1, q2 < 0 carry
a two magnetic monopole field and in the case of opposite
signs e.g. q1 < 0 and q2 > 0 these correspond to dipole mag-
netic fields. Figure 2 shows the electromagnetic structure of
these fields for q1 = ±q2 in black hole binaries of the same
size m1 = m2. As in [19], the construction of the magnetic
potential Aφ can be carried out using Sibgatullin’s method
[20].

The new solutions that we find support two magnetic
monopole fields of any magnitude for black holes of all
sizes. As in the classical two magnetic monopole configu-
rations (without black holes) the magnetic field lines radiate
away(toward) such a positive(negative) magnetic monopole
which can be thought of as an isolated magnetic north(south)
pole. Another interesting situation is the limiting case in
which one of the magnetic sources is zero e.g. q1 = 0.
This remains physically sensible and corresponds to two
Schwarzschild black holes hovering freely in a one mag-
netic monopole field of charge q2. The magnetic field pat-
terns generated by both types of monopole are sketched in
Fig. 3. Finally, one can recover the electromagnetic field
of two point-like monopoles in Minkowski vacua when
m1 = m2 = 0.

The apparent singularities at the event horizons are sim-
ply discontinuities in physical coordinates. For the solutions
(18) we find that F2 is smooth on and outside the event hori-
zons. In particular, for black hole binaries of the same mass
(m1 = m2 = m) and equal external field (q1 = q2 = q)
located at z1 = −z2 = −k we find that F2|ρ=0,z=zi ±mi =
k2q2/8m4(k + m)2.

As we mentioned earlier, the presence of conical singu-
larities in the static (neutral) binary black hole solution that
we are studying, indicates the presence of pressure along the
z-axis. It was shown in [11,21] that this gravitational pres-
sure can be identified with the interaction energy. In our case
this is

Vint ≡ − δ

4

∫
dz N

√
gzz |ρ=0

= −δ(1 − δ)−1(	 − m1 − m2)/4, (19)
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Fig. 2 Electromagnetic structure of a two like magnetic monopole field (left) and a magnetic dipole field (right) in a (equal mass) binary black
hole system

Fig. 3 Electromagnetic structure of a two magnetic monople fields in a binary black hole system of unequal mass and charge (left) and one
monopole field on (equal mass) binary black hole system (right)

where N = √−gtt is the lapse function for the static met-
ric under consideration. We regard the pressure as a function
of the distance 	 between the black holes. From (19), we
can study the effect of an external force between the con-
stituent black holes by taking it out of equilibrium consider-
ing 	 = 	equil + �	. The conical singularity for the static
black hole binaries cannot be removed and the static black
hole system is always unstable V ′

int < 0. Note that when
the black holes are far apart 	 >> 1 the results agree with
Newtonian gravity expectations. Interestingly enough, while
the system is off-balance in this stationary configuration, the

two monopole magnetic field moves accordingly with the
neutral binary black hole configuration. Effectively this can
be interpreted as the dragging of the electromagnetic field by
the black holes. Consequently, as shown in the head-on col-
lisions of static binary black holes in [15,16], these electro-
magnetic fields may drive non-trivial outflows of energy from
the binary black holes with conical singularities. To test this
hypothesis, we construct the split two monopole field solu-
tion for the binary black holes in analogy with the original BZ
paper [10] (simply reversing the sign of the monopole charge
across the equatorial plane ρ = 0, entailing in this way an
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equatorial current sheet which accounts for a crude model
of a disc). Computing the electromagnetic stress-energy ten-
sor T E M

μν = Fμα Fν
α − (1/4) gμν Fαβ Fαβ associated with

(18) we can find the net energy flux leaving the system via
E ≡ ∫

T ρ t
E M

√−g dφ. In spite of the split construction of
the two monopole field, we find that the net energy outflow
vanishes. Therefore, the evolution of the off-balance static
binary black hole (with conical singularities) in the two mag-
netic monopole field does not conform to the expectation of
energy outflows in the ρ-direction. These findings seem to
be in contradiction with [15,16]. The authors considered the
head on collision of non-spinning black holes, each embed-
ded in an external constant magnetic field such as Wald’s
[14], and found non trivial energy outflows in the transverse
direction e. g. black holes moving towards each other in the z-
direction in Weyl coordinates and outflows in the ρ-direction.
Nevertheless, since the time evolution of the system in the
numerical simulations presumably happen through highly-
dynamical geometries, it is very likely that these have little
to do with the conically-deformed ones that we have studied.

Let us now make a final comment about the magnetic
field (18) with (11). On the z-axis along the black holes,
the lines of force are perpendicular and also vary. One can
interpret this in terms of the standard magnetic pressure
Pz(z) = (F2/8π)|ρ=0 (which applies since the electro-
magnetic field is degenerate ∗Fμν Fμν=0) and check that
the conical singularity in the metric has no effect in the
magnetic pressure. This can be quickly verified by noting
that the pressures at the ends of the rods are equivalent
Pz(z = zi − mi ) = Pz(z = zi + mi ) causing no effect
on the balance of the system. At the origin, the magnetic
pressure vanishes Pz(z = 0) = 0.

6 Discussion

In this paper, we have obtained explicit analytic solutions
describing the electric/magnetic field of two monopole fields
in a static binary black hole configuration. The geometry is
conically-deformed, and captures the dragging of the elec-
tromagnetic fields but not the energy outflows of the dual jets
found in [15,16]. A closer approximation to magnetospheres
with non-trivial energy fluxes could be constructed by not
simply splitting the monopole field, as we also did in this
work, but also considering spinning black holes. We have
not attempted here this generalization but hope to return to
this subject in the future.

Acknowledgements I would like to thank the participants of the ”Joint
Columbia-USU Strings and Black Holes Workshop”, 1-3 May 2017, in
particular, Eric Hirschmann, Robert Penna and Bob Wald for inspiring
discussions. I am grateful to Luis Lehner and Oscar Varela for vari-
ous insightful comments. This work was supported by the Max Planck
Gesellschaft through the Gravitation and Black Hole Theory Indepen-

dent Research Group and by NSF grant PHY-1707571 at Utah State
University.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

1. M. Chiaberge, R. Gilli, J.M. Lotz, C. Norman, Radio loud AGNs
are mergers. APJ 806, 147 (2015). arXiv:1505.07419

2. B. Giacomazzo, J.G. Baker, M.C. Miller, C.S. Reynolds, J.R.
van Meter, General relativistic simulations of magnetized plas-
mas around merging supermassive black holes. Astrophys. J. Lett.
752(1), L15 (2012)

3. VIRGO, LIGO Scientific Collaboration, F. Marion, GW150914:
Observation of gravitational waves from a binary black hole merger.
Nuovo. Cim.C39(4), 310 (2017)

4. Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., Binary
Black Hole Mergers in the first Advanced LIGO Observing Run.
Phys. Rev.X6(4), 041015 (2016). arXiv:1606.04856

5. A. Tchekhovskoy, R. Narayan, J.C. McKinney, Black Hole Spin
and the Radio Loud/Quiet Dichotomy of Active Galactic Nuclei.
Astrophys. J. 711, 50–63 (2010). arXiv:0911.2228

6. C. Palenzuela, L. Lehner, S.L. Liebling, Dual Jets from Binary
Black Holes. Science 329, 927 (2010). arXiv:1005.1067

7. S.L. Shapiro, Black holes, disks and jets following binary merg-
ers and stellar collapse: the narrow range of EM luminosities and
accretion rates. arXiv:1705.04695

8. P. Moesta, D. Alic, L. Rezzolla, O. Zanotti, C. Palenzuela, On the
detectability of dual jets from binary black holes. Astrophys. J.
Lett. 749(2), L32 (2012)

9. S.S. Komissarov, Observations of the Blandford-Znajek and the
MHD Penrose processes in computer simulations of black hole
magnetospheres. Mon. Not. Roy. Astron. Soc. 359, 801–808
(2005). astro-ph/0501599

10. R.D. Blandford, R.L. Znajek, Electromagnetic extractions of
energy from Kerr black holes. Mon. Not. Roy. Astron. Soc. 179,
433–456 (1977)

11. R. Emparan, E. Teo, Macroscopic and microscopic description of
black diholes. Nucl. Phys. B 610, 190–214 (2001). hep-th/0104206

12. G.A. Alekseev, V.A. Belinski, Superposition of fields of two
Reissner—Nordstrom sources. in Recent developments in theoret-
ical and experimental general relativity, gravitation and relativis-
tic field theories. Proceedings, 11th Marcel Grossmann Meeting,
MG11, Berlin, Germany, July 23-29, 2006. Pt. A-C, pp. 2490–2492,
(2007). arXiv:0710.2515

13. G.W. Gibbons, A.H. Mujtaba, C.N. Pope, Ergoregions in Magne-
tised Black Hole Spacetimes. Class. Quant. Grav. 30(12), 125008
(2013). arXiv:1301.3927

14. R.M. Wald, Black hole in a uniform magnetic field. Phys. Rev. D
10, 1680–1685 (1974)

15. D. Neilsen, L. Lehner, C. Palenzuela, E.W. Hirschmann, S.L.
Liebling, P.M. Motl, T. Garret, Boosting jet power in black hole
spacetimes. Proc. Natl. Acad. Sci. 108, 12641–12646 (2011).
arXiv:1012.5661

16. C. Palenzuela, T. Garrett, L. Lehner, S.L. Liebling, Magnetospheres
of black hole Systems in force-free plasma. Phys. Rev. D 82,
044045 (2010). arXiv:1007.1198

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1505.07419
http://arxiv.org/abs/1606.04856
http://arxiv.org/abs/0911.2228
http://arxiv.org/abs/1005.1067
http://arxiv.org/abs/1705.04695
http://arxiv.org/abs/0710.2515
http://arxiv.org/abs/1301.3927
http://arxiv.org/abs/1012.5661
http://arxiv.org/abs/1007.1198


Eur. Phys. J. C (2018) 78 :71 Page 7 of 7 71

17. F.C. Michel, Rotating magnetosphere: a simple relativistic model.
APJ 180, 207–226 (1973)

18. W. Israel, K.A. Khan, Nuovo Cim. 33, 331 (1964)
19. J.A. Cazares, H. Garcia-Compean, V.S. Manko, On the physical

parametrization and magnetic analogs of the Emparan-Teo dihole
solution. Phys. Lett. B 662, 213–216 (2008). arXiv:0711.4802.
Erratum: Phys. Lett.B665,426(2008)

20. N.R. Sibgatullin, Oscillations and waves in strong gravitational and
electromagnetic fields. 1991

21. M.S. Costa, M.J. Perry, Interacting black holes. Nucl. Phys. B 591,
469–487 (2000). arXiv:hep-th/0008106

123

http://arxiv.org/abs/0711.4802
http://arxiv.org/abs/hep-th/0008106

	Binary black hole in a double magnetic monopole field
	Abstract 
	1 Introduction
	2 Setup
	3 Black hole in a monopole field
	3.1 Schwarzschild in an external monopole field
	3.2 Schwarzschild in an external monopole field: Weyl coordinates

	4 Binary black hole
	4.1 Binary black hole geometry

	5 Binary black hole in a double monopole field
	5.1 Exact double electric monopole field solution
	5.2 Exact double magnetic monopole field solution

	6 Discussion
	Acknowledgements
	References




