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Black holes are the simplest macroscopic objects, and provide unique tests of general relativity. They
have been compared to the hydrogen atom in quantum mechanics. Here, we establish a few facts about the
simplest systems bound by gravity: black hole binaries. We provide strong evidence for the existence of
“global” photosurfaces surrounding the binary, and of binary quasinormal modes leading to the exponential
decay of massless fields when the binary spacetime is slightly perturbed. These two properties go hand in
hand, as they do for isolated black holes. The binary quasinormal modes have a high quality factor and may
be prone to resonant excitations. Finally, we show that energy extraction from binaries is generic and we
find evidence of a new mechanism—akin to the Fermi acceleration process—whereby the binary transfers
energy to its surroundings in a cascading process. The mechanism is conjectured to work when the

individual components spin, or are made of compact stars.

DOI: 10.1103/PhysRevD.100.044002

I. INTRODUCTION

Einstein’s theory of general relativity (GR) is the most
accurate known description of gravity [1-4]. One of its out-
standing predictions is the existence of black holes (BHs),
vacuum spacetimes defined by an event horizon, i.e., a null
one-way surface. Isolated BHs have been studied for decades.
They are extremely simple [5] and fully characterized by their
mass and angular momentum [7-14]. These properties are
instrumental to building templates of gravitational-wave
(GW) signals generated by dynamical BHs, which eventually
led to the first direct detection of GWs [15]. The lack of
complex multipolar structure of BH geometries is crucial to
perform strong-field tests of the theory, for example, through
the late-time relaxation of BHs, as a superposition of
quasinormal modes (QNMs) [14,16-21].

By contrast, and due to their inherent complexity, BH
binaries (BHBs) are less well studied and understood: their
GW output and dynamics, when in isolation, are known
very well through post-Newtonian expansion techniques at
large separations [22]. In this approach the individual
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binary components are stationary vacuum BHs, slightly
deformed in response to the companion’s field. The
dynamical behavior of the BHB itself is poorly understood.
Such knowledge can in principle be obtained using
numerical methods [23,24]; however, such techniques only
probe relatively small time scales using finely tuned initial
data. In particular, efforts to date have mostly focused on
purely vacuum spacetimes describing isolated BHBs which
have been evolving solely through GW emission, leading to
an inspiral and merger, possibly observable by current or
future GW detectors. The simulation time scales can be at
most of the order of a few thousand GM/ ¢*, where M is the
total spacetime mass. For stellar-mass components, these
are of the order of one second or less, but BHBs can live for
millions of years on tight orbits. Thus, new effects may be
triggered and relevant on large time scales. Do perturbed
BHBs also have characteristic ringdown modes, and can
they be resonantly excited? Do BHBs amplify incoming,
low-frequency radiation? Here, we provide a framework for
studying these open questions and answer some of them.

II. SETUP: A BLACK HOLE BINARY
IN POST-NEWTONIAN THEORY

Consider a BHB, whose dynamics are governed by the
vacuum Einstein equations. For the reasons outlined (com-
putational expense, dependence on initial data, etc.), instead
of numerically generated spacetimes we use the approximate

Published by the American Physical Society
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BHB spacetime discussed in Ref. [25]. The construction
relies on the theory of matched asymptotic expansions and
proceeds as follows. The spacetime is divided into three
different regions; see Fig. 2 in Ref. [25]. There are two inner
zones sufficiently close to each BH, characterized by BH
perturbation techniques (the metric perturbation is described
by tidal fields generated by the companion; the tidal moments
include the quadrupole and octupole deformation and their
time derivatives). The inner zone is “stitched” to a near zone
described by a post-Newtonian expansion (to second post-
Newtonian order), itself matched to a far zone which is
described using a multipolar, post-Minkowskian formalism.
In addition, there are two buffer zones defined as the region of
spacetime where the three main zones overlap. The existence
of such overlapping regions is crucial for constructing the
matched metric. In particular, the multipolar post-Newtonian
formalism used to build the near- and far-zone metrics
ensures that they are matched by construction [22]. Such a
spacetime was implemented and used to investigate the
physics of accretions disks in the presence of BHBs [26-29].

Henceforth we set G = ¢ = 1, and focus exclusively on
equal-mass binaries of total Arnowitt-Deser-Misner (ADM)
mass M separated by a coordinate distance L (proper
separations are very close to the coordinate distances we
discuss). “Nearly closed” (i.e., curves of period 2z to an
accuracy which increases with separation L and which self-
intersect at least once) null geodesics in such a construction
for avacuum BHB are shown in Fig. 1. We find three types of
null geodesics: the “standard” null circular geodesic sur-
rounding each BH (which in Schwarzschild coordinates sits
at a coordinate distance ~ry/2 away from the horizon,
where ry is the Schwarzschild radius of a single BH), a
global nonintersecting geodesic, and a figure-of-eight-
shaped trajectory. Such null geodesics were found in toy
models in the past, in extremal BH or analog spacetimes

FIG. 1. TIlustration of closed null geodesics in the background
of nearly static, nonspinning BHBs. Each BH, depicted by a full
black circle, is surrounded by its own light ring, lying at r = 3M
in standard Schwarzschild coordinates, when their separation is
large. Two other null closed trajectories are possible: a global
nonintersecting null geodesic and a figure-of-eight-shaped tra-
jectory. Such null geodesics were found in extremal BH or analog
spacetimes [30-32]; we also find them in the matched spacetime
describing a vacuum BHB. A similar illustration also describes
some timelike geodesics.

[30-32]. The distance of closest approach of the global
nonintersecting geodesic to each BH horizon is (0.6 +
0.03)ry andits period T = 2L + 31(=1) for the separations
we study (L = [20,40]M). Its distance of closest approach
to the center of mass is not strongly sensitive to L and is
y/M =3.5+0.07 for these separations. It is natural to
speculate that such global geodesics can be identified with
the null circular geodesic of the final BH, when such a binary
merges. The instability of such orbits is clear from their
numerical search (fine-tuning is necessary). A complete
picture of geodesic motion in BHB spacetimes is outside the
scope of this work.

III. SCATTERING AND BINARY RELAXATION:
INDIVIDUAL AND GLOBAL QNMis,
AND POWER-LAW TAILS

The closed null geodesics of isolated BHs correspond to
a semitrapping of massless waves; accordingly, they
provide useful information on the characteristic modes
of vibration (QNMs) of BHs [19,20,33,34]. It is thus
natural to associate the previous global null geodesics with
binary relaxation, i.e., with the hitherto unknown QNMs of
BHBs. An analytic understanding of these issues for BHBs
is challenging, and we turn instead to the numerical
simulation of massless scalar fields in the BHB background
spacetime described above.

The dynamics of the BHB is governed by vacuum GR, as
described previously. We ignore the backreaction of the test
scalar field on the BHB spacetime, an approximation which
is valid for all realistic setups known to us (except when the
scalar field mimics GWs and the BHB is in the last stages
of inspiral). Thus, the scalar field is governed by the Klein-
Gordon equation (J®(#,X) = 0, in a known (albeit time-
dependent) background. We use purely ingoing initial data
of the form

sinwrW(r)

O(0,%) = Oy = ————= ¢~ (r=r0)/" (1)
r

@,

)
r

0,9(0,X) = 0,®, + (2)
where r is the radial coordinate and W(r) is a window
function that smooths the r = 0 behavior. Here, r, and o
characterize the typical radius and width of the initial
ingoing scalar field, while @ characterizes its frequency.
The initial field amplitude is irrelevant, since the Klein-
Gordon equation is linear. To numerically evolve the scalar
field, we employ the code presented in Refs. [30,35], which
makes use of the EINSTEIN TOOLKIT infrastructure [36—38]
with the CARPET package [39,40].

We project the scalar field onto scalar harmonics,
®=>",,9,,Y,, Theinitial data is spherically symmetric
around the center of coordinates, but the presence of the
BHB guarantees that upon evolution other components will
exist. Note that for symmetry reasons only even modes are
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FIG. 2. Time evolution of an initial spherically symmetric
Gaussian pulse, localized at ry = 100M, with width ¢ = 40M
and frequency M@ = 0.1. The pulse evolves in a BHB spacetime
of separation L = 10M, and the field is extracted at r = 100M.

excited in the current setup (see also Ref. [41]). We studied
a variety of different initial parameters and BHB separa-
tions. A typical outcome of the evolution is shown in Fig. 2
(further details are provided in the Appendix A). The binary
is separated by L = 10M [42]. Our results show fourth-
order convergence.

As seen in Fig. 2, the dominant mode is the monopolar
one and it drives the dynamics. Initially, the observer sitting
at r = 100M sees the field heading towards the BHB. At
t ~ 100M the observer starts receiving signals that inter-
acted with the BHB. The first clear signal is a strongly
damped sinusoid, associated with the ringdown of each
individual BH in the binary. These individual modes are
well studied and our results are consistent with theoretical
expectations based on linearized calculations [17,43]. After
t ~ 100M, the leading monopolar component is now out-
going and also drives higher multipoles.

After the initial driving monopolar mode dies away at
t ~320M, another exponentially damped sinusoid is ap-
parent in the waveform. This is one of our main results:
BHBs possess global QNMs which describe the ringdown
of the binary as a whole. Our results indicate that the
ringdown parameters depend only on the mass and sepa-
ration of the binary and are (to the extent probed by our
simulations) independent of the initial data. It is compelling
to associate such BHB modes with the closed null geo-
desics around the BHB, as can be done formally for isolated
BHs [19,20,33,34]. A reassuring check on the correspon-
dence is that our results are well described by the linear fit

T/M = (1.03 £ 0.04)L/M +8 + 1 (3)

in the range of separations we studied, where we made use
of the simulations listed in the Appendix A. The geodesic

calculation would have predicted, for [ = m = 2 modes,
T ~ L + 16. In other words, our numerical results are in
suggestive agreement with geodesic expectations, lending
further support to the association of the global QNMs with
global geodesics. Our results for the decay time scale
during this global ringdown phase are less accurate, but
suggest that the relaxation time scale 7 also increases with
the separation and is of order 10M for L = 10M.

Notice that the insight from geodesic motion hinges on
having two static BHs. This crude approximation is
however robust for BHB for which the post-Newtonian
expansion is trustworthy: the orbital period scales like L*/2,
whereas the light travel time scales like L. Already for
L =10 we find an orbital period of 200M, and a global
ringdown time scale of order 10M. In other words, the
binary only travels a few degrees during the global ring-
down stage. The approximation is even better for larger
separations. Characteristic vibration modes are generic
properties of dissipative systems: a binary system of two
stars may also have global QNMs without allowing closed
null geodesics [21,44]. Although all of our results are
compatible with such an association, further work is
necessary to understand the details and origin of the BHB
QNMs.

At very late times, our simulations indicate that the
signal dies as a power-law tail in time, ® ~ 7. For
isolated, nonspinning BH spacetimes and for scalar fluc-
tuations, y = 2/ + 3 [45]. Our results indicate that y ~ 7 for
[ = m =0, which is presumably an indication of mode
mixing during the evolution, of the kind seen in isolated but
spinning BH geometries [46,47].

When the initial wave packet has a very large width
(corresponding to a constant force on the BHB), the
outgoing pulse is modulated at frequencies w =+ k€2, where
k is an integer. Such effects were previously seen in the
scattering of electromagnetic waves by periodically moving
obstacles [48,49].

IV. ENERGY EXTRACTION AND INSTABILITIES

Compact binaries are astrophysical blenders and poten-
tial energy sources, either when surrounded by accretion
disks or in the context of fundamental massive fields.
Different mechanisms may be associated with energy
extraction in the presence of a compact binary:

(1) If the individual objects spin, there are ergoregions
in the spacetime and each binary component can
transfer rotational energy to bosonic fields through
superradiance. Such transfer can be turned into
an instability by placing the system inside a cavity
[50-52]. It is unknown whether binary-intrinsic
ergoregions exist (but there are arguments sug-
gesting that superradiance does exist for binaries
made of nonspinning objects [53]).

(i) Awell-known Newtonian energy extraction process—
the gravitational slingshot—transfers kinetic energy
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from moving planets or stars to scattered probe
objects; it is straightforward to show that, within
GR, such a mechanism also occurs with light. Light
scattering off a BH moving with velocity v can extract
(kinetic) energy with an efficiency T = Efa/ Einitial
up to

The maximum efficiency occurs when the photon
scatters with a 180° angle off of an oppositely moving
BH, and is identical to the energy gain of a photon
scattering off of a moving mirror. For velocities
associated with orbital motion in a compact binary,
the efficiency can be 1.2 or higher. We verified such a
result via explicit scatterings of photons off of moving
BH and BHB geometries [54]. It is conceivable that
one photon suffers multiple scatterings with the binary
(specially if confined).

(iii) A binary provides a periodic force on external fields;
a similar lower-dimensional toy model is known to
giverise to instabilities in trapped radiation [56], akin
to the Fermi acceleration process of cosmic rays [57].

These effects or others may all be part of the astrophysics of
compact binaries (and hence are all part of realistic simu-
lations, although perhaps not easily identifiable [58,59]). We
will be interested in confined binaries (which are of interest to
some dark matter scenarios) where the above mechanisms are
expected to trigger instabilities. Unfortunately, a numerical
investigation of these issues using the previous (3 + 1) setting
is challenging: time scales for energy extraction are expected
to be very large, and for nonspinning BHBs (the ones we are
currently able to simulate in our setup) absorption at the
horizon will likely quench or strongly suppress any possible
energy extraction mechanism (but see Ref. [53]); a BH of
mass Mgy has an absorption cross section (for scalars) of
20kzM3y, [60-62] with k = 27/20,16/20 = O(1) for high-
and low-frequency radiation, respectively. Because of this, a
naive expectation is that a BHB in a cavity of size R, will
contribute to a decrease in the energy inside that cavity at a
rate dE/dt ~ —AE, A ~ 10k(M/L)?*/Ry.

To emulate compact binaries of spinning BHs or neutron
stars, we take a binary of two reflecting objects in flat
(2 + 1) dimensions, and we evolve a massless scalar with a
simple Gaussian initial profile. This setup allows for the
evolution of a very large number of orbits and reflections in
the confining cavity. We evolve the system numerically for
different values of the orbital frequency €2, separation L,
and cavity size R, with the EINSTEIN TOOLKIT infra-
structure using the code described in Ref. [30]. The total
integrated energy inside the cavity is shown in Fig. 3 for
one such binary. The total energy increases with time, and
at late times this increase is exponential. Our results
indicate that this growth happens only when the orbital

102
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FIG. 3. Total energy in a scalar field inside a cavity composed
of a circular reflecting boundary and two reflecting circles in
circular orbit around each other. The boundary radius is
R = 30, and each object has a radius 0.5 and is on a circular
orbit of radius 5 with angular velocity Q = 0.14.

frequency is of the order of the light travel time inside the
cavity. Although this is a toy model, this is probably
the first example of instabilities triggered by binaries. There
is nothing intrinsic to lower-dimensional spacetimes: the
arguments above suggest that it may have a counterpart in
(3 + 1) setups as well. Enclosed BHBs are currently being
studied [63].

V. DISCUSSION

The role and simplicity of BHs in GR has often been
compared to the hydrogen atom in the development of
quantum mechanics. It is compelling to draw a parallel
between BH binaries and the simplest possible molecule—
that of the hydrogen molecule ion [64—67]. The null
geodesics around isolated BHs have a counterpart in wave
dynamics as QNMs of the geometry. In a quantum-
mechanical picture they would correspond to the bound
states of the hydrogen atom. Likewise, the global geodesics
for BHBs (see Fig. 1) may be tightly connected to global
QNMs (Fig. 2), the analog of molecular bound states. It is
amusing to note that such a correspondence can be taken a
step further for an exact BHB solution: the Majumdar
Papapetrou geometry describing a pair of extremal BHs.
The Klein-Gordon equation in this background assumes
the same form as the Schrodinger equation describing
a positron in the ionized hydrogen molecule (see
Appendix B). The successful, effective-one-body treatment
of post-Newtonian theory for the BHB problem uses very
explicit hydrogen-atom analogies to construct an inspiral-
ing waveform model [68]. It is tempting to expect that such
methods can also yield insight into the problem of BHB
relaxation. A quantitative correspondence can be estab-
lished between geodesics and QNMs of isolated BHs; a
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similar analysis for BHBs is missing, but would be
fundamental for the program of understanding the high-
frequency QNM regime and its possible connection to null
geodesics. BH spectroscopy makes use of the QNMs of
isolated BHs to infer their mass and spin [16,69,70].
Perhaps BHB spectroscopy is within reach, where their
separation can also be estimated from the global modes.
The excitation mechanism of BHB modes could happen,
for example, via three-body interactions.

It is a fact that, since the QNMs of isolated BHs are
associated with photospheres (and hence to the largest
frequency in such a spacetime), the resonant excitation of
such modes is impossible in astrophysical setups. However,
the new global modes associated with the entire BHB
geometry are associated with a new scale (the binary
separation), and have a lower frequency than each of the
individual BH QNMs. It is therefore conceivable that a
particle orbiting one of the BHs can resonantly excite
the global modes. The condition for this to happen is that
the orbital period of the small particle equals the period of the
QNMs. We find that the particle orbiting at radius r, around

one of the BHs should satisfy r,/Mpy = 0.466(L/M +

37v/3/2)*3 (Mygy is the mass of each individual BH). For
L = 38M, for example, resonant excitation is possible when
the particle reaches the innermost stable circular orbit of one
individual BH. The consequence could be enhanced emission
of GWs from the binary.

There are compelling arguments suggesting that compact
binaries may be prone to energy transfer to other degrees of
freedom (most notably to fundamental scalars, for example)
when inside a cavity. This artificial setup accurately mimics
physically motivated scenarios consisting of massive
degrees of freedom, such as massive scalars or vectors,
which are proxies or serious candidates for dark matter (for
instance, when dealing with axionlike particles) [52]. Our
results strongly suggest that a new type of instability may
be active, which could potentially improve constraints on
dark matter models. The mechanism resembles a para-
metric instability [71], but we find complex growth patterns
in the field. The instability growth rate is larger for larger
angular velocities, and thus a natural question remains
open, which our toy model is unable to answer: is the
instability relevant for an astrophysical binary driven by
GW emission? In other words, is there any regime during
which the growth rate is important during a binary’s
lifetime? [72].
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APPENDIX A: SIMULATIONS, CONVERGENCE,
AND RADIAL DEPENDENCE

Table I summarizes the parameters of our simulations for
the scattering of Gaussian wave packets off BHBs.

TABLEI. Summary of our simulations. The parameters specify
the initial conditions, as in Eq. (1) in the main text. Here the mass
of each BH is fixed at 0.5. Ty is the period of oscillations of the
I =2, m = 0 component at late times. Our results show that the
| = m = 2 case has a similar period. The oscillation period 7', is
extracted using two periods of the late-time oscillation, when
available. For the BHBS run, the late-time behavior of T, is
highly modulated and it is hard to extract any characteristic
frequency.

Name L c 0] o T>o
BHB1 20 40 0.1 100 26.6
BHB2 20 40 0.05 100 28.0
BHB3 10 40 0.1 100 19.0
BHB4 40 40 0.1 100 49.6
BHBS5 20 40 0.01 100 272
BHB6 20 40 0.02 100 27.0
BHB7 20 80 0.2 100 28.6
BHBS 20 80 0.5 100 *

BHBY9 10 4 0.1 100 18.6
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1. Numerical procedure and convergence analysis

To numerically evolve the scalar field equations in our
prescribed metric background we employ the code pre-
sented in Refs. [30,35], which makes use of the EINSTEIN
TooLKIT infrastructure [36-38] with the CARPET package
[39,40] for mesh-refinement capabilities. We employ the
method of lines, where spatial derivatives are approximated
by fourth-order finite-difference stencils, and we use the
fourth-order Runge-Kutta scheme for the time integration.
Kreiss-Oliger dissipation is applied to evolved quantities in
order to damp high-frequency noise.

Our simulations use finite-difference techniques, which
approximate the continuum solution of the problem with an
error that depends polynomially on the grid spacing h,

f = fat 00, (A1)
where n is the convergence order. Since the code we
employ uses both second- and fourth-order techniques we
expect this to be reflected in the convergence properties of
our results. Consistency can be checked by evolving the
same configuration with coarse, medium, and fine reso-
lutions (h., h,, and hs). One can then compute the
convergence factor given by

Sn, =T, :h?—hfn
S, = Fn, =R}

0= (A2)

To check the convergence of the extracted waveforms we
have evolve the configuration of Fig. 2 in the main text,
with resolutions i, = 1.6M, h,, = 1.28M, and h; = 1.0M
(where this refers to the resolution of the outermost
refinement level); the corresponding results are shown in
Fig. 4 for the / =2, m =2 multipole of ®. We have

10-1 rMA®;,

— M(g0s — §35)
..... 2.97rM(¢15 — ¢35)

107 ; Hi

(eaee
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107
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FIG. 4. Convergence analysis of the [ = 2, m = 2 multipole of
& extracted at r = 100M for the configuration of Fig. 2 in the
main text (BHB3), showing good agreement with fourth-order
convergence.

amplified the differences between the medium- and fine-
resolution runs by the factor 2.97 expected for fourth-order
convergence.

2. Dependence on extraction radii

Figure 5 shows the waveform extracted at different radii,
aligned by their maxima (in other words, aligned by the
light-travel-time propagation delay). The consistent overlap
between the three signals indicates that the signal is indeed
being measured in the wave zone, and that there is no finite-
extraction radius artifact. Notice that the early-time
response for the monopole does not align because the
initial pulse is ingoing. On the other hand, the late-time
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FIG. 5. Radial dependence of the waveform shown in Fig. 2 of
the main text (BHB3) forthe / =m =0 (top) and [ =2, m =0
(bottom) modes. Here we align the waveform extracted at three
different radii by properly subtracting the light travel time. As one
can see, there is a very good overlap of the waveform for the
[ = 2 mode, indicating that it is purely outgoing and that one is
indeed in the wave zone already and capturing the leading-order
dependence of the waveform. The driving / = 0 mode, on the
other hand, is not aligned at early times, showing that indeed it is
initially ingoing.
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behavior of the monopolar component is perfectly aligned,
showing that the pulse is outgoing at these late stages.

3. Dependence on initial data

Figure 6 shows the waveforms for different types of
initial conditions, following the definitions in Table I. The
waveforms are aligned in time to show a clear universal
ringdown, which is the most important result of our work.
The ringdown frequency and damping time scale are the
same for different initial conditions, and depend only on the
binary parameters (mass and separation). The results also
clearly indicate that, although the period and damping time
scale with separation L, the quality factor seems to be scale
independent.

The initial pulse is spherically symmetric. However, on
very short time scales the signal develops a quadrupolar
(I = 2) component as well. This behavior is expected, since
one is specifying spherically symmetric initial conditions
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FIG. 6. Waveforms for different initial data, following the
notation of Table I and extracted at r = 100M. The waveforms
are aligned in time, such that the universality of the ringdown
phase is clear.
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FIG. 7. Late-time behavior of the driving / = m = 0 mode for

two different simulations. The results are compatible with a
power-law tail at late times.

on a nonsymmetric background. Thus, the field will very
quickly sense the nonsymmetric background metric. It is
possible to show that such a nonsymmetric component is
weaker at larger distances.

4. Power-law tails

Figure 7 zooms in on the late-time behavior of the
dominant, driving / = m = 0 simulations for the scattering
of Gaussian wave packets. Our results are consistent with a
power law.

APPENDIX B: MAJUMDAR-PAPAPETROU AND
THE DIHYDROGEN IONIZED MOLECULE

There is an exact solution in general relativity describing
two or more static BHs. Such a solution is known as the
Majumdar-Papapetrou (MP) solution [73-75]. In a cylin-
drical coordinate system the BHB version of the MP
solution is written as

dt

2
ds* = — U2 + U*(dp* + p*dp* + dz*),  (BI)

with
M
2 2+ 2 2"
Vi +(z—a)? PP+ (z+a)

This solution represents two maximally charged BHs in
equilibrium, each with mass M and charge Q = M. In these
coordinates, their horizons are shrunk to two points at
7z = *a (and hence the parameter a measures the distance
between them). The spacetime ADM mass is 2M.

Some geodesic properties of these solutions were studied
before [30-32]. We will now show the rather remarkable
result that the Klein-Gordon equation separates. We change

Up,z) =1+ (B2)
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to planar “prolate confocal elliptical” coordinates y, 7
(keeping the time and azimuthal coordinates) defined as

ri=pt+(a-2) =a(y +n) (B3)

rn=p*+(a+2)?=a*(y—n)> (B4)

The variable y plays a role similar to r in standard spherical
coordinates, while 7 plays the role of cos #. The domains of
these variables are —1 <7 <1 and 1 <y < 0. In these
coordinates the Klein-Gordon equation for We#~i! can
be written as

0= 0,((* = 1)0,%) = 0, (> — 1)9,¥)
N ( m? m? )lp N o (ay* — an® + 2My)*¥
=1 -1 a2 =)
When a/M > 1, we find that the above is separable and
reduces to

8){(()(2 - 1)8}(‘{’) - an((nz - 1)8,7\}‘)

2 2 SyM
+(2m—— zm )‘I’—I—aza)Z()ﬂ—nz—l—Z—)‘P:O.
-1 y -1 a

With the ansatz ¥ = S(n)R(y), we finally find

2

9,((1 - 172)8,7S) + (—azwznz -
9,((x* = 1)0,R)

2
+ <a2w2)(2 + 8Mayw?® — 2m T A)R =0,
x —

+A>S—O,
I—n

where A is a separation constant. This same system
describes the Schrodinger equation (for a positron) in
the ionized hydrogen molecule [64,65]. We thus have a
formal equivalence between two similar systems: that of a
molecule governed by electromagnetism and a simple
binary system in full general relativity. The effective-
one-body treatment of post-Newtonian theory for the
BHB problem uses very explicit hydrogen-atom analogies
to construct an inspiraling waveform model [68]. Thus, it is
interesting that the converse (i.e., recovering the dynamics
of a molecule in quantum mechanics) is borne out of an
exact solution in general relativity.

[1] C. M. Will, Theory and Experiment in Gravitational Physics
(Cambridge University Press, Cambridge, England, 2018).

[2] C.M. Will, Einstein Stud. 14, 81 (2018).

[3] C.M. Will, Living Rev. Relativity 17, 4 (2014).

[4] E. Berti et al., Classical Quantum Gravity 32, 243001 (2015).

[5] This simplicity is best epitomized in Chandrasekhar’s
words: “In my entire scientific life, extending over forty-
five years, the most shattering experience has been the
realization that an exact solution of Einstein’s equations of
GR provides the absolutely exact representation of untold
numbers of black holes that populate the universe” [6].

[6] S. Chandrasekhar, The Nora and Edward Ryerson Lecture,
Chicago (1975), https://president.uchicago.edu/page/nora-
and-edward-ryerson-lecture.

[7] R.P. Kerr, Phys. Rev. Lett. 11, 237 (1963).

[8] E. T. Newman, R. Couch, K. Chinnapared, A. Exton, A.
Prakash, and R. Torrence, J. Math. Phys. (N.Y.) 6, 918
(1965).

[9] J. D. Bekenstein, in Proceedings of the Second International
A.D. Sakharov Conference on Physics: Moscow, Russia
1996, edited by I. M. Dremin and A. M. Semikhatov (World
Scientific, Singapore, 1997).

[10] B. Carter, in Proceedings, 8th Marcel Grossmann meeting,
Jerusalem, Israel, 1997, edited by T. Piran (World Scientific,
Singapore, 1999). pp. 136-155.

[11] P. T. Chrusciel, J. L. Costa, and M. Heusler, Living Rev.
Relativity 15, 7 (2012).

[12] D. Robinson, Phys. Rev. Lett. 34, 905 (1975).

[13] D. Robinson, Four Decades of Black Holes Uniqueness
Theorems (Cambridge University Press, Cambridge,
England, 2009).

[14] V. Cardoso and L. Gualtieri, Classical Quantum Gravity 33,
174001 (2016).

[15] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 061102 (2016).

[16] E. Berti, V. Cardoso, and C.M. Will, Phys. Rev. D 73,
064030 (2006).

[17] E. Berti, V. Cardoso, and A. O. Starinets, Classical Quantum
Gravity 26, 163001 (2009).

[18] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 221101 (2016); 121, 129902(E)
(2018).

[19] V. Cardoso, E. Franzin, and P. Pani, Phys. Rev. Lett. 116,
171101 (2016); 117, 089902(E) (2016).

[20] V. Cardoso and P. Pani, Nat. Astron. 1, 586 (2017).

[21] V. Cardoso and P. Pani, Living Rev. Relativity 22, 4
(2019).

[22] L. Blanchet, Living Rev. Relativity 17, 2 (2014).

[23] F. Pretorius, arXiv:0710.1338.

[24] V. Cardoso, L. Gualtieri, C. Herdeiro, and U. Sperhake,
Living Rev. Relativity 18, 1 (2015).

[25] B.C. Mundim, H. Nakano, N. Yunes, M. Campanelli,
S.C. Noble, and Y. Zlochower, Phys. Rev. D 89, 084008
(2014).

044002-8


https://doi.org/10.1007/978-1-4939-7708-6_4
https://doi.org/10.12942/lrr-2014-4
https://doi.org/10.1088/0264-9381/32/24/243001
https://president.uchicago.edu/page/nora-and-edward-ryerson-lecture
https://president.uchicago.edu/page/nora-and-edward-ryerson-lecture
https://president.uchicago.edu/page/nora-and-edward-ryerson-lecture
https://president.uchicago.edu/page/nora-and-edward-ryerson-lecture
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1063/1.1704351
https://doi.org/10.1063/1.1704351
https://doi.org/10.12942/lrr-2012-7
https://doi.org/10.12942/lrr-2012-7
https://doi.org/10.1103/PhysRevLett.34.905
https://doi.org/10.1088/0264-9381/33/17/174001
https://doi.org/10.1088/0264-9381/33/17/174001
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1103/PhysRevLett.116.221101
https://doi.org/10.1103/PhysRevLett.121.129902
https://doi.org/10.1103/PhysRevLett.121.129902
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.117.089902
https://doi.org/10.1038/s41550-017-0225-y
https://doi.org/10.1007/s41114-019-0020-4
https://doi.org/10.1007/s41114-019-0020-4
https://doi.org/10.12942/lrr-2014-2
http://arXiv.org/abs/0710.1338
https://doi.org/10.1007/lrr-2015-1
https://doi.org/10.1103/PhysRevD.89.084008
https://doi.org/10.1103/PhysRevD.89.084008

PHYSICS OF BLACK HOLE BINARIES: GEODESICS, ...

PHYS. REV. D 100, 044002 (2019)

[26] S.C. Noble, B. C. Mundim, H. Nakano, J. H. Krolik, M.
Campanelli, Y. Zlochower, and N. Yunes, Astrophys. J. 755,
51 (2012).

[27] M. Zilhdo, S. C. Noble, M. Campanelli, and Y. Zlochower,
Phys. Rev. D 91, 024034 (2015).

[28] D. B. Bowen, V. Mewes, M. Campanelli, S. C. Noble, J. H.
Krolik, and M. Zilhao, Astrophys. J. 853, L17 (2018).

[29] D. B. Bowen, M. Camparelli, J. H. Krolik, V. Mewes, and
S.C. Noble, Astrophys. J. 838, 42 (2017).

[30] T. Assumpcao, V. Cardoso, A. Ishibashi, M. Richartz, and
M. Zilhao, Phys. Rev. D 98, 064036 (2018).

[31] J. Shipley and S.R. Dolan, Classical Quantum Gravity 33,
175001 (2016).

[32] S. Chandrasekhar, Proc. R. Soc. A 421, 227 (1989).

[33] V. Ferrari and B. Mashhoon, Phys. Rev. D 30, 295
(1984).

[34] V. Cardoso, A.S. Miranda, E. Berti, H. Witek, and V. T.
Zanchin, Phys. Rev. D 79, 064016 (2009).

[35] P. V. P. Cunha, J. A. Font, C. Herdeiro, E. Radu, N. Sanchis-
Gual, and M. Zilhdo, Phys. Rev. D 96, 104040 (2017).

[36] F. Loftler, J. Faber, E. Bentivegna, T. Bode, P. Diener, R.
Haas, 1. Hinder, B. C. Mundim, C. D. Ott, E. Schnetter, G.
Allen, M. Campanelli, and P. Laguna, Classical Quantum
Gravity 29, 115001 (2012).

[37] EinsteinToolkit, Einstein Toolkit: Open software for rela-
tivistic astrophysics.

[38] M. Zilhdo and F. Loffler, Int. J. Mod. Phys. A 28, 1340014
(2013).

[39] E. Schnetter, S. H. Hawley, and 1. Hawke, Classical Quan-
tum Gravity 21, 1465 (2004).

[40] Carpet, Carpet: Adaptive Mesh Refinement for the Cactus
Framework.

[41] E. Bentivegna, D.M. Shoemaker, I. Hinder, and F.
Herrmann, Phys. Rev. D 77, 124016 (2008).

[42] Such separation is at the limits of applicability of the post-
Newtonian approximation [25]; results for larger separations
show the same qualitative features.

[43] http://blackholes.ist.utl.pt/?page=Files, https://pages.jh.edu/
eberti2/ringdown/.

[44] K. D. Kokkotas and B. G. Schmidt, Living Rev. Relativity 2,
2 (1999).

[45] E.S.C. Ching, P.T. Leung, W.M. Suen, and K. Young,
Phys. Rev. Lett. 74, 2414 (1995).

[46] A. Zenginoglu, G. Khanna, and L. M. Burko, Gen. Relativ.
Gravit. 46, 1672 (2014).

[47] L.M. Burko and G. Khanna, Phys. Rev. D 89, 044037
(2014).

[48] J. van Bladel, IEEE Proc. 64, 301 (1976).

[49] J. Cooper, IEEE Trans. Antennas Propagation 28, 791
(1980).

[50] Y. B. Zel’dovich, Pis’ma Zh. Eksp. Teor. Fiz. 14,270 (1971)
[JETP Lett. 14, 180 (1971)].

[51] Y. B. Zel’dovich, Zh. Eksp. Teor. Fiz. 62, 2076 (1972)
[Sov. Phys. JETP 35, 1085 (1972)].

[52] R. Brito, V. Cardoso, and P. Pani, Lect. Notes Phys. 906, 1
(2015).

[53] L. K. Wong, arXiv:1905.08543.

[54] After completion of this work, we became aware that the
slingshot mechanism in binaries is discussed at length, for
particles, in Ref. [55].

[55] K.S. Thorne, The Science of Interstellar (Norton and
Company, New York, 2016).

[56] J. Cooper, IEEE Trans. Antennas Propagation 41, 1365
(1993).

[57] E. Fermi, Phys. Rev. 75, 1169 (1949).

[58] J.R. van Meter, J. H. Wise, M. C. Miller, C. S. Reynolds,
J. Centrella, J. G. Baker, W. D. Boggs, B.J. Kelly, and S. T.
McWilliams, Astrophys. J. 711, L89 (2010).

[59] S. D’Ascoli, S.C. Noble, D.B. Bowen, M. Campanelli,
J. H. Krolik, and V. Mewes, Astrophys. J. 865, 140 (2018).

[60] S. Chandrasekhar, The Mathematical Theory of Black Holes
(Oxford University Press, New York, 1983).

[61] C.F.B. Macedo, L. C. S. Leite, E. S. Oliveira, S. R. Dolan,
and L. C. B. Crispino, Phys. Rev. D 88, 064033 (2013).

[62] S.R. Das, G. W. Gibbons, and S.D. Mathur, Phys. Rev.
Lett. 78, 417 (1997).

[63] L. Bernard, V. Cardoso, T. Ikeda, and M. Zilhao (in
preparation).

[64] @. Burrau, Danske Vidensk. Selskab. Math.-Fys. Meddel.
M7, 1 (1927) (in German).

[65] A.H. Wilson, Proc. R. Soc. A 118, 635 (1928).

[66] E. Hylleraas, Z. Phys. 71, 739 (1931).

[67] E. W. Leaver, J. Math. Phys. (N.Y.) 27, 1238 (1986).

[68] A. Buonanno and T. Damour, Phys. Rev. D 59, 084006
(1999).

[69] E. Berti, J. Cardoso, V. Cardoso, and M. Cavaglia, Phys.
Rev. D 76, 104044 (2007).

[70] E. Berti, A. Sesana, E. Barausse, V. Cardoso, and K.
Belczynski, Phys. Rev. Lett. 117, 101102 (2016).

[71] H. Yang, A. Zimmerman, and L. Lehner, Phys. Rev. Lett.
114, 081101 (2015).

[72] We thank Huan Yang for highlighting this issue.

[73] S.D. Majumdar, Phys. Rev. 72, 390 (1947).

[74] A. Papapetrou, Proc. R. ITrish Acad. A 51, 191 (1947).

[75] J. B. Hartle and S. W. Hawking, Commun. Math. Phys. 26,
87 (1972).

044002-9


https://doi.org/10.1088/0004-637X/755/1/51
https://doi.org/10.1088/0004-637X/755/1/51
https://doi.org/10.1103/PhysRevD.91.024034
https://doi.org/10.3847/2041-8213/aaa756
https://doi.org/10.3847/1538-4357/aa63f3
https://doi.org/10.1103/PhysRevD.98.064036
https://doi.org/10.1088/0264-9381/33/17/175001
https://doi.org/10.1088/0264-9381/33/17/175001
https://doi.org/10.1098/rspa.1989.0010
https://doi.org/10.1103/PhysRevD.30.295
https://doi.org/10.1103/PhysRevD.30.295
https://doi.org/10.1103/PhysRevD.79.064016
https://doi.org/10.1103/PhysRevD.96.104040
https://doi.org/10.1088/0264-9381/29/11/115001
https://doi.org/10.1088/0264-9381/29/11/115001
https://doi.org/10.1142/S0217751X13400149
https://doi.org/10.1142/S0217751X13400149
https://doi.org/10.1088/0264-9381/21/6/014
https://doi.org/10.1088/0264-9381/21/6/014
https://doi.org/10.1103/PhysRevD.77.124016
http://blackholes.ist.utl.pt/?page=Files
http://blackholes.ist.utl.pt/?page=Files
http://blackholes.ist.utl.pt/?page=Files
http://blackholes.ist.utl.pt/?page=Files
https://pages.jh.edu/ eberti2/ringdown/
https://pages.jh.edu/ eberti2/ringdown/
https://doi.org/10.12942/lrr-1999-2
https://doi.org/10.12942/lrr-1999-2
https://doi.org/10.1103/PhysRevLett.74.2414
https://doi.org/10.1007/s10714-014-1672-8
https://doi.org/10.1007/s10714-014-1672-8
https://doi.org/10.1103/PhysRevD.89.044037
https://doi.org/10.1103/PhysRevD.89.044037
https://doi.org/10.1109/PROC.1976.10111
https://doi.org/10.1109/TAP.1980.1142445
https://doi.org/10.1109/TAP.1980.1142445
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1007/978-3-319-19000-6
http://arXiv.org/abs/1905.08543
https://doi.org/10.1109/8.247776
https://doi.org/10.1109/8.247776
https://doi.org/10.1103/PhysRev.75.1169
https://doi.org/10.1088/2041-8205/711/2/L89
https://doi.org/10.3847/1538-4357/aad8b4
https://doi.org/10.1103/PhysRevD.88.064033
https://doi.org/10.1103/PhysRevLett.78.417
https://doi.org/10.1103/PhysRevLett.78.417
https://doi.org/10.1098/rspa.1928.0074
https://doi.org/10.1007/BF01344443
https://doi.org/10.1063/1.527130
https://doi.org/10.1103/PhysRevD.59.084006
https://doi.org/10.1103/PhysRevD.59.084006
https://doi.org/10.1103/PhysRevD.76.104044
https://doi.org/10.1103/PhysRevD.76.104044
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.114.081101
https://doi.org/10.1103/PhysRevLett.114.081101
https://doi.org/10.1103/PhysRev.72.390
https://doi.org/10.1007/BF01645696
https://doi.org/10.1007/BF01645696

