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Tidally induced multipole moments of a nonrotating black hole vanish
to all post-Newtonian orders
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The tidal Love numbers of a black hole vanish, and this is often taken to imply that the hole’s tidally
induced multipole moments vanish also. An obstacle to establishing a link between these statements is that
the multipole moments of individual bodies are not defined in general relativity, when the bodies are
subjected to a mutual gravitational interaction. In a previous publication [Phys. Rev. D 103, 064023 (2021)]
I promoted the view that individual multipole moments can be defined when the mutual interaction is
sufficiently weak to be described by a post-Newtonian expansion. In this view, a compact body is perceived
far away as a skeletonized post-Newtonian object with a multipole structure, and the multipole moments
can then be related to the body’s Love numbers. I expand on this view, and demonstrate that all static,
tidally induced, mass multipole moments of a nonrotating black hole vanish to all post-Newtonian orders.
The proof rests on a perturbative solution to the Einstein-Maxwell equations that describes an electrically
charged particle placed in the presence of a charged black hole. The gravitational attraction between
particle and black hole is balanced by electrostatic repulsion, and the system is in an equilibrium state.
The particle provides a tidal environment to the black hole, and the multipole moments vanish for this
environment. I argue that the vanishing is robust, and applies to all slowly varying tidal environments.
The black hole’s charge can be as small as desired (though not identically zero); by continuity, the

multipole moments of an electrically neutral black hole will continue to vanish.
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I. INTRODUCTION

The tidal deformation of compact bodies (neutron stars
and/or black holes) was revealed [1] to play an important
role in the emission of gravitational waves during a binary
inspiral, and to disclose important information regarding
the body’s internal constitution (see Ref. [2] for a recent
review of these exciting developments). A measurement of
the tidal deformability of a neutron star was attempted for
GW170817 [3], and it delivered an upper bound of
astrophysical significance [4]; this bound was used to
constrain the equation of state of nuclear matter at high
densities [5].

The tidal deformability of a compact object is measured
primarily by its (gravitoelectric) Love numbers k,, which
depend on the equation of state for a neutron star, and
vanish for a black hole [6,7]. This result, that all Love
numbers are zero for a black hole, has never ceased to
fascinate and mystify [8—11]. Porto described it as a fine-
tuning that requires an explanation [12]; a hidden ladder
symmetry was recently uncovered [13,14] and proposed as
such an explanation.

My purpose in this paper is to clarify the link between
Love numbers and observable tidal effects in a binary
inspiral. It often seems to be taken for granted that the
vanishing of Love numbers for a black hole implies the
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absence of tidal effects in the hole’s equations of motion,
and in the emission of gravitational waves. I believe that
this conclusion should not be taken for granted; it should
not be accepted without proof. Within the limitations to be
specified below, I provide a proof in this paper. The
conclusion turns out to be correct.

The tendency to take the link for granted comes from
Newtonian gravity, which offers no essential distinction
between Love numbers and tidally induced multipole
moments. To keep the discussion simple I restrict my
attention to a star of mass M and radius R subjected to a
quadrupolar (7 = 2) tidal field. A calculation of the exterior
Newtonian potential for this situation (see, for example,
Sec. 2.5 of Ref. [15]) returns

GM 1 R’
U———§<r2+2k2F)8ahQaQb, (11)

r

where r is the distance to the star’s center of mass, Q¢ =
x%/r is the unit radial vector, k, is the star’s quadrupolar
Love number, and &,,(t) := —0,,U™" is the tidal quadru-
pole moment, given by two derivatives of the external
potential created by the remote bodies responsible for the
tidal environment (this is evaluated at the center of mass
after differentiation). The potential U is seen to be a
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superposition of two elementary solutions to Laplace’s
equation. The first is the growing term proportional to 2,
which describes the tidal field. The second is the decaying
term proportional to r~3, which describes the star’s tidal
response. In Newtonian gravity, decaying solutions to
Laplace’s equation are in a one-to-one correspondance
with multipole moments of the mass distribution. A general
solution to Laplace’s equation that includes monopole and
quadrupole terms can always be written as

GM 1 B 3 ;
U=="==5r, Q" + 5 0,2°Q",  (1.2)
where Q,, is the mass quadrupole moment. A comparison
of Egs. (1.1) and (1.2) reveals that

2
Ouw =~ gszSSab (1.3)

for a tidally deformed star. In Newtonian theory, therefore,
Q,, 1is proportional to k,, and the Love number is
essentially synonymous with the mass quadrupole moment.

The link between k, and Q,, is far more tenuous in
general relativity. There is no obstacle to promoting
Eq. (1.1) and providing k, with a proper relativistic
definition. The Newtonian potential is replaced with the
metric g,; of a tidally deformed body, and we obtain
relations of the form [6,7]

. 2GM
Cgy=—1+ 2
c’r
1r, R agyb
—3|r (1+...)+2k2F(1+...) E,pQQ0 (1.4)

where the ellipses represent relativistic corrections of order
GM/(c?r). The important point here is that in the relativ-
istic theory, the Love numbers are defined as (gauge-
invariant) parameters of the deformed metric, and nothing
more. Gralla pointed out [16] that the definition of Love
numbers is based on a convention regarding the charac-
terization of growing and decaying solutions in general
relativity, and that different authors might choose different
conventions and obtain different values.

There is no direct analog to Eq. (1.2) in general relativity,
and as a consequence, there is no direct analog to Eq. (1.3).
The obstacle is the presence of growing terms in the metric.
While multipole moments of a stationary and asymptoti-
cally flat spacetime can be defined rigorously [17,18], these
definitions do not apply when consideration is given only to
a small neighborhood of the deformed body, with a metric
of the form of Eq. (1.4); this portion of spacetime is not
asymptotically flat. In other words, while the Geroch-
Hansen algorithm can be exploited to calculate the multi-
pole moments of an entire spacetime (given stationarity and
asymptotic flatness), it cannot be used to compute the

moments of individual objects within this spacetime. Some
authors have proposed a way out [19-21]: subtract out the
growing solution from Eq. (1.4) and then calculate the
Geroch-Hansen multipole moments. As I argue at length in
Ref. [22], this approach is both artificial and ambiguous; it
brings obscurity to an effort to elucidate the tidal dynamics
of a binary system in general relativity.

In Ref. [22] I introduced what I consider to be a more
promising approach to the definition of tidally induced
multipole moments. It relies on a post-Newtonian descrip-
tion of the mutual gravity between the compact body and its
binary companion, which is assumed to be weak. In this
view, the gravitational field of the compact body becomes
indistinguishable, sufficiently far away, from the field of a
point particle endowed with a multipole structure. In this
approximate way, the body becomes a skeletonized post-
Newtonian object (I prefer to use this phrase instead of
“point particle”), and the multipole moments are properties
of this object. Given this definition, a relation such as
Eq. (1.3) can then be derived, implicating the post-
Newtonian Q,;, and &,, and a k, computed in full general
relativity.

This approach, I believe, provides a satisfactory defi-
nition of multipole moments for strongly self-gravitating
bodies, provided only that they are in a weak gravitational
interaction with other masses. The grounding of the
approach in post-Newtonian theory is also natural, for it
is within this framework that tidal terms in the equations of
motion, and in the emission of gravitational waves, are
usually identified [23-26]. To be clear, the description of
tidal effects does not require post-Newtonian theory; they
can very well, for example, be witnessed directly in
numerical relativity simulations. However, the characteri-
zation of tidal effects in terms of quantities such as Love
numbers and tidally induced multipole moments must be
grounded in post-Newtonian theory.

It is within this framework that I demonstrate that the
tidally induced multipole moments of a black hole are all
zero. With a few qualifiers inserted, what I shall show is
that all static, tidally induced, mass multipole moments of a
nonrotating black hole, as defined properly in terms of a
skeletonized post-Newtonian object, vanish to all post-
Newtonian orders. It is important to appreciate the dis-
tinction between this statement and the long-known fact
that Love numbers vanish for black holes. As I have
emphasized, Love numbers are properties of the deformed
metric, while tidally induced multipole moments are
properties of the skeletonized post-Newtonian object. To
show that the vanishing of Love numbers implies the
vanishing of multipole moments requires a satisfactory
link between these quantities. The post-Newtonian
approach provides such a link, and it provides a method
of proof.

The argument is unfolded in the next two sections. I
begin in Sec. II with a detailed explanation of the notion
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that a compact body in a weak gravitational interaction with
other masses can be viewed as a skeletonized post-
Newtonian object. This notion gives rise to a proper
definition for the tidally induced multipole moments of
the compact body, and it permits a calculation of these
moments.

I continue in Sec. III with a computation of tidally
induced multipole moments for a black hole placed in a
static tidal environment; these are calculated to all post-
Newtonian orders. The environment that permits this is a
contrived one: the black hole is given a small electric
charge (as small as desired, though not identically zero) and
placed in the presence of a particle with a large charge-to-
mass ratio. The gravitational and electrostatic forces acting
on the black hole and particle are balanced, and the system
is in an equilibrium state. The particle produces a tidal field
around the black hole, and mass multipole moments are
computed for this field; I obtain a vanishing result for all
of them.

Should one be bothered by the contrivance? After all, an
astrophysical black hole will never be found in such an
arrangement. [ argue that one should not be bothered. To be
sure, the charged particle produces a tidal tensor £, that is
highly specialized. The relation between Q,, and &,
however, can be expected to be generic. If O, vanishes for
a contrived £, it will vanish also for a naturally occurring
E.- To the extent that this statement is correct, the
conclusion that all multipole moments vanish for a black
hole will be valid for all static tidal environments.

Should one be bothered by the requirement that the black
hole be charged? Again my answer is no. As I pointed out,
the charge can be as small as one desires, and such a small
charge will not change the properties of the black hole by
much. By continuity, we can expect that if the multipole
moments vanish for a very small charge, they will continue
to vanish for a zero charge.

Should one be bothered by the static tidal environment?
No. The idealization of a static tidal field has been exploited
in most of the literature on this subject. It captures the idea
that when viewed on a timescale commensurate with the
black hole, the tidal environment changes slowly, thanks to
the weak gravitational interaction with its companion. (An
extended discussion of this point will be found in Sec. II.)

The calculation presented in Sec. III requires Eq. (3.2)
below as a key technical input; this gives the metric of the
tidally deformed black hole. The following three sections of
the paper are devoted to a derivation of this equation. These
computations are long and detailed, and in order to preserve
the flow of the demonstration (which is more interesting
than the technical matter), I present them after the argument
has been brought to a close. I begin in Sec. IV with a review
of relevant aspects of the Reissner-Nordstréom spacetime,
which describes an electrically charged black hole. I
introduce a particle with an arbitrary charge-to-mass
ratio in Sec. V, and calculate the gravitational and

electromagnetic perturbations that it produces; in this
general context the particle and black hole are kept in
place by means of massless strings. The perturbation is a
solution to the linearized Einstein-Maxwell equations, and
the perturbed spacetime is an approximation to an exact
solution that describes the superposition of two Reissner-
Nordstrom objects [27,28]; in view of its simplicity
compared with the exact spacetime, I prefer to use the
perturbative solution. In Sec. VI, I specialize the solution to
the specific charge-to-mass ratio that produces balanced
gravitational and electrostatic forces. This situation was
previously examined in Ref. [29]; my solution is expressed
in a different (and more convenient) gauge. An exact
version of this spacetime was obtained by Alekseev and
Belinski [30]; again the linearized solution is simpler to
deal with. After all these developments, I arrive at Eq. (3.2).
Some calculations are relegated to Appendixes. I con-
struct monopole solutions to the perturbed Einstein-
Maxwell equations in Appendix A; these are required in
Sec. V. I examine the dipole piece of the perturbation in
Appendix B, and introduce a coordinate transformation that
eliminates the solution’s dipole moment at infinity.

II. COMPACT BODY AS SKELETONIZED
POST-NEWTONIAN OBJECT

We imagine a compact body (a neutron star, a black hole,
or even something more exotic) placed in the presence of
other masses, such that the entire system forms a bound
gravitating system. We imagine that the mutual gravita-
tional interaction between these bodies is sufficiently weak
that it can be adequately described by a post-Newtonian
expansion. On the other hand, gravity is strong in the
immediate neighborhood of the compact body, and it must
be given a fully relativistic description. For conceptual
simplicity we assume that the internal gravity of each
remote object is weak, so that it is also well described by a
post-Newtonian expansion; there is no obstacle to relaxing
this assumption, and allowing the internal gravity of all
bodies to be strong.

We wish to describe the weak mutual interaction between
compact body and remote objects, while taking into
account the fact the body’s own gravity is strong. For this
purpose we partition spacetime near the compact body into
zones—see Fig. 1. The first is a post-Newtonian zone, in
which gravity is weak, and in which the metric can be given
a post-Newtonian expansion. The second is an exclusion
zone, which includes and surrounds the compact body, in
which gravity is strong, and in which the metric must be
calculated in full general relativity. (A third zone, the body
zone, will be introduced below.) The post-Newtonian zone
can be further partitioned into near and wave zones; in the
near zone gravity is slowly varying, with a characteristic
velocity that is small compared with the speed of light,
while it is rapidly varying in the wave zone, with a
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onian zone

FIG. 1. Spacetime partitioned into zones. The black hole is
shown at the center, in black. The post-Newtonian zone, where
gravity is weak, is shown in white. The exclusion zone, where
gravity is strong, is shown in blue. The body zone, where gravity
is described by a tidal deformation of the original black-hole
spacetime, is shown in red.

characteristic velocity equal to the speed of light. Our
considerations below will be restricted to the near zone.

In the post-Newtonian zone, the Einstein field equations
are cast in the form first introduced by Landau and Lifshitz
[31] (see Chap. 6 of Ref. [15] for an elaboration of their
formalism). The primary variable is the “gothic inverse
metric” ¢ = \/=gg*’, where ¢g* is the inverse of the
actual metric g, and g := det[g,;]. We impose the har-
monic coordinate conditions

aﬂg“ﬂ =0, (2.1)

which are formally equivalent to the statement that the four
spacetime coordinates X* = (1, X“) satisfy the wave equa-
tion g*V,V;X* =0 in a spacetime with metric g,5. We
assume that the coordinates are Lorentzian, in the sense that
g% approaches the Minkowski metric at infinity. The field
equations become

162G
.

V2g¥ = %8,@“” + 7%, (2.2)
where V? is the usual flat-space Laplacian, 9, denotes
partial differentiation with respect to time, and 7% is an
effective energy-momentum pseudotensor which contains
contributions from the matter and the gravitational field.
Equation (2.2), accompanied by Eq. (2.1), is an exact
formulation of the Einstein field equations. Building on
this, the post-Newtonian approximation introduces a simul-
taneous expansion of ¢* in powers of G and ¢~2, which
must keep step when the system is gravitationally bound.
Equation (2.2) is then iterated as many times as required to

achieve a desired degree of accuracy. When the scheme is
implemented in the near zone, the zeroth iteration sets the
metric to its Minkowski value on the right-hand side of the
equation, and the resulting Poisson equation is integrated.
In the first iteration the solution is inserted on the right-
hand side, the new Poisson equation is integrated, and so
on. The key point is that during each iteration of the field
equations, the source term on the right-hand side is
determined from the previous iteration.

At each iteration the integration of Poisson’s equation is
carried out in the near zone only. The domain of integration
therefore excludes the wave zone and the exclusion zone.
These, however, must inform the solution, and the relevant
information is fed through solutions to the homogeneous
version of Eq. (2.2), Laplace’s equation V2g* = 0. From
the wave zone we get growing solutions of the form
FY"(0, ), where (7,0, ¢) are spherical polar coordinates
obtained in the usual way from the Cartesian system X,
and where Y7 are spherical harmonics. These solutions
reflect a choice of outgoing-wave boundary condition at
infinity, and they give rise to radiation-reaction forces
acting on the system. From the exclusion zone we get
decaying solutions of the form 57~'Y”(6, ¢), where 5 =
|X — Xpoqy| is the distance to the compact body. Such a term

is formally identical to a contribution to g% that would
come from a multipole of order £ situated at X = X 4. (7).

In this way, the compact body manifests itself, in the post-
Newtonian zone, as a skeletonized object with a collection
of multipole moments. Two types of moments occur in the
metric: mass multipole moments, which appear primarily in
g", and current multipole moments, which appear primarily
in g".

The subsumption of the compact body into a skeleton-
ized post-Newtonian object with a multipole structure' is an
artifact of the post-Newtonian approximation and the need
to truncate the post-Newtonian zone when the body’s
gravity becomes too strong. The actual body, of course,
is not pointlike. To determine the multipole moments it is
necessary to obtain an alternative description of the metric,
in a region of spacetime—the body zone—that includes the
body and extends beyond the exclusion zone, in a treatment
that is now grounded in full general relativity. In this

'A question might be raised about the gauge invariance of the
multipole moments. I claim that they are indeed gauge invariant,
in the following sense. Note first that the harmonic coordinates of
the post-Newtonian metric are uniquely specified (assuming
regularity at the origin, an outgoing-wave boundary condition
at infinity, and up to a global rotation and translation). Given that
the harmonic gauge is completely fixed, quantities that appear in
the post-Newtonian metric are then necessarily gauge invariant,
and this is true of the multipole moments of the skeletonized
body. The multipole moments, however, are not directly observ-
able. But they can be mapped to an observable [23-26]: they
appear in the expression of the gravitational waves measured at
infinity, which are directly observable.
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description the compact body is taken to be weakly
deformed by the tidal field created by the remote objects;
the body would be spherical in isolation. The tidal
deformation is measured in terms of Love numbers, which
appear as parameters in the body-zone metric, and which
are computed by ensuring that the body’s exterior and
interior metrics join smoothly at the surface. The body’s
local metric is then matched to the post-Newtonian metric
in the overlap between body and post-Newtonian zones,
and the mass and current multipole moments are deter-
mined in terms of the Love numbers. It is important to
understand that the Love numbers are a property of the
body’s local metric, which is obtained in full general
relativity, and that the multipole moments are a property
of the skeletonized post-Newtonian object. It is the match-
ing of these two disparate descriptions of the same
gravitational field that produces a relationship between
Love numbers and tidally induced multipole moments.

The matching exercise described in the preceding para-
graph is difficult to perform in practice. First, a post-
Newtonian metric describing a skeletonized body with an
arbitrary multipole structure in a bound interaction with
remote objects must be constructed to a sufficient degree of
accuracy. Second, this metric must be transformed from the
original barycentric frame of the entire system (taken to be
at rest) to the body’s own rest frame. Third, the metric of a
tidally deformed body must be computed in full general
relativity, with all the required ingredients that ensure a
proper match with the post-Newtonian metric. And fourth,
the matching must be carried out. Thus far, this procedure
has been completed to the first post-Newtonian order only
[22]. It produced the relation

2 2 R® 2. RS ..
OQup = — 3 kRO — 3P2 W&(ag‘w - §k2 Wgab

+ post-Newtonian corrections, (2.3)
where Q,, is the mass quadrupole moment of the
skeletonized compact body, M is the body’s mass, R is
its radius, and k,, p,, k, are Love numbers, and where
Eup(t) = =04 U™ + post-Newtonian corrections,  (2.4)
with U denoting the Newtonian potential created by the
remote masses, which is differentiated twice with respect to
the spatial coordinates and then evaluated at the origin of
the body’s rest frame. Overdots on &, indicate differ-
entiation with respect to time, and angular brackets around
spatial indices are an instruction to symmetrize the indices
and remove the trace; all tensors in Eq. (2.3) are symmetric
and trace-free.

Equation (2.3) generalizes Eq. (1.3), which neglected
nonlinear and time-dependent terms, and which did not
incorporate post-Newtonian corrections. The interpretation
of Eq. (2.3), however, is vastly different. As was observed

in Sec. I, the link between Q,, and the Love numbers is
immediate in Newtonian gravity. This is not so here. As
was emphasized in the preceding paragraphs, the quadru-
pole moment is a property of the compact body in its post-
Newtonian manifestation as a skeletonized object; its
definition is rooted in the post-Newtonian framework
and its reliance on harmonic coordinates. The Love
numbers, on the other hand, are a property of the body’s
local metric, and are computed in full general relativity. The
relation between multipole moments and Love numbers is
provided by the matching procedure.

Equation (2.3) applies to a material body such as a
neutron star. It might be tempting to apply the relation to a
black hole, for which k, = p, = k, = 0, and conclude that
Q., = 0. This is not justified. The reason is that R no
longer provides an independent characterization of the
compact body; it is now firmly equal to 2GM/c?. In the
calculations described previously, factors of R did not
matter in the determination of post-Newtonian order. This
changes when R = 2GM /c?. For example, the first term on
the right-hand side of Eq. (2.3) is promoted from
Newtonian order to the fifth post-Newtonian order. The
equation, however, was derived on the basis of a post-
Newtonian expansion carried out to the first order only, and
it simply cannot be applied to a black hole. A proper
accounting of the mass quadrupole moment of a tidally
deformed black hole requires an expansion pushed at least
to the fifth post-Newtonian order.

III. BLACK HOLE IN A STATIC
BINARY SYSTEM

The current state of development of post-Newtonian
theory does not allow us to perform these calculations—
metric construction for a skeletonized body with an
arbitrary multipole structure, transformation to the body’s
rest frame, and matching with the body’s local metric—to
the fifth post-Newtonian order. In an effort to make
progress we shall formulate a special case that allows us
to perform the calculations to all post-Newtonian orders.
The situation, to be sure, is a contrived one that will never
be realized in nature. This is of no concern. We hold firm
onto the principle that a black hole’s response to a tidal
field, as described by a relation between Q,;, and £, of the
kind shown in Eq. (2.3), will be the same irrespective of the
precise specification of &£,,. An astrophysical tidal envi-
ronment will produce a &,, that is very different from the
&, of a contrived environment. The relation between Q,
and &,;,, however, will be the same. In particular, if Q,, is
found to vanish for the contrived &, then it will vanish
also for the realistic &€,,.

From this point onward we adopt relativistic units, and
set G = ¢ = 1. We consider a static binary system con-
sisting of a Reissner-Nordstrom (RN) black hole of mass M
and charge Q and a point particle of mass m and charge q.
We place the particle at a distance r = r;, from the black
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hole (in the usual RN coordinates), and we tune its charge-
to-mass ratio so that

m(M — Q?/ry) = qQ(1 —2M/ry + Qz/r(z))l/z. (3.1)

This condition ensures—see Sec. IV for details—that the
particle’s acceleration in the RN spacetime vanishes: the
gravitational attraction between black hole and particle is
precisely balanced by electrostatic repulsion. The binary
system is in an equilibrium state’; the spacetime is static,
and also axisymmetric with respect to the axis that links
black hole and particle. The equilibrium is unstable, but this
need not concern us; we can imagine that a control system
maintains the equilibrium over a sufficiently long time.

We let the particle create a perturbation of the RN
spacetime. The perturbation is in part gravitational and in
part electromagnetic, and when observed near the black
hole, it describes a tidal deformation. When viewed far
away from the black hole, where post-Newtonian theory
provides a valid description of the metric, the perturbation
describes the multipole structure of the skeletonized black
hole. We wish to determine this multipole structure.

The static and axially symmetric nature of the spacetime
facilitates the integration of the Einstein-Maxwell equa-
tions for the perturbation. We construct the solution in
Secs. IV=VI, and express it in closed form, to all post-
Newtonian orders. The solution can easily be transformed
to harmonic coordinates, a requirement for the proper
identification of a post-Newtonian multipole structure.
(The black hole is situated at the spatial origin of the
harmonic coordinates. There is no need here to introduce
two frames of reference, one for the global post-Newtonian
metric and one for the black hole, to transform between
these frames, and to perform a matching.) By carrying out a
post-Newtonian expansion of the metric, we identify all
terms that behave as 7~~! P,(cos ) in g*, and read off the
multipole moments of the skeletonized black hole.

It is sufficient to examine the multipole expansion of
W := —g" when r < ry, which is given by

W(F, 0) = Wey + f: W,(F)Ps(cosd),  (3.2)
=1

where

*In a preliminary version of the work I attempted to keep the
black hole and particle apart with the help of a strut or strings,
instead of using charges. This, unfortunately, produced an
unwieldy spacetime. In the case of a strut, the black hole was
deformed in part by the particle’s tidal field, but also by the strut,
and this made the interpretation of results difficult. In the case of
strings, the spacetime was not asymptotically flat, the harmonic
coordinates were complicated, and again the interpretation of
results was difficult.

(&4
Wgn = 2@ -1 (3.3)
is the Reissner-Nordstrom piece, and
_ At m ()

makes up the perturbation. Here &:=7/L, & :=7y/L,
pi=M/L, and L = (M* = Q*)'/%; P,(&) and Q/(&) are
Legendre functions defined in the interval 1 < £ < oo, and
a prime indicates differentiation with respect to the argu-
ment. The relation between the harmonic radial coordinate
7 and the original RN radius r is provided by 7 = r — M.
The solution of Eq. (3.4) is regular at the event horizon,
which is sitnated at E =1 (or 7 = L, or r = M + L). For a
material body the solution would also feature a term
proportional to Q/,(£), which diverges at ¢ = 1; it would
come with a numerical coefficient proportional to the
object’s Love number k,. The solution of Eq. (3.4), there-
fore, reflects the property that all tidal Love numbers vanish
for a black hole.

For ¢ > 2, W, possesses all the elements that describe a
tidally deformed black hole. (The dipole contribution is
examined separately in Appendix B.) When &, is large,
which occurs when the particle is far away from the black
hole, we have that

(Z+1)! o

(53—1)1/2Q}(50)N—m 0 ;

(3.5)

this displays the scaling expected of a tidal field of
multipole order #. The remaining terms in an expansion
of the left-hand side in powers of &' represent post-
Newtonian corrections to the leading behavior. When ¢ is
large (but still smaller than &,), which occurs when the
perturbation is examined far away from the black hole, we
have that

3
e GE

-1,

(Z-1) & (36)
this grows as &, again as expected of a tidal field of
multipole order #. The remaining terms in an expansion of
the left-hand side in powers of &' represent post-
Newtonian corrections.

And now we come to the crux of the matter. The
perturbation of Eq. (3.4) could in principle include a term
that represents a tidally induced Z-pole moment for the
black hole; this term would scale as f‘f —1 Such a term does
not exist. If we examine the left-hand side of Eq. (3.6), we
see that it expands into a terminating polynomial, with the
schematic structure
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g+t 448, (3.7)
in which we omit all numerical coefficients. The smallest
power is n = —1 when £ is even, and n = —2 when 7 is
odd. This cannot be equal to —(£ + 1) when ¢ > 2, as
would be required for a nonvanishing tidal response. (There
is such a term when Z = 1, but it does not describe a
genuine response to an applied tidal field; this is clarified in
Appendix B.) We conclude that all static, tidally induced,
mass multipole moments of a nonrotating black hole, as
defined in terms of a skeletonized post-Newtonian object,
vanish to all post-Newtonian orders.

We insist that this conclusion is distinct from the state-
ment that Love numbers vanish for a black hole. As was
pointed out previously, Love numbers are a property of the
perturbed metric, and they cannot be related directly to
tidally induced multipole moments. Such a relation requires
a definition of multipole moments for an individual body,
which is provided here by the post-Newtonian description
of the gravitational field, in which the compact body
manifests itself as a skeletonized object. In principle, the
determination of the multipole moments should come from
a careful match between the local metric of the compact
object, computed in full general relativity, and the post-
Newtonian metric, properly transformed to the rest frame of
the compact object. The calculation presented here
bypasses most of those steps: a single frame of reference
is required, and the global metric is computed in full
general relativity as a perturbation of the Reissner-
Nordstrom spacetime. The post-Newtonian expansion is
introduced at the very end of the exercise, and it reveals the
complete absence of a multipole structure for the skeleton-
ized black hole.

The tidal environment considered here is precisely static.
As a result, the expected relationship between Q,, and &,
could hope to reproduce the first term in Eq. (2.3), but it
cannot capture the third term involving time derivatives of
the tidal field. The tidal environment is also treated as a
linearized perturbation of the original black-hole space-
time. As a result, the expected relationship cannot account
for the second term in Eq. (2.3), which is quadratic in the
tidal field. Within these limitations, we have a proof that in
the static and linearized regime, all multipole moments
vanish to all post-Newtonian orders.

The proof requires the black hole to have a charge Q, so
that the tidal environment can be manufactured by a
charged particle maintained in a state of equilibrium by
balanced gravitational and electrostatic forces. The charge,
however, can be as small as one desires, though not
identically zero. To see this, let us rewrite Eq. (3.1) in
the form

Q0 m 1-0%/(Mr)
=gy O

The second factor on the right is of order unity when the
particle is not too close to the black hole, and the
equilibrium condition states that the charge-to-mass ratio
of the black hole must be the inverse of the particle’s own
ratio. By choosing a particle with ¢g/m > 1 we can ensure
that Q/M < 1. So while the black hole’s charge is an
essential device required in the setup of a static tidal
environment, it can be chosen so small as to be utterly
irrelevant in every other aspect of the problem.

IV. REISSNER-NORDSTROM SPACETIME

In this and the remaining sections of the paper we
provide a derivation of Eq. (3.2). We begin with a review of
the RN spacetime, with a focus on those aspects that are
germane to the discussion.

A. Metric and vector potential

The RN spacetime is an exact solution to the Einstein-
Maxwell equations that describes a spherical black hole of
mass M and electric charge Q. The metric is written as

ds* = —fdi* + f~'dr* + r?(d6® + sin® 0d¢?), (4.1)
where
f=1 2M+Q2 (4.2)
- roor? '
The electromagnetic vector potential is given by
a,=-Lo (4.3)
r
The electromagnetic field tensor is then Fy5=

V. Ay —VA,. For a static observer, it describes a radial
electric field that behaves as Q/r°.

B. Charged particle

We introduce, at position r = ry and @ = 0 in the RN
spacetime, a point particle of mass m and electric charge ¢g;
we take m < M and g <« Q. The particle’s world line is
described by the parametric equations x* = Z%(z), where 7
is proper time, and its velocity vector is u® := dZ%/dr; the
only nonvanishing component is u’ = f 2 where fo=
1=2M/ry + Q*/r}.

The particle comes with an energy-momentum tensor

T = m/u“uﬁé(x, Z)dr, (4.4)

in which 6(x,z) = 8(x —Z)/,/—g is a scalarized Dirac
distribution; §(x — Z) is the usual four-dimensional delta

function and g is the metric determinant. The only non-
vanishing component is
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T, — _m\i_JjOa(r —19)6(cos @ — 1)5(¢p — ).
0

(4.5)

where ¢ is the particle’s (arbitrarily assigned) azimuthal
position in the RN spacetime.
The particle also comes with a current density

Jje = q/ u*s(x, Z)dr, (4.6)

with

J'==6(r—ry)d(cos 0 —1)5(¢p — ) (4.7)

Sl

as its only nonvanishing component.

The particle’s Killing energy, defined by FE:=
—(mu, + qA,)t*, where 1* = [1,0,0,0] is the spacetime’s
timelike Killing vector, evaluates to

qQ

E= =, 4,
m/Fo+ & (43)

fo+

The force required of an external agent to keep the
particle in place is
F* = mulN gu* — gF*su?, (4.9)
and its only nonvanishing component is F”. Its covariant
magnitude is F := +(g,,F*F?)!/2, with the sign chosen so
that sign(F) = sign(F”). We find that

_ L mM=0Q%/ry)
S v e |

In Sec. VI we shall choose g/m so that F vanishes: the
gravitational attraction between particle and black hole
shall be balanced by electrostatic repulsion. Throughout
Sec. V, however, we shall keep ¢/m general and have
F #0.

(4.10)

C. Harmonic coordinates

Each one of the scalar fields

X0 =1, (4.11a)
X':= (r — M) sin@cos ¢, (4.11b)
X? = (r— M)sin@sin ¢, (4.11c)
X3 = (r—M)cos@ (4.11d)
satisfies the wave equation
GV NV, XH = 0 (4.12)

in the RN spacetime. The collection therefore makes up a
set of harmonic coordinates.

In the coordinates X = (z, X*) we have that the metric
and its inverse are given by

g, = —f, (4.13a)
Jab = F71QuQy + (1 + M/7)* (80 — Q,Q;),  (4.13)
gt =—f1, (4.13¢)
g = FQIQP + (1 + M/7)2(5% — QIQP),  (4.13d)
where 7:=r—M,
_r2/32
f= ﬁ (4.14)

with L? := M? — Q?, and Q% := X¢/F, Q, = 5,,Q%. From
this it follows that

5= (1 4+ M/, (4.15)
and the components of g% := ,/=gg* are
(1+M/7)*
n o LV 4.16
- L2/7 (4.16a)
L2
g = 6 — Q. (4.16b)
7

The gothic inverse metric admits a post-Newtonian
expansion in powers of M /7 and L/7. In this expansion,
g" + 1 begins at the Newtonian order with a term propor-
tional to M/7, while g’ — 5% begins and ends at the
second post-Newtonian order with a term proportional to
L?/7%. (Recall that by convention, the counting of post-
Newtonian orders is different for spatial and temporal
components of the metric.)

V. PERTURBED SPACETIME: GENERAL CASE

In this section we incorporate the particle into the
description of the gravitational and electromagnetic fields.
Taking into account our assumption that m << M and
q < Q, we compute the small perturbations to the metric
and vector potential created by the particle; all equations
shall be linearized with respect to these perturbations. Our
calculations generalize those of Ref. [29], in which the
condition of balanced gravitational and electrostatic forces
was enforced. Here our charge-to-mass ratio is arbitrary
and F # 0; we refer to this as the general case. The special
case F' = 0 will be recovered in Sec. VL.
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A. Perturbation equations

We wish to calculate the perturbations 6g,4, 64, created
by a particle of mass m and charge ¢ at position r = ry,
0 = 0; we work in the original (¢, r, 6, ¢) coordinates. The
perturbing energy-momentum tensor 67% includes con-
tributions from the particle—see Eq. (4.4)—and from the
perturbation 6F,; of the electromagnetic field. Because it
satisfies 6T", + 6T?, = 0, the perturbed metric can be cast
in the form

The vector potential is written as

- (Q + <I>> Oyt
,

where ®(r,6) is the perturbation.

The Einstein-Maxwell equations, linearized about the
RN solution, decouple into a system of equations for U
and D,

A, = (5.2)

cos @
ds? = —e 2V fdr? + U (F1dr 1 P2de?) r2f0,® + 2rfo,® + dpp® + maaq) -20f0,U
+ 2V sin? 0dgp?, (5.1) = —2qfo5(r — ro)5(cos 0 — 1), (5.3a)
in which U(r, 6) and ions; cos 0 202
, y(r.0) are the perturbations; these are  ,2¢5 1/ 4+ 2(r — M)O,U + OgyU + — 9,U + =u
taken to be small, so that e=2Y = 1-2U and so on. In the sin 6 r
terminology of LaHaye and Poisson [32], the metric —200,® = =2m\/fo6(r — ry)8(cos@ — 1),  (5.3b)
perturbation belongs to the Weyl class, a special case of
the Weyl gauge introduced in their paper. and equations for y,
(r—M)?—L*cos* 0 5 (M — Q*/r)cos 6
=—(r=M)(M - —
B sin2 0 8}'7 (r )( Q /r)arU sin@ aBU
2(r—-M 0
© (72 ) U+Q(r—M)o,® + Q?OS 0p®, (5.4a)
r sin 6
(r—M)?—L?cos*0 r*f(M — Q*/r)cos @ Q*f cos 0
Ogy = 0.U—(r=M)(M—Q*/r)0,U +=———U
2sin @ o sin @ U= (r=M)( 0°/r)9pU + sin @
Qr’fcosf
-=———0,® — M)9y®. 5.4b
ing 0@+ Q(r—M)9, (5.4b)
Equations (5.3) were averaged over ¢ to eliminate the 1 ) I
irrelevant factor 5(¢p — ¢by) in the source terms. Ta= 2 [a(M = Q%/ro)\/ fo = mQfol. (5.7a)
Equations (5.3) are decoupled by writing
1
[y = — [m(M — Q*/ro)\/fo — qQf o). (5.7b)
© = (M~ Q*/r)(\/fA) + OfB. L

U= (M- Q%/r)B+Q(/fA), (5.5)

where A(r,0) and B(r,0) are new perturbation variables.
They satisfy

1 L?
2 - =
0,(r*fo,A) + sineag(sm 00yA) rzfA
= =2I48(r — ry)d(cos O — 1), (5.6a)
1
2 - .
0,(r*f0,B) + Sineag(sm 00yB)
= —2['g6(r — ry)d(cos @ — 1), (5.6b)

where

The factor of f'/2 placed in front of A in Eq. (5.5) is not
required for the decoupling; it is introduced so that the
differential operators acting on A and B come out similar.

B. Mode solution to the perturbation equations
To integrate Egs. (5.6) we decompose A and B in
Legendre polynomials,

[Se]

A(r.0) = As(r)Py(cos ),

=0

B(r.0) = B/(r)Ps(cos ),

=0

and we write
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o0

Z (2¢ + 1)Py(cos0);

=0

5(cosf —1) (5.9)

l\)l'—‘

this identity follows from the completeness relation for
spherical harmonics, after an average over ¢). The equations
become

d*A dA L2
2 ¢ _ “Ae _ =
rf i +2(r—M) = [f(f+ 1)+ rzf]Af
— + A0(r—rp), .1Va
20+ 1) 6 5.10
d’*B dB
2 4 _ ‘_
r°f 02 +2(r—M) o ¢(¢+1)By

A change of variable from r to & := (r —
equations to the form

M) /L brings the

(8 — 1)A” + 2EA!, — f(f+1)+§21_1 A,
(2f+1> 5(E— &), (5.11a)
(& —-1)B)+2EB, —£(¢ + 1)B,
—(264 1) %5(5 — &), (5.11b)

in which a prime indicates differentiation with respect to &,
and &)= (ro—M)/L. When ¢&#¢&, the solution to
Eq. (5.11a) is a combination of P. = (£ —1)"/2P/, and
QL = (& -1)V2Q); the solution to Eq. (5.11b) is a
combination of P, and Q,. To account for the delta
function on the right-hand side of the equations, we must
ensure that A, and B, are continuous at £ = &, but that A},
and B/, possess the correct discontinuity.

It is useful to note that the event horizon is situated at
& =1, and that the solutions to Egs. (5.11) are defined in
the interval 1 < £ < co. The functions f'/?A, and B, must
be regular at £ = 1 and go to zero at £ = oo; we have that
rf = L*(& — 1), and so we demand that (&2 — 1)'/?A, be
regular at £ = 1. For A, the physically relevant solution to
Eq. (5.11a) is proportional to PL when & < &, and to Q)
when & > &,. For B, the relevant solution to Eq. (5.11b) is
proportional to P, when & < &y, and to Q, when & > &.

Taking into account the junction conditions at £ = &;, we
find that the global solutions to Egs. (5.11) are

26+1T,

A= =G G- DHE -
0 (S0)Py(&). & <o,
{Pé(fo)Q;(é), E> &, (5.12)

and

(&) Pr (&),
Py(&)0s(8),

Equation (5.12) does not apply to £ =0, and this case
requires a separate treatment. When ¢ = 0 the two inde-
pendent solutions to Eq. (5.11a) are (£2—1)""/? and
E(E2 —1)71/2. The first solution vanishes at infinity, and
both solutions are regular at the horizon. The global
solution is chosen to be

¢ <&,

5.13
&> & ( )

B, = (2¢ + )L{

Ty

A= (&~ 1)7E - 1)—1/2{ & &<t

5.14
&0, &> & ( )

This will be seen below to require an adjustment.

C. Potentials in closed form

The summation identities—Eqs. (110) and (34) of

Ref. [29], respectively—

1
/2% —2xycos @ + y> —sin2 0

s O (y)Ps(x) cos
= ;(21,”4— 1){Pf(y)Qf(x) }Pf( 6) (5.15)
and
xy —cosf

\/x2 =2xycosf+ y* —sin?0

N S 20 [ QUIPL)
(e it ree )
x P,(cos®) (5.16)

are derived in Appendix E of Ref. [32]; the upper row refers
to the case x < y, while the lower row refers to x > y. They
allow us to sum the series of Egs. (5.8) and express A and B
in closed forms. Setting x = £ and y = &,, we find that
Eqgs. (5.12), (5.14), and (5.16) give

A — FA 505—0089
PL(G-1)P (8= 1) (£ ~26Ecos 0+ & —sin6)
(5.17)

On the other hand, Eqgs. (5.13) and (5.15) return

Ty 1
PL (8 -2&&cos O+ &
We place a label “p” on the functions to indicate that these

are particular solutlons to the field equations for a point
charge at r = ry. As we shall see, these solutions must be

B (5.18)

—sin?9)' 2
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amended to ensure that all boundary conditions are
satisfied. Inserting & = (r—M)/L and & = (ro—M)/L
into these expressions, we arrive at

\/fA kg (ro=M)(r—M)—L*cos6
, =4

. - . (5.19)
B, = %B, (5.19b)

where
k=3 laM = 0%/r) ~mOVT (5:200)
o s= L0 (v — 0¥/ m) ~q0V/Ti] (5.200)

and
D :=[(r—=M)*=2(ro —M)(r—M)cos®

+ (ro — M)* — L?sin? 6]'/2 (5.21)

is the spatial distance in the RN spacetime between a point
at (r,0) and the particle at (rq,0). We note that k, =
I'y/v/fo and ky = I'g, and recall that L? := M? — Q. The
original potentials are then recovered from Eq. (5.5),

@, = (M — Q*/r)(\/fA,) + OfB,,

U, = (M~ Q*/r)B, + O(\/fA,), (5.22)

where we again indicate that these are particular solutions.

D. Gauss’s law

The potentials @, and U, describe a situation in which a
particle of mass m and charge ¢ has been added to the
spacetime, but in which the black hole has also acquired an
additional charge. To see this, we appeal to Gauss’s law,
which states that the total charge enclosed by a two-surface
S is given by

Q(S) = —iﬁ Fap’n”r/”dS, (523)

where n is the surface’s timelike unit normal (pointing to
the future), r* is its spacelike unit normal (pointing out
of §), and dS is the induced surface element. We choose S
to be a surface of constant ¢ and r, set

n* = eUf71/2[1,0,0,0],
ds = eU+1) 2 in 0dOdep,

re = e~ £1/2[0,1,0,0],
(5.24)

and obtain

Q(s) = 0 —% A "(120,® —20U) sin0do.  (5.25)

To evaluate this we follow Ref. [29] and write f1/2A, =
(ky/ror)(0gD/ sin@). Making the substitution in @, and
Uy, we find that

1 .
-5 (r?0,®, —2QU,) sin 0

= M My~ 02)0,4D + MO,D)

2}’0

—%kBQrzf(arD_l) sin 4. (5.26)
Integration is accomplished with
D(z)—D(0)=r+ry—2M—(r—rq)sign(r—ry), (5.27a)
9,[D(x) — D(0)] = 1 —sign(r — ry), (5.27b)
2f /”(a,D—l) Sin0dd = —1 —sign(r—ry),  (5.27¢)

0

where sign(r — rg) is equal to +1 when r > ry and —1
when r < ry. We obtain

2
Q(r<r0):Q—kAL ,

ro

Q(r>r) =0+ kAM<1 —1:4> +kz0.  (5.28)
0

We see that indeed, the black hole has acquired a charge
—k4L?/ry, and that the charge at infinity is not equal to
0O + g, as it should be.

E. Monopole potentials

To restore the correct physical situation, we must add to
®, and U, potentials that shift the charge of the black hole
back to Q. These monopole solutions to the homogeneous
field equations are constructed in Appendix A, and they are
given by

® - k_A M? + Q2 B MQZ
mono — o - 2 s
kO [ M
Umono = — iO <1 - 7) . (529)

With these amendments, the correct solutions to the field
equations are

D =@, + Dy, U= Up+ Unono- (5.30)
Recalculating Q(S) with the amended potentials, we now

find that
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Q(r<ry) =0, Q(r>ry)=0+gq; (5.31)
we made use of Egs. (5.20) to simplify the expression for
Q(r > rg). The black hole now has a charge Q, and the
charge at infinity is Q + ¢. All is good.

A remarkable aspect of our solution is that U does not go
to zero when r — oo. Instead we have that

ka0

Uy =U(r - o0) = Upono(r = o) = "

(5.32)

This implies that in the perturbed spacetime, the time
coordinate ¢ no longer measures proper time for a static
observer at infinity. This role is taken over by the rescaled
time 7 = e~U~t. This observation will have consequences
in subsequent calculations; care will be required to account
for the nontrivial asymptotic behavior of the metric.

F. Komar mass

To further check the validity of our solution, we calculate
the mass at infinity, as defined by the Komar integral

1

M(S) = - fg (V,i,)nrds,

(5.33)
in which 7* = ¢V=[1,0,0,0] is the spacetime’s timelike
Killing vector, properly normalized at infinity. We are
interested in the limit in which S is pushed out to r = oo.
Performing the computation, we obtain

M(co) = M + k,Q <1 = M) FhyM (534

ro
or

f0+£

M(c0) =M +m
To

(5.35)

after inserting Egs. (5.20). The difference M(co) — M is
recognized as the particle’s Killing energy in the back-
ground RN spacetime, as given by Eq. (4.8). Because the
total mass is correctly recovered, we conclude that our
amended potentials give a faithful description of the
spacetime.

G. Calculation of y

The calculation of y proceeds on the basis of Egs. (5.4),
in which we insert U and ® from Eq. (5.30). The general
solution for y features a constant of integration, and we
choose it so that y(r,6 =0) =0 when M + L < r < ry,
that is, between the black hole and particle. With this choice
we find that

 2kgL? [r—M — (ry— M)cos 0
rofo D

where kj is defined by Eq. (5.20) and D by Eq. (5.21). With
this solution we have that y(r,0 = 0) = 4F when r > ry
(above the particle), with F denoting the force of Eq. (4.10).
We also have that y(r,0 = z) = 4F for any value of r.

The nonzero value of y on the axis, above the particle on
the upper axis (at = 0), and everywhere on the lower axis
(at @ = m), implies that the spacetime comes with an
angular deficit: the ratio of proper circumference to proper
radius for a small circle around the axis is not equal to 2z,
as required by elementary flatness. The conical singularity
betrays the presence of a thin distribution of matter on the
axis—a massless string—with a tension 7 equal to its linear
mass density p. The string on the upper axis is the external
agent that keeps the particle in place at r = r, and prevents
it from falling toward the black hole; the string tension 7 is
equal to the force F acting on the particle. Similarly, the
string on the lower axis is attached to the black hole and
prevents it from falling toward the particle; the tension is
the same in both strings. (For an extended discussion of
these properties, please refer to Ref. [32].)

With a different choice of constant of integration we could
arrange for y(r, & = 0) to be nonzero between the black hole
and particle, and zero below the black hole and above the
particle. In this case the conical singularity would lie between
the black hole and particle, and it would signal the presence
of a strut between the objects; the strut would then be
responsible for keeping them apart. With yet another choice
of constant there would be a conical singularity everywhere
on the axis. In this case the spacetime would contain a strut
and two strings, and all these would share the responsibility
of keeping the objects apart. The choice of constant becomes
immaterial when the situation is specialized to the one of
Sec. VI. When the condition of Eq. (6.1) is imposed we shall
find that the conical singularity disappears altogether,
whether it was below the black hole, above the particle, or
between the objects. The choice of constant, therefore, has no
incidence on the vanishing of tidally induced multipole
moments for black holes.

Y +1], (5.36)

H. Properties of the black hole

We use the metric of Eq. (5.1) to calculate how the black
hole is affected by the perturbation. The perturbed event
horizon continues to be situated at » = M + L, where
gy = 0, and the induced metric on the horizon is given
by the 6-0 and ¢-¢» components of the metric, with U and y
evaluated at r = M + L. The horizon values are

Ur=M+1L) kL
r = = s
ro—M — Lcos@
2kpL? 1- 0
yr=M4+L)=—""8 cos (5.37)

ro—M—Lry—M—Lcos@’
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and we also have that ®(r = M + L) = k,M/ry; to arrive
at our expression for y we made use of the factorization
r3fo = (ro—M —L)(ro — M + L). With this information
we find that the black-hole area is

2kgL
_ 2 B
A=4z(M + L) <1+r0_ _L>. (5.38)

The surface gravity follows from k* = —1(V,75)(V#),
where 7% is the rescaled timelike Killing vector, and where
the right-hand side is evaluated on the horizon. We find that

kyO 2kl
ro rO—M—L

‘= (Miw (1 - ); (5.39)

in accordance with the zeroth law of black-hole mechanics,
the surface gravity is constant on the horizon.

The horizon-valued electrostatic potential Wi must also
be defined with respect to the rescaled Killing vector. We
have Wy := —A,1* = eV=(Q/r + @), where the right-hand
side is evaluated at r = M + L. A short calculation returns

ksL
__Q kL
M+L ro

Py (5.40)

The Smarr mass of the black hole is defined by

ﬁ + QlPHa

MSmarr = .

(5.41)

and we find that all perturbative terms cancel out, leaving

Mgpor = M. (5.42)
The mass parameter M of the perturbed black hole can
therefore be related to geometric objects defined on the
event horizon.

VI. PERTURBED SPACETIME:
EQUILIBRIUM CASE

We specialize the results of the preceding section to a
particle with a mass m and charge g related by Eq. (3.1),
copied here for ease of reference:

m(M - Q%/ry) = g0/ fo.

The particle’s charge-to-mass ratio is therefore restricted to
be a specific function of r,. When this condition is satisfied
we find from Eq. (4.10) that F = 0, where F is the force
required of an external agent to hold the particle in place.
The particle, therefore, is a state of equilibrium that results
from equal and opposite gravitational and electrostatic
forces.

Another consequence of Eq. (6.1) is that the parameters
defined by Eq. (5.20) are now given by

(6.1)

m

ky = —— .
AT oVH

The vanishing of kp implies the remarkable fact that y = 0,
where y is the potential of Eq. (5.36). The perturbed
spacetime no longer features a conical singularity, and
strings are no longer required to hold the particle and
black hole.

The potentials reduce to

kg =0. (6.2)

o oom 0%\ (ro = M)(r—M) — L?cos 0
v D

2 2
S ML —Mﬂ, (6.32)
r r
_m [(ro=M)(r=M)-L?cos§ M
U_VO\/J?B{ — 1+=[. (630)

These include the particular solutions of Eq. (5.22) and the
monopole contributions of Eq. (5.29). We recall that L? :=
M? — @? and that D is given by Eq. (5.21). The potentials
become

o, - ™ U
" OrovVfo' "

when evaluated on the horizon.
Because y =0 in this equilibrium situation, the per-
turbed metric simplifies to

=0 (6.4)

ds? = —e‘zufdt2

+ 2V [f~1dr? + r?(d9® + sin? 0d¢?)].  (6.5)
The vanishing of U at r = M + L implies that the intrinsic
geometry of the event horizon is spherically symmetric, in
spite of the tidal deformation of the surrounding spacetime.
There is no direct link between the spherical state of the
horizon and the vanishing of the tidally induced multipole
moments of the black hole; these, we recall, are a property
of the gravitational field at a large distance from the body.

The coordinates of Eq. (4.11) continue to be harmonic in
the perturbed spacetime. This remarkable observation is
verified by showing that each one of the scalar fields X*
satisfies the wave equation of Eq. (4.12), not just in the
background spacetime defined by the RN metric, but also
in the perturbed spacetime defined by the metric of
Eq. (6.5). The statement is true irrespective of the precise
form of the perturbation U (r, 6); the potential does not even
appear in the perturbed wave equation. The statement,
however, relies sensitively on the vanishing of y; it would
not be true otherwise.

It is a simple matter to use Eq. (4.11) to transform the
perturbed metric to the harmonic coordinates (X = ¢, X¢),
and from this to compute the gothic inverse metric
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g% == ,/=gg®. We find that its time-time component is
given by

o 1+ M/7)?

W::—n: s
S I T

(6.6)

where 7 = r — M is the harmonic radial coordinate. The
multipole decomposition of W is obtained by combining
Egs. (5.5), (5.8), (5.12), (5.14), and (5.29). We reintroduce
E:==7/L, & ==T¢y/L, set u:=M/L, and write

W =Wgn+ Y We(€)Ps(cosd), (6.7)
£=0
where
_ (E+n)!
Wrn = 2@ -1 (6.8)
is the Reissner-Nordstrom piece,
WO = 0, (693)
_ 42+ )m PN (-
W, = —mz(fg - 1)20, (&) 2 Py(&)
(6.9b)
when £ < &,, while
LS o) N G )

Wy = 4L(§g 1)-1/2 2@ (6.10a)
_ At )m YN (- )
Wf*_ f(f-f—l) L(ég_l)l 2Pf(§0) 52 Qf(é:)

(6.10Db)

when & > &,. Equation (6.9) was already previewed in
Eq. (3.4), and described in some detail back in Sec. III. The
dipole contribution to Eq. (6.7) is discussed in Appendix B.
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APPENDIX A: MONOPOLE POTENTIALS

In this appendix we construct monopole solutions to the
homogeneous version of Egs. (5.3). We insert A = A(r)
and B = B(r) within Egs. (5.6a) and (5.6b), set the right-
hand sides to zero, integrate the equations, and substitute
the solutions within Eq. (5.5). The most general solution
comes with four arbitrary constants. One of these gives rise

to an irrelevant constant term in @, and another constant
multiplies a function that diverges on the event horizon.
The physically relevant solution therefore contains two
arbitrary constants, denoted a; and a,, and it is given by

M 0 0
Dirono =41 <_2> +(127,

Equations (5.4) imply that y vanishes for this solution.

It is intuitively clear that this two-parameter family of
solutions represents a shift in the mass and charge param-
eters of the RN black hole. However, the fact that U,
tends toward —a, (instead of zero) as r — oo implies that
the interpretation of a; and a, is subtle. It is wrong, in
particular, to interpret a;M + a,Q as a shift in charge, and
a,Q as a shift in mass.

To arrive at a proper interpretation for a; and a,, we
transform the metric of Eq. (5.1), and the vector potential of
Eq. (5.2), to the standard RN form. In these manipulations
we set U = Uponos @ = Pono» ¥ = 0, and work to first
order in both a; and a,.

The first step is to introduce a new radial coordinate
#=eYr = (1+ U)r, which converts the angular part of
the line element to the standard #*(d6” + sin® Odg?).
Inserting U and inverting, we have that

(A1)

Umono :al7_a2-

r = (1 + az)f’— CllQ. (AZ)

The second step is to express g, and g;; in terms of
the new radial coordinate. Simple algebra returns g, =
—(1+42a,)f and g;; = 1/f, where

. 2(M + M +60)?
pog MO Q007
with
oM := alQ - azM, 5Q = alM - sz. (A4)

The third step is to eliminate the factor of 1 + 2a, in g,;, by
introducing a rescaled time coordinate 7 such that

t=(1-a)i (A5)
With all this the metric becomes
ds* = —FdP* + 7' di? + 12(d6* + sin? 0d¢?),  (A6)

which is the standard form of the RN metric. The fourth and
final step is to reexpress the vector potential in terms of 7
and 7. We obtain

Q +60

A

Aa:_

Dt (A7)
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The transformation reveals that we are indeed dealing with
another RN solution, with a new mass M + éM and a new
charge Q + 6Q. The shifts in the mass and charge param-
eters are given by Eq. (A4).

This interpretation is confirmed with an application of
Gauss’s law—Eq. (5.23)—and a computation of the Komar
mass of Eq. (5.33). Working in the original (7,76, ¢)
coordinates, and choosing again S to be a two-surface of
constant ¢ and r, we find that

Q(S) = Q0 +aM

- a0 (A8)

and

2

M(S) = (1 —a2)<M—Q—> +a,0f.  (A9)

The first equation reveals once more that 6Q =a;M —a,Q,
and the second equation shows that the mass at infinity is
M + 6M with OM = a,Q — a, M.

Equation (A4) reveals that the choice

0 B M
MZ_QZBM’ az__MZ_QZ

produces potentials that correspond to a pure mass shift,
accompanied by 6Q = 0. These are

o, - 2M (2_M_Q_2),

a) = — M (Al0)

r r2

SM 0?
U M—-= All
mass Mz Q2 < - ) ( )
On the other hand, the assignment
M 0

gives rise to a pure charge shift, accompanied by 6M = 0.
The corresponding potentials are

5Q M2 + Q2 MQ2
(Dcharge = M2 Qz r - 72 ’
) M
Ucharge = _MZQ_QQ2 <1 - I”). (A13)

The monopole potentials introduced in Eq. (5.29) come
with the shifts SM = 0 and 6Q = k,(M* — Q?)/r,.

APPENDIX B: DIPOLE CONTRIBUTION TO W

In this appendix we examine the dipole contribution to
W := —g'" and explain its significance. From Egs. (6.9) and
(6.10) we have that

3 -1 25 1E+w)’
_ _ /
wi=T@- el 2 S ey
when & < &, and
E-1 2 |(E+w)
N2y
wi=G- e it 2 B e

when & > &.

The factor involving & in Eq. (B1) can be expanded, and
the term with the smallest power of & is y? /£, In light of the
considerations of Secs. II and III, this indicates that when
viewed as a skeletonized post-Newtonian object, the black
hole possesses a mass dipole moment. This, in turn, implies
that the spatial origin of the harmonic coordinates is not
anchored at the black hole’s center of mass.

Similarly, the spatial origin of the harmonic coordinates
is not attached to the center of mass of the entire system,
black hole plus particle. This can be seen from Eq. (B2) and
the fact that the factor involving & becomes approximately
(4/3)é72 when &> 1. This shows that the system pos-
sesses a nonvanishing dipole moment at infinity.

It is by no means necessary for the spatial origin of the
coordinate system to coincide with the system’s center of
mass, and the properties reviewed above do not constitute a
problem. It is instructive, nevertheless, to introduce a gauge
transformation that produces such a coincidence. Before we
proceed we recall from Egs. (5.5), (5.8), and (5.12) that the
dipole piece of the potential U(r, 8) is given by U, (r) cos 6,
where

3m
413

—~M~-L 2L(ry—M)
—M+L rom

M+L +2L <1 —gﬂ (B4)

when r > r(. For the purpose of this discussion we reinstate
the original Reissner-Nordstrom coordinates.

We wish to find a gauge transformation that makes U (r)
vanish when r > r(; this will remove the dipole moment at
infinity and anchor the new coordinates at the center of
mass of the entire system. The procedure can easily be
adapted to make U, (r) vanish when r < r, instead; this
would attach the new coordinates to the black hole’s center
of mass.

The transformation is generated by the gauge vector

U, = {ro Foln o }rf (B3)
ro

when r < r(, and

3m

U, =
1= yp3'0

fo[fln

E, =[0,h(r)cosO,—j(r)sin@,0], (B5)

where h(r) and j(r) are functions to be determined. The
transformation produces a change Ap,; = =V, 55 — V45,
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in the metric perturbation p,g := g,4, and the change is
given explicitly by

Ap, = %f(M — Q?/r)hcos, (B6a)

dh M — Q?
_+—Q/rh

Ap,. = -2
prr <dr r2f

) cos, (B6b)

dj 2
Ap.y = <d—J ~Si h) sin 6, (B6c)

ror
Apgg = =2(rfh — j)cos@, (B6d)

and Ap,y = Apggsin? 6. We set
2

h=—e— "y, B7
M — Qz/r 1 ( )

with U; given by Eq. (B4), so that the new p,
vanishes when r > ry. And we choose j to satisfy
dj/dr—2r~'j +h =0, so that p,y continues to vanish;
its explicit expression in terms of dilogarithms, logarithms,
and rational functions is not terribly illuminating and is not
displayed here.

The asymptotic behavior of the gauge functions when
r— oo is

m ) m
h~ =370V o J~ =30V for (B8)

Making the substitution in the gauge vector, and trans-
forming to Cartesian coordinates X'~ rsin6cos g,
X? ~ rsin@sin ¢, and X3 ~ rcos @, we find that

f0l0,0,1]. (B9)

m
M

—a
=~

As could be expected, the gauge transformation describes a
translation along the symmetry axis.

The gauge transformation generated by ZE, does not
preserve the harmonic property of the spatial coordinates
X“. The transformation, however, was devised to achieve
an ambitious goal, to remove the dipole piece of p, in the
entire domain » > r,. There is no need to be so ambitious.
To eliminate the dipole moment at infinity it suffices to
remove from p,, the leading term in an expansion in powers
of r~!. And this can be accomplished with the constant
gauge vector

m
Ta:—Mro fO[O,O, 1] (BIO)

Such a constant translation, X* — X“ 4+ Y“, does preserve
the harmonic property of the spatial coordinates.
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