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Singular perturbation techniques in the gravitational self-force problem
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Much of the progress in the gravitational self-force problem has involved the use of singular
perturbation techniques. Yet the formalism underlying these techniques is not widely known. I remedy
this situation by explicating the foundations and geometrical structure of singular perturbation theory in
general relativity. Within that context, I sketch precise formulations of the methods used in the self-force
problem: dual expansions (including matched asymptotic expansions), for which I identify precise
matching conditions, one of which is a weak condition arising only when multiple coordinate systems
are used; multiscale expansions, for which I provide a covariant formulation; and a self-consistent
expansion with a fixed worldline, for which I provide a precise statement of the exact problem and its
approximation. I then present a detailed analysis of matched asymptotic expansions as they have been
utilized in calculating the self-force. Typically, the method has relied on a weak matching condition,
which I show cannot determine a unique equation of motion. I formulate a refined condition that is
sufficient to determine such an equation. However, I conclude that the method yields significantly weaker

results than do alternative methods.
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I. INTRODUCTION

Perturbation theory is a venerable field of study in
general relativity (GR). In fact, because of the complexity
of the Einstein field equation (EFE), most physically rele-
vant analytical results in GR rely on perturbing away from
a known solution. However, most of the foundational work
in this area has focused only on descriptions of regular
perturbation problems—problems in which a regular
power-series expansion yields a uniform asymptotic ap-
proximation to a true solution. The underlying formalism
of regular perturbation theory in GR has been studied
extensively [1-3], and it has been shown that any regular
asymptotic expansion of the field equations yields a per-
turbative solution that approximates at least one exact
solution, at least locally [4-6].

However, many physically interesting systems must be
modeled as singular perturbation problems—problems in
which a regular power-series expansion fails to provide a
uniform asymptotic approximation. Indeed, one of the
most successful areas of research in GR, post-Newtonian
theory, centers on a singular perturbation problem. As one
would expect, the foundations of that particular problem
have been studied extensively [7,8], and it is now known
that there exist a large class of exact solutions possessing
post-Newtonian expansions [9-12]. But general discus-
sions of singular perturbation theory in GR are lacking;
Kates has provided the only such discussion [13], and his
emphasis was on providing an overview of the geometrical
structure of singular problems, foregoing any discussion of
particular methods.

Along with the post-Newtonian expansion, another
problem of great significance is also singular: the motion
of an asymptotically small body through an external space-
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time. This problem will be the primary focus of the present
paper. Study of the point-particle limit is less well devel-
oped than that of the Newtonian limit, and it has typically
focused on proving that at leading order, a small, un-
charged body behaves as a test mass, moving on a geodesic
of the external background spacetime (see, e.g., Refs. [14—
19]). However, in recent years, the advent of gravitational-
wave astronomy has enjoined a need to go beyond the test
particle approximation. Specifically, more accurate ap-
proximations are required to model extreme mass-ratio
inspirals (EMRIs), in which a compact body (such as a
neutron star or black hole) of mass m ~ M, spirals into a
supermassive Kerr black hole of mass M ~ (10*-10%)M,
lying at the center of a galaxy; see Refs. [20,21] for an
overview of these systems. Extreme mass-ratio inspirals
are a potentially important source of wave-signals for the
planned gravitational-wave detector LISA [22], with a
predicted rate of several to 100 detectable events per year
[23,24].

For an EMRI, an expansion in the point-particle limit
roughly corresponds to an expansion in powers of the mass
ratio m/M ~ . (For the remainder of this paper, I assume
all variables have been scaled by a global length scale such
as M, such that I can write, e.g., m ~ &, where ¢ is
dimensionless.) At leading order in a regular expansion,
the small body behaves as a point particle and moves on a
geodesic of the spacetime of the large body. At subleading
order, the metric perturbation generated by the body exerts
a force on it, the dissipative part of which causes it to very
slowly spiral into the large body. The acceleration of this
inspiraling worldline, caused by the body’s interaction
with its own gravitational field, is called the gravitational
self-force. A general, analytical expression for the self-
force in an arbitrary vacuum background spacetime was
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first derived by Mino, Sasaki, and Tanaka [25] and Quinn
and Wald [26]; that expression is now known as the
MiSaTaQuWa equation.

This is a singular perturbation problem for two reasons.
First, near the body, the first-order metric perturbation is
that of a point particle, behaving as a delta function with
support on the particle’s worldline. If the body is anything
other than a black hole, the error in the approximation (i.e.,
the difference between the exact and approximate metrics)
will then be unbounded in a small neighborhood of the
body; and even in the case of a black hole, the expansion
will fail, since the second-order Einstein tensor will con-
tain products of delta functions and hence be ill-defined as
a distribution. Therefore, the approximation breaks down
due to rapid changes, on the length scale ~¢, near the body.
The second reason the problem is singular is the existence
of secular errors (i.e., ones that accumulate over time). If
we use the first-order solution with a point-particle source,
then the Bianchi identity constrains the particle to move on
a geodesic; at higher order in the expansion, this geodesic
worldline is corrected by small deviation vectors [27,28].
But the true path of the small body spirals into the large
black hole, eventually deviating by a very large amount
from the leading-order, geodesic worldline; generically,
the error in the regular expansion will be unbounded on
any time interval [0, 1/&”], p > 0. Therefore, the approxi-
mation also breaks down due to slow, cumulative changes
over the radiation-reaction time scale f,, = 1/e. (In an
EMRI, this is the time required for the particle’s energy
and angular momentum to undergo an order-1 change,
since their rate of change is proportional to the self-force,
itself of order ¢.)

In singular perturbation theory, in order to overcome
these types of errors, one makes use of general expan-
sions,] of the form

N
flxe) =D e"f"(x &) + 0. (D
n=0

Unlike a regular power-series expansion, here the coeffi-
cients f"(x, &) are allowed to depend on &; but they are
nevertheless constrained to be of order 1, in the sense that
there exist positive constants k and g, such that
[F™(x, e)] =k for 0 =& = g, but lim,_of"(x, £)%0
(unless f"(x, &) is identically zero). Put simply, the goal
of a general expansion is to expand only part of a func-
tion’s & dependence, while holding fixed some specific &
dependence that captures one or more of the function’s
essential features. There are two common types of general
expansions: composite expansions and multiscale expan-
sions. The first of these is designed to overcome the failure
of a regular expansion near some submanifold (such as the
position of the small body in an EMRI), while the second is

'In Ref. [28], I instead used the term “singular expansions.”
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designed to overcome secular errors (such as the deviation
of the true motion from the leading-order, geodesic
approximation).

Composite expansions are patched together from a finite
number of regular expansions. For example, in the EMRI
problem, if we use a rescaled radial coordinate 7 = r/e
near the body, then a regular expansion at fixed 7 could be
accurate on the scale r ~ &, where an expansion at fixed r
fails; this inner expansion can then be combined with an
outer expansion valid for r ~ 1, yielding a composite
expansion that is uniformly accurate both near and far
from the body. I will refer to a pair of inner and outer
expansions such as this as dual expansions. One can make
use of dual expansions in a variety of ways, but historically,
they have been used most often in the method of matched
asymptotic expansions, in which the two expansions are
first partially determined in their respective domains of
validity, and then any remaining freedom in them is re-
moved by insisting that they agree in a domain of mutual
validity.” They were first used in fluid dynamics to analyze
the behavior of a low-viscosity fluid near a boundary. In the
context of GR, since the pioneering work of Burke [29],
who studied the effect of radiation reaction on a post-
Newtonian binary, and D’Eath [16,17], who studied the
motion of black holes, dual expansions have mostly been
utilized for two purposes: determining waveforms by
matching wave-zone expansions to near-zone expansions
(see, e.g., the review [30]), and determining equations of
motion for small bodies by matching an inner expansion
near a body to an outer expansion in a larger region (see,
e.g., [15,31-36]). The latter method, in various forms, has
often been used to derive the MiSaTaQuWa equation
[25,27,28,37,38]. (See Ref. [28] for a more thorough
review.)

Composite expansions are suitable only when the differ-
ent length scales dominate in different regions—e.g., the
metric varies on the short length scale ~& near the small
body, while it varies on the background length scale ~&°
everywhere else. In contrast, multiscale expansions are
suitable in situations where multiple length scales are
relevant everywhere in the region of interest. These ex-
pansions begin directly with the generalized form (1),
where the coefficients £ (x, &) depend on some specific
function of e—for example, in a two-time scale expansion,
" is assumed to depend on a time coordinate ¢ and a
slow-time coordinate 7 = ef, which allows the expansion to
capture both short-term and long-term effects. Recently,

*My nomenclature is not standard. In most of the literature on
singular perturbation theory, the term ‘“‘matched asymptotic
expansions” has the meaning that I have here assigned to dual
expansions. However, I have opted to follow the usage in recent
literature on the self-force, which has used the term to refer
specifically to the procedure in which the field equations in the
inner and outer expansions are first solved and then the solutions
are made to match.

124009-2



SINGULAR PERTURBATION TECHNIQUES IN THE ...

Hinderer and Flanagan [39] have suggested a two-time
scale expansion of the EFE and equation of motion in the
EMRI problem; the method has also been applied to more
restricted expansions of self-forced equations of motion
[40,41].

In addition to these standard expansions, there has been
one further general expansion utilized in the self-force
problem: a self-consistent expansion with a fixed world-
line. In this expansion, rather than allowing a functional
dependence on an e-dependent function from spacetime to
R, such as a slow-time coordinate, one allows a functional
dependence on a function from R to spacetime. This allows
one to consider a metric perturbation that is a functional of
an exact, e-dependent worldline, bypassing the constraint
that the worldline must be a geodesic at leading order. This
idea underlies the methods of post-Newtonian theory, and
it has been assumed in some form in much of the literature
on the self-force, including in the earliest derivations of the
MiSaTaQuWa equation [25,26]. In Ref. [28], this approach
was first formalized in terms of a systematic approximation
scheme. That scheme makes use of two general expan-
sions: an inner expansion accurate near the small body, and
an outer expansion accurate in the external background
spacetime. In the outer expansion, the metric is treated as a
functional of the exact worldline 7, and it is then expanded
while holding that dependence fixed: g = g + ehV[y] +
e2h@[y] + .... See Ref. [28] for further details. Like a
two-time scale expansion, this fixed-worldline approach
promises to eliminate the secular errors of a regular ex-
pansion; however, the precise relationship between the two
methods remains to be explored.

In this paper, I seek to accomplish two goals. My first
goal is to extend the geometrical description of singular
perturbation techniques. The geometrical picture of regular
perturbation theory in GR is well known; the analogous
description of singular perturbation theory, provided by
Kates [13], is less well known. In Sec. III, I review
Kates’” work and then go beyond it by describing in some
detail the three techniques used in the self-force problem:
dual expansions, multiscale expansions, and the self-
consistent expansion presented in Ref. [28]. I focus on
making precise statements pertaining to these methods,
with the aim of clarifying previous work. With regard to
dual expansions, I identify two matching conditions that
may be used in the method of matched asymptotic expan-
sions—a strong matching condition analogous to the one
used in traditional singular perturbation theory, and a weak
matching condition that arises when working in multiple
coordinate systems. With regard to multiscale expansions,
I provide a covariant description. With regard to the self-
consistent expansion, I extend the discussion of Ref. [28]
by providing an exact formulation of the self-force prob-
lem and a brief discussion of the gauge freedom in the
expansion.

My second goal is to provide a precise formulation of the
derivations of the gravitational self-force using matched
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asymptotic expansions. Section IV consists of a new ver-
sion of this derivation, along with detailed analysis and
discussion. Matching was used in some of the earliest
derivations of the MiSaTaQuWa equation [25,37].
Because it can determine the first-order equation of motion
from a first-order outer expansion, it is technically far less
involved than the method of Refs. [15,27,28], which de-
termine the nth-order equation of motion by solving the
field equations to n + Ist order in a region around the body.
However, as I will discuss, the method as it has been
utilized in the self-force problem has relied on the weak
matching condition, which is too weak to actually deter-
mine an equation of motion. In order to determine an
equation of motion, additional assumptions must be
made. I pinpoint these assumptions and formulate a refined
matching condition. Because of the variety of assumptions
required, I conclude that matching yields weaker results
than one would expect from traditional singular perturba-
tion theory; and it yields weaker results than those obtain-
able through the more laborious approach of
Refs. [15,27,28]. The method can surely be improved,
the number of assumptions reduced, but such improvement
may prove more difficult than using alternative methods.

Before proceeding to these two goals, I begin in Sec. II
with a review of traditional singular perturbation methods
in applied mathematics. Such a review is warranted both to
develop the concepts required in the later sections and to
make the basics of the theory more widely known. More
detailed overviews of the subject can be found in numerous
textbooks (e.g., Refs. [42—46]). Among these, the text by
Kevorkian and Cole [44] covers the broadest range of
topics, and the text by Eckhaus [46] provides the most
rigorous treatment.

II. TRADITIONAL SINGULAR PERTURBATION
THEORY

I begin by defining some useful notation. First, I define
the following order symbols: for x € R",

(i) f(x, &) = O({(e)) if there exist positive constants k
and &* such that |f(x, £)| = k|{(¢)| for fixed x and
0=eg=c¢g"

(i) f(x, &) = o({(#)) if lim,_o {2 = 0 at fixed x.

(iii) f(x, &) = O,({(e)) if flx, &) = O({(e)) and
f(x &) # o({(e)).

For example, 5S¢ + 232 = 0(g) = 2&/2, 58 + 2&3/% +

o(e) = 2632, and 5¢ + 232 = 0,(g) # 2¢%/2.

In general, we are concerned with the asymptotic be-
havior of functions, rather than the behavior of functions
evaluated at particular locations. This means we need a
norm appropriate for a function. Also, a central issue in
perturbation theory is whether or not an approximation is
uniformly accurate in a region of interest, where uniform-
ity is defined as follows:

(1) f(x, &) = O({(&)) uniformly in a region D if there

exist positive constants k and &* such that
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[If(x, e)llp = kl{(e)l for O

Il - [lp = sup,epl - |
Analogous definitions hold for 0 and O,. These definitions
provide a more useful measure of the asymptotic behavior
of a function.

Finally, I define several important asymptotic quantities:
relative to an asymptotic sequence {{,(g)}, where
§n+1(8) = 0(§n(8))s

(1) f(x, &) is an Nth-order asymprotic approximation of
f(x, £) = 0,(1) if f(x, &) — f(x, &) = 0Ly (),

(ii) f(x, €) is an Nth-order asymptotic solution to a dif-
ferential equation D[f(x, )] =0 if D[f(x, &)] =
o({n(&)),

(i) f(x8) = TN £,(6)fPx, &), where fO)(x, &) =
04(1), is an Nth-order asymptotic series. If f) is
independent of &, then the series is said to be regular
(sometimes called Poincaré type); if not, then it is
general. If, in addition, f is an asymptotic approxi-
mation to f, then it is an Nth-order asymprtotic ex-
pansion of f.

The most common asymptotic sequence is {&"}, which I
will use almost exclusively in this paper. Note that we are
typically uninterested in whether or not an asymptotic
series converges as N — o0. In fact, even if f is an asymp-
totic series that both converges and asymptotically approx-
imates f, the function that it converges to might not be f.

In any given perturbation calculation, one almost always
calculates an asymptotic solution to an equation.
Determining whether or not an asymptotic solution is
also an asymptotic approximation to an exact solution is
typically far more difficult. It is, however, an essential step
in proving the reliability of an expansion, because an
asymptotic solution may not be an asymptotic approxima-
tion to an exact solution (more pathologically, an asymp-
totic approximation may not be an asymptotic solution
[42D).

General asymptotic expansions are a powerful tool for
solving singular perturbation problems, which are defined
by the failure of a regular expansion to provide a uniform
approximation. This failure is often signaled by a change
of character in the governing differential equation when
& — 0; for example, a hyperbolic equation might degener-
ate into a parabolic equation. The inaccuracy of a regular
expansion is also frequently signaled by its failure to
satisfy a given boundary condition, or by the expansion
growing without bound in a system that we have reason to
believe should be bounded. Typically, the underlying ori-
gin of the failure is the presence of distinct length scales,
one of which appears only for € > 0. Often, this means that
the exact solution to a problem is singular at ¢ = 0. Hence,
in singular perturbation problems, we assume that & €
(0, £*], which allows us to take the limit € — 0, but which

w«

E=c,

I

where

3In the case f(x, €) = 0,({(g)), functions would be rescaled
by (&) before making comparisons.
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prevents us from setting € = 0. In this section, I consider
two types of systems: first, systems in which the exact
solution undergoes a rapid change near a submanifold;
second, systems in which rapid changes occur throughout
the region of interest. In the first type of system, dual
expansions can be used to construct a uniform general
expansion; in the second type, a multiscale expansion
can be used.

Before proceeding, I define two final pieces of notation.
. and ¢* denote, respectively, the push-forward and
pullback corresponding to a map . So, for example, if f
is a function of coordinates x, and ¥ = ¢ (x), then ..f is
the function rewritten in terms of . ®¥f denotes the Nth-
order regular asymptotic expansion of f in the limit of small
€, holding fixed the coordinates of which f is a function.

A. Dual expansions

Dual expansions are typically used to solve boundary
value problems in which the solution exhibits rapid change
in a very small region (or a finite number of such regions).
The regions of rapid change are referred to as boundary
layers. Frequently, this rapid change prevents a regular
expansion from satisfying a given boundary condition,
though a ‘“‘boundary layer”” can sometimes arise away
from any boundary. The usual means of solving these
problems is to make use of two regular expansions: an
inner expansion f;, that is expected to be valid in the
boundary layer, and an outer expansion f,, that is ex-
pected to be valid outside of it. Suppose we have a one-
dimensional problem with coordinate r, and that the
boundary layer is at r = r, and has a thickness ~&(g).
Then the outer expansion is simply a regular series at fixed
r, and the inner expansion is a regular series at fixed values
of the rescaled coordinate 7 = (r — r;,)/8(e); this can be
written as ,:r — 7. The inner expansion allows us to
capture changes over the length scale &(¢), since 7 is of
order unity when the original coordinate r is of order &(g).
Note that if we treat the problem on a two-dimensional
plane with coordinates (r, €), then the inner and outer
expansions can be visualized as expansions along flow
lines defined by r = constant and r/e = constant, as
shown in Fig. 1.

For simplicity, suppose that r, = 0 and that boundary
data is given at r = 0 and r = 1. In this case, the outer
expansion typically fails to satisfy the boundary condition
at r = 0, but it can be made to satisfy the condition at r =
1; conversely, the inner expansion can satisfy only the
condition at r = (0. This leaves each of the expansions
underdetermined. The basic idea of dual expansions is to
fully determine them by insisting that they agree in some
region of mutual validity. Suppose that f;, is an Nth-order
asymptotic approximation of f in a region D;,, and f, is an
Nth-order asymptotic approximation in a region D,;. Then
by definition, f — fi, = o({y(g)) in Dy, and f— f,, =
0({y(g)) in D,,. Subtracting the second equation from
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FIG. 1. Upper: inner limit (dashed curves) and outer limit
(dotted curves) in the (r, &) plane. Lower: the same limits in
the (7 &) plane. The inner limit is defined by € — 0, 7 = r/e
fixed; the outer limit, by € — 0, r fixed. From the perspective of
the inner limit, the outer limit sends all points to infinity (¥ —
00). From the perspective of the outer limit, the inner limit sends
all points to zero (r — 0).

the first, we have the overlap matching condition:

fout - fin = 0(§N(8))

Note that this condition relies on the existence of the
overlap region D, N D;,. If that region is empty, then the
condition is vacuous. And it may not be obvious that such a
region ever exists, since the inner expansion trivially ap-
pears to be valid only for 7 ~ 1, and the outer expansion
only for r ~ 1. However, if f,,(7) is a uniform asymptotic
approximation to f(r) on an interval [, 1] for constant a,
then it is also a uniform approximation on the extended
interval [£;(g), 1] for some {;(g) = o(1); similarly, if f;,(F)
is a uniform approximation to f(7) on [0, ], then it is a
uniform approximation on the extended interval
[0,1/Z;(g)] for some {;(e) = o(1) [45,46]. If we have
access to the exact function f, then we can explicitly
determine the overlap of these extended regions. But in a
typical application, without access to an exact solution, we
must make use of the overlap hypothesis, which states that
the overlap region exists. In order to implement the overlap
matching condition, one then simply assumes that the
constructed asymptotic series of a given order are asymp-
totic approximations of the same order, and one then takes

in Dy, N Dy, 2)
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the overlap region to be the region in which f, — fin =
o({n(e)).

In this paper, I will not make direct use of the overlap
matching condition. Instead, I will use a second, simpler
matching condition, which I will refer to as the coefficient-
matching condition:

DLy DL y.f = DLy DY . D2 3)

In this matching condition, we match results term by term
in the expansions. On the left-hand side we have the inner
expansion (D7 i .f) written as a function of r (via *) and
then expanded in the outer limit; on the right-hand side, we
have the outer expansion (P?f) written as a function of 7
(via ¢ ) and expanded in the inner limit, and then rewritten
as a function of r and re-expanded. (The right-hand side
requires an extra expansion in order to remove terms that
would appear as higher-order terms in the inner expansion.
Refer to Appendix A for an illustrative example.) We can
write this schematically as

q)sfin(r) = (Drfout’ (4)

meaning that when the inner expansion is re-expanded for
small € at fixed r, and the outer expansion is re-expanded
for small r at fixed &, the two results must agree term by
term. We can then, for example, equate coefficients of
&"r™ on the left- and right-hand sides.

If we define the buffer region by the inequalities
& < r < 1,* this equation states that the inner and outer
expansions must agree term by term when they are both
expanded in the buffer region. In other words, if the exact
solution is expanded first for small ¢ at fixed r/e (yielding
an inner expansion), and then expanded at fixed r (or in
other words, for » > ¢), it must agree, term by term, with
the result of expanding first for small ¢ at fixed r and then
expanding for r < 1.

From the perspective of the inner limit, the buffer region
lies at asymptotic infinity (7 — o0); from the perspective of
the outer expansion, it lies asymptotically close to r = 0.
From this we can intuit a still simpler matching condition,
which I will call the asymptotic matching condition:

lim /i) = lim/ gy, 5)

where fi(g) and ff,(l)l)[ are the leading-order terms in, respec-
tively, the inner and outer expansions.

The three matching conditions I have discussed are
obviously related. In fact, one can derive the asymptotic
matching condition and (a condition similar to) the
coefficient-matching condition from the overlap hypothe-

sis. However, one should realize that the overlap hypothe-

“In the applications of matched asymptotic expansions in GR,
the meanings that I have assigned to the terms “overlap region”
and “‘buffer region” are often conflated, and the terms are often
used interchangeably. For the sake of clarity, I distinguish
between the two.
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sis is merely sufficient to arrive at those two matching
conditions: it is not necessary. Functions exist that do not
satisfy the overlap hypothesis but nevertheless satisfy the
coefficient-matching condition, for example [46].

Once a matching condition has been used to fully de-
termine the inner and outer expansions, one can construct a
composite expansion that is uniformly accurate on the full
domain of the problem. This expansion consists of the sum
of the inner and outer expansions, minus the terms that are
common to both in the buffer region. Explicitly,

fcomp = (D?f + ¢,*¢,rgn '7Z’*f - l//*q)rgn lr//*q)ranfy (6)
which we can write schematically as
fcomp = fou T fin — cI)rfout' (7

Note that this is a general asymptotic expansion of the form
L& FO(r, 1/ 8(2)).

The matching conditions presented here can be used in a
variety of ways. Most traditionally, in the method of
matched asymptotic expansions, the inner and outer solu-
tions are determined as far as possible using the governing
differential equation and boundary conditions, and then
they are fully determined by imposing a matching condi-
tion. However, one can instead begin with the matching
conditions to restrict the general form of one or the other of
the expansions, or to develop a general expansion in the
buffer region. In Appendix A, I illustrate the method of
matched asymptotic expansions with a simple example.
For further information on dual expansions, see
Refs. [45,46].

B. Multiscale expansions

In some systems, rather than a rapid change occurring
near a submanifold, rapid changes occur over the entire
region of interest (in other words, the “boundary layers™
are dense in the region). When studying these systems, one
cannot form a uniform approximation by making use of
regular expansions in separate regions and then combining
them. Instead, one must assume a general expansion from
the start.

Suppose for simplicity that the rapid changes occur on a
scale ~1, and the slow changes occur on a scale ~1/ PR
and that we seek an approximation to f(t, &) that is uniform
on the time interval [0, 1/&]. Then we proceed by introduc-
ing a fast time variable ¢ = ¢(f, &) and a slow time

variable 7= (1, &) satisfying 22 = w(t, &) and % =

ar
e®(t, &), where w and @ are uniformly O,(1); changes in
¢ are of the same order as changes in ¢, while 7 changes
appreciably only after ¢ changes by a very large amount.

(In the simplest case, we have ¢ = rand f = er.) We invert

One could rescale the variables such that the rapid changes
occur on the scale ~¢& and the slow changes on the scale ~1, to
accord with the description of a region dense with boundary
layers.
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the transformation in order to write the frequencies as
functions of the slow time alone: w(7, &) and &(7, €). I
next note that while setting @ = 1 will lead to large errors
on a time scale 1/& (consider, for example, attempting to
approximate cos(z + &t) by cost), setting @ = 1 will lead
to large errors only on extremely long time scales outside
our range of interest. Hence, I will take the slow time to be
given by 7 = et. The remaining frequency, @, must be
determined over the course of the calculation. To make
such a goal feasible, I assume w possesses a regular
expansion X4, () (7).

I next assume that f(t, €) can be written as a function
F(¢, 1, €), and that F possesses a regular expansion: that is,

f(,e) = F(p, T, 6) = D L(e)F (g, D). (8)

Suppose f is to satisfy some differential equation D[f] = 0.
After making the substitution f(z, ¢) = F(¢, 7, €), we use
the chain rule to convert derivatives with respect to ¢ into
the sum of partial derivatives 4 = w(7, s)& +el. We
then arrive at a partial differential equation in terms of ¢
and 7. Now, the essential step in a multiscale expansion
consists of treating ¢ and 7 as independent variables at this
point; that is, F' is taken to be a solution to the partial
differential equation (PDE) for arbitrary values of ¢ and 7.
Given this assumption, after substituting the expansions for
F and w, we can solve the equation by setting the coeffi-
cient of each £, to zero. If I did not assume that F solves the
equation for arbitrary ¢ and 7, then the & dependence
scattered throughout ¢ (1, &) and #(z, €) would prevent us
from solving the equation in this manner.

Treating ¢ and 7 as independent is equivalent to working
on an enlarged manifold with coordinates (¢, 7, ). The
solution manifold on which f lives is a submanifold defined
by ¢ = ¢(t, &) and 7 = i(z, €). (See Fig. 2 for an illustra-
tion in the simple case where ¢ =1t and 7= &t.)
Determining @ can be viewed as a step in determining
this submanifold; in fact, we can note that the transforma-
tion from the extrinsic coordinates x* = (¢, 7, &) to the
intrinsic coordinates y* = (¢, &) defines a set of basis vec-
tors % on the submanifold, given by e¢? = (w, &, 0) and
e = (9,0, 1,1).

Because we are provided with sufficient boundary data
for an ordinary differential equation (ODE), rather than for
a PDE, we must place some constraints on the function F.
The most commonly imposed constraint is the nonsecular-
ity condition, which says that integration constants must be
chosen such that any secularly growing term vanishes.
Other possible constraints include the demand that each
coefficient F (¢, 7) is a periodic function of ¢, and the
demand that each coefficient be unique. Obviously, one
must apply such constraints judiciously and systematically.

Of course, this procedure relies on a host of assump-
tions. There is no guarantee that the exact solution f pos-
sesses an asymptotic expansion of the form (8); and even if
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f
FIG. 2. In a multiscale expansion, we work on a manifold of
larger dimension than that on which the original problem is

posed. The solution is eventually evaluated on the submanifold
defined by 7 = et, shown here in grey.

it does, there is no guarantee that the terms in the expansion
will necessarily solve the equation for arbitrary ¢ and 7.
However, this method is extremely successful in practice.
If one instead assumes a regular expansion, then the de-
pendence of f on 7 will be expanded in powers of et. These
powers of ¢ will eventually grow large, such that terms
initially supposed to be high order become as large as the
lower-order terms, preventing the expansion from provid-
ing a uniform approximation. In many cases, one can avoid
this secular growth by using a rigorous method of averag-
ing, which removes the rapid time dependence and recov-
ers only the leading-order slow time dependence. However,
if one requires the fast time dependence as well, then the
two-time method offers the most powerful means of doing
SO.

In Appendix B, I illustrate the above ideas with an
example. In that example, I demonstrate that even if the
assumptions of the multiscale expansion fail at some order,
the lower-order solution can still yield a uniform asymp-
totic approximation; in addition, the failure of the assump-
tions is made manifest over the course of the calculation.
For further information on multiscale expansions, see
Ref. [44].

C. Singular versus regular perturbation theory

We should now take note of the essential differences
between regular perturbation techniques and singular per-
turbation techniques. When a regular expansion of an exact
solution f is substituted into a differential equation D[f] =
0, the coefficients in the expansion are guaranteed to solve
a hierarchy of differential equations, simply by setting the
coefficients of each power of & to zero. Hence, when
constructing a regular series solution to a differential equa-
tion, one can determine each term in the solution solely
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from the given differential equation (and its attendant
boundary conditions). But a general expansion of an exact
solution is not guaranteed to satisfy any such hierarchy,
because the coefficients in the expansions depend on e.
Hence, when constructing a general series solution to a
differential equation, one must impose some extra condi-
tions upon it—e.g., satisfying the overlap hypothesis in the
method of matched asymptotic expansions, or satisfying a
PDE rather than an ODE in the method of multiple
scales—which are not guaranteed to be satisfied given
only the form of the general expansion.

This means that proving general properties of solutions
is much more difficult using singular perturbation theory.
In regular perturbation theory, one can construct proofs of
the form ‘“‘given an exact solution to such and such a
boundary value problem, if it possesses a regular asymp-
totic expansion then that expansion has such and such
behavior’’; in singular perturbation theory, we must append
further hypotheses to this statement. However, if we seek a
very strong statement about the solution to a problem, we
must in any case go beyond the form of such a proof: we
must also prove that the exact solution actually does pos-
sess the assumed expansion. This is a difficult feat regard-
less of whether the assumed expansion is regular or
general. While it is usually easier in the case of regular
expansions, techniques do exist for handling singular per-
turbation problems (see Ref. [46] for examples).
Furthermore, general expansions provide asymptotic solu-
tions where regular series cannot, and they provide uniform
asymptotic solutions. Hence, in most cases of interest, their
advantages far outweigh any disadvantages.

III. PERTURBATION THEORY IN GENERAL
RELATIVITY

In GR we typically do not begin with a predetermined
manifold with predetermined boundary conditions that
uniquely determine an exact solution. Instead, the manifold
is (mostly) determined by the leading-order *“‘background”
solution to the Einstein equations. Within that manifold,
we define boundary conditions that uniquely determine the
perturbations. This somewhat complicates the problem, but
it also makes the assumptions of singular perturbation
theory more reasonable: since we do not seek an approxi-
mation to a unigue exact solution to a given boundary value
problem, but only an approximation to some exact solution
to the EFE, it is eminently reasonable to impose the
supplementary conditions required to construct general
expansions.

A. Regular perturbation theory

Before describing singular perturbation theory in GR, I
will briefly review regular perturbation theory. In its most
geometric description, the formalism begins with a five-
dimensional manifold /N carrying a five-dimensional met-
ric g'#” of signature (0, —, +, +, +) and a non-negative
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scalar field e:N° — R. The manifold is foliated by four-
dimensional submanifolds M, defined by de = 0, such
that N ~ M, X R. When restricted to act on dual vectors
tangent to M., g'*” can be inverted, inducing a four-
dimensional Lorentzian metric g,. Each member of the
family of metrics {g,} is taken to be an exact solution of
Einstein’s equation at fixed . A regular expansion of the
pair (M, g.) is an expansion around a known ‘‘base”” pair
(M, g = gp). This expansion is performed by first defin-
ing a one-to-one relationship between points on M, and
M, via a diffeomorphism ¢,: M, — M., called an iden-
tification map. This map induces a flow on N with a
tangent vector field X that is nonvanishing and nowhere
tangent to the submanifolds M,. (Note that one could
instead begin with a vector field and derive from it an
identification map, but beginning with the identification
map will be more useful in formalizing general
expansions.)

In this context, the regular expansion g, = g +
S —1&"h™ is given by an expansion along the flow in-
duced by X:

d):(gs) = €S£Xg|.7\/lo) (9)

where ¢}, is the pullback of g, onto the base manifold
M,, and Ly is the Lie derivative along the vector X. The
background metric and the perturbations of it have clear
geometrical interpretations: the background metric g is the
restriction of g, to the submanifold defined by € = 0; the
first-order perturbation ehV) = g( L), is the product
of the “distance” e along a flow line and the rate of change
of g in the direction of the flow; and so on.

A choice of gauge corresponds to a choice of identifica-
tion map ¢,. A different choice, say ¢, leads to a different
tangent vector field Y, which in turn leads to a change

Pi(g,) — di(g,) = (e2Lr — esLx)glay,.  (10)

By expanding the exponentials, one finds that this induces
changes AW — p™ + AR At first and second order, the
changes are given explicitly by

AR = L, g, (1n

A =YL o T Lgm)g + Lgmh“), (12)

where &1y = (Y — X)|.—¢ and &) = [X, Y]|.—o are vector
fields in the tangent bundle of M. Note that £(;) and &,
are linearly independent, so they can be chosen indepen-
dently. In terms of coordinates, they correspond to the
near-identity transformation

a o — o a (¢4 B J— o
X =l = x = o) + 576G g€ — €G) + 0,
(13)

where the components on the right-hand side are in the
original coordinates x*. We say that the vectors &, are the
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generators of the gauge transformation. (See Ref. [3] for
the precise meaning of this phrase.)

B. Singular perturbation theory

Although singular perturbation techniques have been
utilized in many calculations in GR, the only formal de-
scription of them was provided by Kates [13]. I will review
his description in this section, before extending it in the
following sections. A singular perturbation problem is
characterized by the limit € — 0 being singular: g, may
not exist at & = 0, the topology or dimension of M, may
change between € = 0 and & > 0, etc. This means that the
five-dimensional manifold /N” does not in general contain
a base manifold M,; instead, it is given by N ~ M, X
(0, €*]. Hence, one cannot generically build an approxima-
tion on the limiting manifold by finding derivatives of the
exact metric at ¢ = 0. Instead, one works on a ‘“model
manifold” M,,, on which one constructs a family of
approximate solutions

gu(e) = gle) + > &"h"(e). (14)

n=1

The topology of the model manifold is taken to be compat-
ible with the leading-order metric g(g). If there exists an
identification map ¢,: M, — M, which maps a region
Uy T My, to aregion U, C M., such that gy, () uni-
formly approximates ¢;g, in the region U, as ¢ — 0,
then g,,(e) is a uniform asymptotic approximation (as
measured in some suitable norm) to the exact solution in
the region ‘U,. Once again, the identification map induces
a family of curves in the five-dimensional manifold N,
but these curves will not, in general, continue smoothly to a
base manifold M.

As an example, consider a post-Newtonian expansion,
which is singular [7,36,47,48]. The Newtonian limit is
given by € = v/c — 0, where v is the supremum of the
velocities in the system. In this limit, the light cones of the
spacetime fold out into spatial surfaces, and the time
components of the metric blow up—alternatively, if we
consider the inverse metric, we see that its time compo-
nents vanish, such that it degenerates into a three-
dimensional spatial metric. Hence, we can infer that the
manifold defined by &€ = 0 corresponds to the three-
dimensional spatial manifold of Newtonian theory.® In
this case, the model manifold and background metric are
taken to be those of Minkowski spacetime.

In the next two subsections, I formulate dual expansions
and multiscale expansions within this framework. The
description of dual expansions follows that given by
Kates [13], which built on the work of D’Eath [16,17];
however, I more carefully formulate the matching condi-

“The singular nature of the Newtonian limit is also signaled by
the fact that hyperbolic wave equations become elliptic Poisson
equations as the speed of gravity’s propagation becomes infinite.
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tions, specifically stressing the distinction between the
strong matching condition (used in traditional singular
perturbation theory) and a weak matching condition (often
used in GR). My discussion of multiscale expansions is
original to this work.

In the final subsection, I formulate the self-force prob-
lem as a free-boundary value problem. I then discuss
means of solving the problem within the context of a
self-consistent expansion with a fixed worldline.

C. Dual expansions

Though most of the description in this section carries
over to a more general situation, I will restrict it to the
pertinent case of a family of exact solutions g, containing a
body of mass ~g, on a family of manifolds M,. In this
section, I only sketch the formalism of inner and outer
limits for this system; in Secs. IITE and IV, I provide
further discussion of concrete applications of these limits.

Suppose that we are given two coordinate systems on
M,: a local coordinate system X% = (T, R, ®*) that is
centered (in some approximate sense) on the small body,
and a global coordinate system x“. For example, in an
EMRI, the global coordinates might be the Boyer-
Lindquist coordinates of the supermassive Kerr black
hole (though we could consider the case in which both
coordinate systems are centered on the small body); the
local coordinates might be Schwarzschild-type coordinates
for the small body. The local coordinates cover some
region D; around (and possibly inside) the body, while
the global coordinates cover a larger region Dg outside the
body. Assume, without loss of generality, that the two
coordinate systems have overlapping domains, and that
they are related by a map ¢ ,:x* — X¢ in the region D =

A regular outer expansion g (x, £) = g(x) + ehW(x) +
... 1s constructed by taking the limit € — 0 at fixed x“. In
this limit, the body shrinks toward zero size as all other
distances remain roughly constant. For simplicity, I assume
that this limit continues to a base manifold M,,. However,
the limit certainly does not exist on a remnant curve y®
corresponding to the “‘position” of the small body—for
example, if one takes a regular limit of the Schwarzschild
metric in Schwarzschild coordinates, then there is no limit
defined at coordinate values corresponding to r = 0.
Hence, I take the model manifold in the outer expansion
to be My = MyUy©, and I take the external back-
ground metric to be g = g,. Of course, this construction
is not essential; the model manifold need not be defined by
setting ¢ = 0 in this way. But at the very least, for the outer
expansion to be regular, we require g = lim,_,(g.

A regular inner expansion g;(X, &) = gz(X) +
eHV(X) + ... is constructed by taking the limit £ — 0
at fixed values of the scaled coordinates X® = (X%) =
(T — Ty)/e, R/e, ®4). This limit is naturally singular: it
follows flow lines that converge at a single point defined by
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(T =Ty, R = 0) in M. Explicitly, since the metric writ-
ten in these coordinates has the form g ~ £’gp, gdX*dX?,
all distances vanish at ¢ = 0. As discussed by D’Eath [17]
(see also Ref. [27]), to make the limit regular, one must use
the conformally rescaled metric §, = &~ 2g,. This rescal-
ing effectively “blows up”’ the distances in spacetime, such
that as € — 0, the size of the small body remains constant
while all other distances are sent to infinity; thus, the inner
limit serves to ““zoom in” on a small region around the
body. The background spacetime defined by & = 0 is then
defined by the metric g of the isolated small body, and the
approximation is built on a model manifold M, with the
topology of that spacetime.’

The outer and inner expansions are related to the exact
solution via identification maps ¢z Mp— M, and
oM, — M,, which, respectively, identify points on
My and M; with points on M,. (See Fig. 3.) These
two identification maps induce a map ¢:Mp— M,,
given by ¢ = ¢; ! o ¢, which has the identical coordi-
nate description as the original transformation ¢, between
the global and local coordinates. Gauge transformations in
the outer and inner expansions are generated by vector
fields £(x) and £%(X), which take their respective values
in the tangent bundles of M and 2M,. Note that a gauge
transformation in the outer expansion generically corre-
sponds to a finite coordinate transformation in the inner
expansion, due to the rescaling of the coordinates.

A uniform composite expansion is formed on a model
manifold M ~ M, by cutting out a portion of My and
stitching part of M, into the excised region. The local and
global coordinates each cover a patch of M, identified
with the patches D; and Dy on /M, via the maps ¢; and
¢ . The uniform metric is constructed on this manifold by
adding together the inner and outer approximations in each
coordinate system, then removing any ‘‘double-counted”
terms that appear in both metrics.

How would one go about constructing such a uniform
approximation if one did not have access to an exact
solution? Just as in traditional perturbation theory, one
would construct two separate asymptotic solutions to
Einstein’s equation, but now in possibly two different
coordinate systems and on possibly two different mani-
folds. If one assumes that the two asymptotic solutions are
approximations of a single exact solution, and if there
exists an overlap region on the manifold M in which
both approximations are valid to the same order, then
they must agree in that overlap region. In this case, “‘agree-
ment” is defined by the existence of the unique map ¢ that

"Note that M, generically differs from M. Consider, for
example, the case of a small black hole orbiting a large black
hole. The manifold JM; possesses a singularity at the position of
the small black hole but is otherwise smooth, while the manifold
M possesses a singularity at the position of the large black hole
but possesses a smooth worldline where the small black hole
should be.
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FIG. 3. Regular inner limit (dashed curves) and outer limit
(dotted curves) on the manifold N ~ M, X (0, ¢*]. The inner
limit is generated by the map ¢; from the manifold M; on
which the interior background metric of the isolated small body
lives; these curves terminate at a point (T = T, R = 0) on 7/(0).
The outer limit is generated by the map ¢ from the manifold
M ¢ on which the external background metric lives. The external
manifold in this case is taken to be equal to M, U y?. The gray
region is a surface of constant R, which converges to the
g-independent worldline y(©.

relates the two expansions. As usual, we will not worry
about a specific overlap region, but instead expand the two
solutions in the buffer region.

However, before performing that expansion in the buffer
region, one must write g; and gg in the same coordinate
system. Let us choose this system to be the local coordi-
nates X“. Then, adapting Eq. (3), the matching condition
reads

Qhe2 e 2 g(X) = PL2Y* Dl e 2, DPTY(x).
(15)

On the left, we begin with the exact metric in the local
coordinates X“. It is then expanded to mth order in an inner
expansion, by transforming into scaled coordinates X® via
¢ (along with an appropriate conformal rescaling) and
expanding. Next, it is expanded in the buffer region by
re-expressing it in the unscaled local coordinates and ex-
panding to kth order; this is equivalent to an expansion of
the inner solution for R >> &. On the right-hand side of the
equation, we begin with the exact metric in the global
coordinates x“. It is expanded to mth order in those coor-
dinates, yielding an outer expansion. It is then transformed
to the starting point of the left-hand side, by transforming
to the local coordinates via ¢, then to the scaled local
coordinates via i/, then re-expanding to mth order to yield
an inner expansion. Finally, it is expanded in the buffer
region by transforming back to the unscaled local coordi-
nates and re-expanding. The content of this equation is that
the expansion in the buffer region must be the same
whether it is obtained by first performing an outer expan-
sion or by first performing an inner expansion.
Schematically, we can write
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(I)sgl(X) = Ord.gp (16)

which states that if the inner and outer expansions are
written in the same coordinate system, then they must yield
the same expansion in the buffer region.

But this is decidedly not the matching condition that has
been used in practice. Instead, what has been done in
practice is the reverse: first, expand the two solutions in
the buffer region, and only afterward find the coordinate
transformation between them. This is accomplished by
setting up a second local coordinate system Y¢ =
¢, (x*) = (1,1, 6*) centered on a worldline y in Mp; for
example, these might be Fermi normal coordinates, and in
the case of regular expansions, they would be centered on
y©. The outer expansion is then written in these local
coordinates and expanded for small r, under the presump-
tion that r ~ R. After performing this expansion (and the
expansion of g; in the buffer region), one seeks a unique
transformation ¢y,e:Y* — X that maps the buffer-region
expansion of gz into the buffer-region expansion of g;.°
Schematically, we can write

q)agI(X) = d’buf*q)rd)'y*gE' (17)

On the left, the inner expansion g; is expanded in the buffer
region in the local unscaled coordinates X“. On the right,
the outer expansion g is transformed to the local coordi-
nates Y via ¢, then it is expanded in the buffer region
(i.e., for small r). Hence, the two buffer-region expansions
are written in two different coordinate systems: the inner
expansion in the coordinates X“, and the outer expansion
in the coordinates Y“. So, in order to make a comparison,
as the final step on the right-hand side, the buffer-region
expansion of gg is transformed to the coordinates X via
Gpurs- In short, Eq. (17) states that if g; and gy are
expanded in the buffer region, then the resulting expan-
sions must be related by a coordinate transformation.

I will call Eq. (15) the strong matching condition and
Eq. (17) the weak matching condition. The weak condition
follows from the strong condition, but not vice versa, and
one can easily imagine situations in which the weak con-
dition would be satisfied while the strong condition would
not. In the weak matching condition, because the metric is
already expanded for small r before ¢y, is determined,
b Will itself be written as an expansion. Thus, the weak
matching condition only requires an asymptotic approxi-
mation of ¢y, (or, equivalently, of ¢ = ¢y 0 ¢,). Of
course, one can only ever determine an asymptotic ap-
proximation—but in the strong matching condition, the
approximation is for small g, rather than for both small &
and small r. This essentially reduces ¢y,s to a gauge
transformation in the buffer-region expansion defined by

80ne can see that if everything is correct, the various trans-
formations must be related as ¢ = ¢y © ¢,
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R (or r) and & both being small. As mentioned above, a
gauge transformation in the outer expansion corresponds to
a finite coordinate transformation in the inner expansion,
and vice versa. Hence, any choice of gauge on M must be
compatible with the choice of background coordinates on
M, (and vice versa). The two matching conditions insist
on this compatibility to differing extents.

One should note that though the description in this
section makes use of two regular expansions, as in tradi-
tional matched asymptotic expansions, the same general
description holds for two general expansions. The only
differences are that g # lim,_,g and that there is no
need to conformally scale the metric to arrive at the inner
expansion. This is particularly important if one wishes to
allow the internal metric to vary on its “‘natural” time scale
T ~ 1 (i.e., the time scale determined by the mass of the
small object). If the metric near the body varies on this time
scale, then in the unscaled coordinate time 7 = &7, the
metric will have a functional dependence on the combina-
tion 7'/ e, which will be singular in the limit € — 0. Thus, if
both the expansions are to be regular, the internal metric
can vary only on the external time 7', corresponding to an
internal slow evolution depending only on £7. In other
words, regularity requires that the internal solution varies
quasistatically (see D’Eath’s discussion [17]). Of course,
for € > 0, one could construct a general inner expansion
that is identical to the regular inner expansion by rescaling
R only, instead of both T and R, and then simply assuming
the inner expansion varies quasistatically; using this
method, a global-in-time expansion can be constructed,
and the metric is never conformally rescaled. Also, by
using this method, one can remove the quasistatic assump-
tion entirely.

Finally, before moving to the next singular perturbation
technique, I will note that just as in traditional singular
perturbation theory, there is a distinction between what I
have called the overlap region and the buffer region. The
buffer region corresponds simply to ¢ < R < 1. In order
for us to express the outer solution in terms of the field R,
the buffer region must lie within the region D, where both
the local and global coordinate systems apply, but the size
of the region is independent of the order of accuracy of the
inner and outer solutions. As discussed in
Refs. [15,27,28,33,36], one can extract considerable infor-
mation about the metric—and, in particular, equations of
motion for the small body—by working entirely within the
buffer region, without ever constructing explicit inner and
outer solutions or making use of an overlap hypothesis.
This information is typically extracted by defining the
mass and current moments of the body in the buffer region,
which is possible because the buffer region lies at asymp-
totic infinity from the perspective of the inner expansion.
Solving the Einstein equation then determines the evolu-
tion of these moments. In particular, an evolution equation
for the body’s mass dipole informs us of the motion of the
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body’s center of mass relative to the chosen local coordi-
nate system, providing an equation of motion for the body.

D. Multiscale expansions

In the method of multiple scales, changes on both short
and fast time scales occur throughout the spacetime. Thus,
one cannot construct a uniform asymptotic approximation
based on combining only two limit processes. If we con-
sider a two-time scale expansion, with a fast time ¢ and a
slow time 7 = ef, there are only two limits that can be
easily envisioned: the slow-time limit ¢ — 0 at fixed 7,
which follows a congruence of curves in N that tend
toward t — oo as & — 0; or the fast-time limit ¢ — 0 at
fixed ¢, which follows a congruence of curves that tend
toward 7 — 0. However, in a multiscale expansion, both
quantities are to be kept fixed. As discussed above, this is
accomplished by treating them as independent variables.

Consider the case of an expansion that holds fixed both a
set of coordinates x* and some scalar field /(x, €) satisfy-
ing 2 = o(1):

ax*
g(x &) =glx O+ > e"h"(x {). (18)

n=1

In the simplest case, { is equal to the product of & and one
of the coordinates. When substituting this multiscale ex-
pansion into Einstein’s equation, one would treat { and x“
as independent coordinates on an extended, five-
dimensional manifold .7~Vl£; these five-dimensional mani-
folds are stacked atop one another to form a six-
dimensional manifold N ~ M, X R2. The limit & — 0
is taken at fixed values of both  and x, and the actual
solution is obtained by restricting the expansion to the
submanifold defined by ¢ = {(x, &).

As in traditional perturbation theory, one might require a
fast-time variable ¢ that differs from the given coordinate
time. Indeed, one might use any coordinates one likes on
,’Ms. To provide some flavor of the expansions, in this
section I will define gauge transformations and sketch a
multiscale expansion of the EFE for the simple case with
coordinates (x%, {); I will occasionally provide details
given the additional simplifying assumption d,{ =
eV, (x, {) for some V,, = O,(1).

Note that the gauge transformations in this expansion
differ from those of a regular expansion. Gauge transfor-
mations are generated by transformations of the form

X4 — X% = x% — g£%x, () + O(g?), (19)

where £ = O,(1). In order to determine the effect of this
transformation, I expand the Lie derivative as

Ly=1L0+ 1), (20)
where, e.g., for a vector £(x, ) and a tensor T#,(x, {),
9T+ dEm agr
LOTw —gp " v _Tp +TE, S (21
eI =¢ dxP Y oxP P ax” @D
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L O7w = ¢p aTMVa_g_Tp 98" g
¢ al oxP al dxP
0&P 9(
HTE 22)

These definitions are independent of the behavior of {. But
in the particular case that 9,/ = &V ,(x, {), the gauge
transformation generated by a vector £&(x, ) can be writ-
ten as

ARD = £0g, (23)

2) — 1 0,0 71 M
AR =307 L7 ¢+ LhY + Lig. (24)
Similarly, I expand the covariant derivative as

V.V O = (VO VOV D, (29)

where V, is compatible with g(x, {(x, £)), Vﬁi” is compat-

ible with g at fixed £, and Vﬂ) is compatible with g at fixed
x. Explicitly,

A%

VIOV (x, §) = =+ TO7 v, (26)
VOV (x, £) = aavg aai+r<1>v Ve, (27)

where the Christoffel symbols are given by

1 dgsg , 985y 0&p
F(O)CM — _ 055( B + Y _ 7)’ 28
By 28 \oxr T oxP oxd (28)
e _ 1 as(0838 9C . 985y 9L 08y IC
r P g + .
L) al ax¥  al axB ol o9x°
(29)

The *“correction” Vﬂ) ensures that the total covariant
derivative V, is compatible with the { dependence of g.
Note that all three derivatives are metric compatible: Vg =
0,VOg =0, and Vg = 0.

By writing the Lie derivative in terms of the covariant
derivative, we can express the gauge transformation gen-
erated by a vector field e&(x, {) as

ARy =2V ¢, (30)
@ _ (0)7(0) () (0) (0) (0)
Aha,B - é:‘yvy v(a é:,B) + v(y gﬁ)va éi‘)’ + v(a gy)vﬂ é‘:y
0); (1) (1) (1)
+ VPR + 20 VO e v 2v)es, (3D
assuming that 0,{ = &V, (x, {).
Note that because the background metric g depends on

{, the Riemann tensor constructed from it can be expanded
in powers of &:
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RMPVU'(X’ {) = MPVIT(x f) + SR,LLpV(r(x 5)
+ &R0 (x, ), (32)

where Rﬂ%w(x, {) is constructed from g and V©),
R%W(x, ) contains one V! derivative, and Rif)),,g(x, J)
contains two V() derivatives. The nth-order perturbation
of the Ricci tensor can be similarly expanded as

8"R,,[h]=32_, smS”Rif,),[h]. This means that the vac-
uum Einstein equation R, = 0 becomes

R, =0, (33)

SRIMAM] = RYL), (34)

SRLND] = RE, — SRV — 2RE[AD],

(35)

Similarly, the Bianchi identity on the background,

gV ,G,,lg] = 0, becomes
v -G =0, (36)
Vi - Guy = =V - GI), (37
Vi) Gip = =Vi' - Gi, (38)
v - Gh =0, (39)

where a dot indicates contraction over p and v. And the
Bianchi identitity on the full spacetime, g*"9V ,G,,, =
can be expanded schematically as

v . 5G(0)[h(1)] =, (40)

VO . §GO[R2] = —(VD - GO + VO . sG]
+ hOVOGH + §GO[RMY)
— 8TO[RDT- (GY + §GO[RD])

— VO . 82GO5MD], 41)
where 51"(0)01[],1(1)] aé(v(o)h(l) + V(O)h(]) (O)]’l(]))
and the leading-order Elnstem equation REJ, 0 and the

Bianchi identity g#”V,G,, = 0 have already been im-
posed for compactness.

Note that the { dependence of g allows the background
to slowly react to the perturbation. Determining this reac-
tion is the backreaction problem, which has been studied
extensively in the past.

Recently, Hinderer and Flanagan [39] have constructed a
significantly more complicated two-time scale expansion
tailored to EMRISs. In their method, all dynamical variables
(i.e., the metric and the phase space variables of the world-
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line) are submitted to two-time scale expansions; this
expansion captures both the fast dynamics of orbital mo-
tion and the slow dynamics of the particle’s inspiral and the
gravitational backreaction on the background spacetime.
Since the metric and the worldline are related by the EFE,
it is assumed that the metric can be written as a function of
the phase space variables of the worldline. On each time
slice, the limit & — 0 is then taken with the phase space
variables held fixed. Specifically, the true worldline is
specified by a set of action-angle variables
(J(7 &), (7, £)) and a slow time variable 7. Expanding for
& — 0 with ¢ and 7 held fixed results in a sequence of fast-
time and slow-time equations. In the fast-time equations,
wherein 7 (and therefore J) is treated as a constant, the
metric is a function of ¢ only; in other words, it is a
functional of the geodesic that is instantaneously tangential
to the true worldline. From this it follows that the leading-
order fast-time equation yields a metric perturbation
sourced by that geodesic, as in regular perturbation theory.
However, that is only at fixed 7—the true worldline and
metric perturbation emerge by allowing the variables to
vary with 7, with a 7 dependence determined from the slow-
time equations.

Although exceedingly useful for EMRIs, this procedure
relies on the background metric being stationary at fixed 7,
such that it has no fast time dependence, and on the
geodesic motion in that background being integrable,
such that the metric can be written in terms of the action-
angle variables. In addition, it requires one to determine the
slow evolution of the background metric, which has not yet
been done.

E. Self-consistent expansion

In Hinderer and Flanagan’s formalism, the metric is
written as a function of the phase space variables on the
worldline, and then both the metric and those variables are
submitted to a two-time scale expansion. The formalism I
will now describe is a generalization of this: the metric is
written as a functional of the worldline, and then the metric
is expanded with that worldline held fixed. In order to
motivate this approach, I will first provide a formulation
of the exact problem to which we seek an approximate
solution.

We wish to determine the mean motion of a small,
spatially bounded matter distribution. (For the moment, |
neglect the case of a black hole.) In principle, we have
some matter field equations to go along with the EFE for
this blob of matter. As governed by the field equations, the
boundary of the blob traces out some surface in spacetime.
In the interior of the boundary, the matter density is finite,
and in the exterior it vanishes. To determine the motion of
the body, we seek the equation for the generators of this
boundary. This is a free-boundary value problem [49], in
which some boundary values are specified on a boundary
that is free to move. In the context of bodies in GR, this
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problem has received some study [50,51], but it is still far
from understood, and it must certainly be tackled
numerically.

To make progress with an approximation scheme, I
reformulate the problem. I surround the body by a tube I
embedded in the buffer region, such that for € — 0, the
radius of the tube vanishes. For the moment, consider I" to
be defined by constant radius R = R (&) in the local coor-
dinates X“. I assume that the body is fairly widely sepa-
rated from all other matter sources, such that outside of I
there is a large vacuum region (). I also assume that I" is in
vacuum; since it lies in the buffer region around the small
body, this means that I must restrict my approximation to a
small body that is sufficiently compact to not fill the entire
buffer region. Now, since the tube is close to the small body
(relative to all external length scales), the metric on the
tube is primarily determined by the small body’s structure.
In other words, the information about the body has now
been transplanted into boundary conditions on the tube.
Recall that the buffer region corresponds to R — oo.
Hence, on the tube, we can construct a multipole expansion
of the body’s field, with the form 3 R™". I assume that the
local coordinates X are mass centered, such that the mass
dipole term in this expansion vanishes. (See Ref. [52] and
references therein for discussion of multipole expansions
in GR; see Refs. [33,52] for discussion of mass-centered
coordinates in the buffer region; see, e.g., Ref. [53] for
further discussion of definitions of center of mass.) This,
then, is another free-boundary value problem: we must
determine the equations of motion of the generators of
the tube, given the boundary values of the metric on it,
and, in particular, given that the body lies at the “‘center”
of it. With this formulation, we can also determine the
motion of a black hole, rather than just a matter
distribution.

Now suppose that I want to represent the motion of the
body through the external spacetime (g, M), rather than
through the exact spacetime. As we can see from Fig. 3,
this is easily accomplished by using the regular limit and
taking the motion to be represented by the remnant world-
line y©. However, as mentioned in Sec. I, on long time
scales this will provide a very poor representation of the
motion. (See Ref. [28] for a detailed discussion.)

Let us consider this from another direction. Assume that
we were given the exact solution g, on M, along with the
coordinate transformation ¢, between the local coordi-
nates X and the global coordinates x* in the buffer region.
At fixed R = R(e) = o(1), we could write this transfor-
mation as x* = ¢, (T, R, ©4). In the limit of small &, R
becomes small as well, meaning that this transformation
can be expanded as x = ¢ (T, 0, ©F) + o(1), where O}
is an arbitrary choice of angles. This transformation thus
defines a curve z%(T, &) = ¢; (T, 0, ©3) in the external
manifold M. Since the small body is centered “at” R =
0, this curve defines a meaningful long-term representative
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worldline y. If we expand ¢ (T, 0, ®}) for small &, then it
will not provide a uniform transformation between the
inner and outer coordinates; it will contain secularly grow-
ing errors of the form &¢. So, instead, in order to construct a
uniform asymptotic solution, when constructing the exter-
nal approximation, one must hold y fixed. Determining y
then amounts to determining the “location” at which the
(mass-centered) inner expansion is to be performed.

Since we will never be seeking ¢ directly, and in case
the inverse of ¢, does not exist at R = 0, allow me to
present the final reformulation of the problem. Define a
tube I'g[y] C My such that it is a surface of constant
radius 7 in Fermi normal coordinates centered on a world-
line y C Mp. Using the map ¢ from the regular expan-
sion, this defines a tube I' = ¢ (I'5). Now, the problem is
the following: what equation of motion must y satisfy in
order for I' to be mass centered (in the sense that the mass
dipole of the inner expansion vanishes when mapped to
M, via ¢;)? Note that the worldline is a curve in the
external manifold M. Tt should not be thought of as a
curve in the manifold M, on which the exact metric g,
lives; in fact, if the small body is a black hole, then there is
obviously no such curve.

In order to determine the equation of motion of the
worldline, I consider a family of metrics gz(x, &;y) pa-
rametrized by 7y, such that when 7y is given by the correct
equation of motion, we have gg(x, ;y(e)) = @30, (x).
The metric in the outer limit is thus taken to be the general
expansion

g ()C, 8) = gE(X, € 7) = g(x) + h(x: g 7)) (42)

where

Ng
hix, g;y) = Z S”hg)(x; y) + 0(eNeth),  (43)

n=1

Solving Einstein’s equations will determine the worldline
v for which the inner expansion is mass centered. I will call
this either a self-consistent or a fixed-worldline expansion.
In it, the perturbations produced by the body are con-
structed about a fixed worldline determined by the particu-
lar value of & at which one seeks an approximation. Refer
to Figs. 3 and 4 for a graphical comparison between this
expansion and a regular one.

In the remainder of this section, I present a sequence of
perturbation equations that arise in this expansion scheme,
along with a complementary sequence for the inner expan-
sion. The equations were originally presented in Ref. [28].
In that paper, I described a particular, lengthy method of
solving the equations and deriving equations of motion. In
Sec. IV, T will discuss an alternative approach using the
method of matched asymptotic expansions.

My sequence of perturbation equations relies on a par-
ticular choice of gauge. I discuss the gauge freedom in the
self-consistent expansion, and the effect of gauge trans-
formations on the equation of motion, in Appendix C.
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M

FIG. 4. Fixed-worldline expansion of a family of spacetimes.
The dotted lines correspond to the outer limit, which lets the
body shrink to zero size but keeps its motion fixed. The dashed
lines correspond to the inner limit, which keeps the size of the
body fixed. Here, I display the singular inner limit, which does
not rescale the inner time coordinate; hence, dashed lines orig-
inating at different times will terminate at different points on 7.
The worldline lies in the manifold Mg = M, U y©, but it does
not correspond to the remnant curve y*) defined by the regular
limit; instead, it is allowed to have & dependence, and it is
determined by the particular value of & at which an approximate
solution is sought.

1. Field equations in outer expansion

To begin, I surround the body with a worldtube I', where
I' is embedded in the buffer region, such that the field on it
can be found from either the inner or outer expansion. I
seek a solution in a vacuum region () outside of I'; I further
specify that () consists of the future domain of dependence
of I'U 3, where 2 is a spacelike initial-data surface.

Now, recall that in a multiscale expansion, the expanded
equations are solved by assuming that they are valid for
arbitrary values of the slow-time variable 7, not only on the
true solution manifold defined by 7 = et. Similarly, in the
fixed-worldline expansion, one method of solving the ex-
panded EFE will consist of assuming that it is valid for
arbitrary worldlines; the true solution is found by choosing
the true worldline. Solving the EFE with an arbitrary
worldline seems to require reformulating it in a “‘relaxed”
form before expanding it, such that, for example, the
linearized equation does not immediately determine 7y to
be a geodesic. To accomplish this, I assume that the Lorenz
gauge can be imposed everywhere in () on the entirety of
h, such that L ,[h] = 0, where L, is the operator defined
by

L, [h]= (80877 — 3818 )V (44)

In Appendix C, I discuss the validity of this assumption.

With this choice of gauge, the vacuum Einstein equation
R, = 0 is reduced to a weakly nonlinear wave equation
that can be expanded and solved at fixed vy, leading to the
sequence of wave equations
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E,[h1=0, (45)

E, [hP1=28%R,, [h],
(46)

where E,,, is the relativistic wave operator defined by

E, [h] = (ghgsV'V, +2R,", )h,, 47
More generally, we can write the nth-order equation as
E y[h(n)] — S(”,),[h(l), o hgl_l), v] (48)

where the source term Sﬁf,, consists of nonlinear terms in
the expansion of the Ricci tensor. These equations can be
solved for arbitrary I" (and hence for arbitrary 7). The
formal solution is given by

. 1 o
h;:"o)z,B = p (Gaﬂ ° vM'hE 15!
- h<”),5,v 57%)dsH 49)
1 ! S/
G td S(", A
s o

where G g, p 1s the retarded Green’s function for E,z; |
adopt the conventions of Ref. [54] for the Green’s function.
This formal solution requires boundary data on I'. Since I
lies in the buffer region, the boundary data on it can be
provided by the inner expansion, as discussed in Ref. [28].

In this scheme, the equation of motion is determined
only once the perturbative EFE, rather than just the wave
equation, is satisfied. One means of ensuring that the EFE
is satisfied is to ensure that the gauge condition is satisfied.
I assume that the acceleration of y possesses an expansion

a,(t, &)= a(o)(t) + 8a(1)(t; v)+ ... (50)

This is an expansion of a particular function of time on the
worldline; it does not suggest a multiplicity of worldlines
with differing accelerations. Substituting this expansion,
along with that of h,,, into the exact gauge condition
L,[h] = 0 and solving with arbitrary y, we arrive at the
sequence of equations

LYhP] =0, (51)
Ly ] = — L[]
(52)

where LO[f] = L[f]l _ 0, LV[f]is linear in aV, L[]
is linear in a® and quadratic in ¢V, and so on. More
generally, for n > 0 the equations read

LT = = 3 L~ [h ] (53)
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In these expressions, L[ f]is first calculated on an arbitrary
worldline, and then to find L™, the expansion of the
acceleration is inserted—while still holding y and u*
fixed. These equations will determine successive terms

aﬁf). At the end of the calculation, when a* has been
determined to the desired accuracy, h[y] is evaluated for
the particular worldline with —acceleration a, =
(0) + sa(l) .., just as at the end of a two-time scale
expansmn the solution is evaluated for 7 = er.

Beyond formalizing the self-consistent approach as a
systematic approximation scheme, this method differs in
one key respect from previous derivations of self-
consistent equations of motion. Earlier derivations gener-
ally result in equations containing derivatives of the accel-
eration; in the case of an uncharged body in vacuum, this is
seen in the gravitational antidamping term discovered by
Havas [55] (as corrected by Havas and Goldberg [56]).
Such equations are unphysical, exhibiting, for example,
runaway solutions. Traditionally, they have been made
well behaved via an a posteriori “‘reduction of order”
[26,54]. However, my assumed expansion of the accelera-
tion automatically yields a well-behaved, order-reduced
equation of motion. Furthermore, the expansion of the
acceleration was necessary to split the gauge condition
(or, equivalently, the Bianchi identity) into a sequence of
exactly solvable equations. Hence, we can see that a sys-
tematic approach, in which one requires exact solutions to
the perturbation equations, eliminates the ill-behaved
equations of motion that have plagued prior self-consistent
derivations.

In particular, this method differs from the gauge-
relaxation procedure that has been used historically in
the gravitational self-force problem [25-28]. In that pro-
cedure, one constructs an approximate solution to the
regular linearized Einstein equation by (i) solving the
linear wave equation and (ii) ensuring the equation of
motion enforces the relaxed gauge condition L M[sh(l)] =
O(&?). The relaxed gauge condition accomplishes the same
goal as my reformulation of the Einstein equation into
relaxed form: it allows the body to move on an accelerated
worldline rather than the geodesic worldline enforced by
the regular linearized Einstein equation. However, this
procedure is an a posteriori corrective measure, rather
than part of a systematic expansion, and unlike Eq. (51),
it results in an ill-behaved equation of motion requiring
further a posteriori correction in the form of order
reduction.

Before proceeding to the inner expansion, I note that the
first-order acceleration a is determined by Eq. (52),

which requires the second-order metric perturbation hg).
Hence, if the gauge condition is to be used to determine the
equation of motion, one must solve the second-order wave-
equation in order to determine the first-order acceleration.
However, in the method of matched asymptotic expan-
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sions, the inner expansion at any given order generically
contains information that is of infinite order in the outer
expansion. Therefore, if matching is used, it may be pos-
sible to derive an equation of motion using only the first-
order term in the outer expansion. This will be the route
explored in Sec. I'V.

2. Field equations in inner expansion

For the inner expansion, I assume the existence of some
local polar coordinates X® = (T, R, ®*4), such that the
metric can be expanded for ¢ — 0 while holding fixed R =
R/e, ®4, and T. This leads to the ansatz

g (X) 8) = gI(T’ R} ®Ar 8)
= g3(T, R, ®%) + H(T, R, 04, ¢), (54)

where H at fixed (T, R, ®*) is a perturbation beginning at
order £. The leading-order term gz(T, R, ®4) at fixed T is
the metric of the small body if it were isolated. For ex-
ample, if the body is a small Schwarzschild black hole of
Arnowitt-Deser-Misner  mass  em(T), then in
Schwarzschild coordinates ggz(T, R, ®*) is given by

ds®> = —(1 — 2m(T)/R)dT?* + (1 — 2m(T)/R) ' &2dR?
+ &2R%(d0? + sin2@dP?). (55)

Since the metric becomes one dimensional at € = 0, the
limit € — 0 is singular. As mentioned in Sec. IIIC, the
limit can be made regular by rescaling time as well, such
that 7 = (T — T,)/e, and then rescaling the entire metric
by a conformal factor 1/&2. This is equivalent to using the
above general expansion and assuming that the metric gp
and its perturbations are quasistatic (evolving only on time
scales ~1). Both are equivalent to assuming that the exact
metric contains no high-frequency oscillations occurring
on the body’s natural time scale ~&. In other words, the
body is assumed to be in equilibrium.

I seek a solution in a vacuum region outside the body.
Given my assumptions, the vacuum EFE G = 0 can be
expanded as

0=G = G[gz] + ¢G,[[H] + 8°G,[H] + ..., (56)

where each term is further expanded as

Gilgpl = 872(G§0)[g3] + 8G§')[g3] + 82G(12)[83]), (57)

8*G/[gp] = e 2(8*GY[H] + £6*G\"[H]
+ e28¢GP[H)). (58)

The overall factors of &2 result from R = R/e and the
fact that the Einstein tensor scales as the metric divided by
two powers of length. The correction terms contain deriva-
tives with respect to 7, which are each suppressed by a

factor of &; specifically, G\" and 6*G\" consist of the
terms in G, and &G, that contain n derivatives with
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respect to 7. Now, suppose H possesses an expansion

Ny
H(T,R 04 &)=Y e"H"(T,R, 0. (59

n=1

Substituting this expansion of H into the above expansion
of the EFE, and then solving order by order in powers of &,
leads to the sequence

G;O),uV[gB] =0, (60)
5G§0)#V[H(l)] — _Ggl),uv[gB]’ (61)

6G§0),U«V[H(2)] _ _62G50),U«V[H(1)] _ 6G§1)“V[H(l)]
~ G g5),

(62)

Note that there is only one time scale here, so these
equations automatically follow from the assumed form of
the expansion of the metric; there is none of the potential
failings of a two-time scale expansion. In Sec. IV B and
Appendix F, I discuss a particular solution to this sequence
of equations.

IV. CALCULATION OF THE SELF-FORCE FROM
MATCHED ASYMPTOTIC EXPANSIONS

In this section, I consider the most intuitive means of
solving the sequences of equations just presented: the
method of matched asymptotic expansions. As outlined
in the previous section, in this method the perturbation
equations in the inner and outer expansions are solved
independently, and then any free functions are identified
by insisting that the two metrics agree in the buffer region
around the body. Following the tradition of the field, in
matching the two metrics I make use of the weak matching
condition, rather than the strong condition.

My presentation of the matching procedure roughly
follows that of Refs. [37,54], though most of my conclu-
sions apply as well to the earlier calculation performed by
Mino, Sasaki, and Tanaka [25]. However, my goal is not
simply to review those earlier calculations, but to pinpoint
their underlying assumptions. First among these assump-
tions is a very strong restriction on the relationship be-
tween the inner and outer solutions: essentially, the two
solutions must be assumed to differ only by generically
“small” coordinate transformations in the buffer region.
This restriction is required because the weak matching
condition, which has always been used in matched-
expansion derivations of the self-force, is found to be foo
weak to yield unique results. The required restriction
amounts to introducing a “refined” matching condition
midway between the weak and strong conditions.

Second among the underlying assumptions is the restric-
tive choice of inner solution, which effectively already
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removes many of the integration constants that would
normally be fixed by a matching procedure. As discussed
in Sec. II, in traditional matched asymptotic expansions the
leading-order inner and outer solutions are determined
entirely by boundary conditions, while in the matched
expansions used in the self-force problem, the leading-
order solutions must be chosen based on some desired
physical properties; only after the leading-order solutions
are chosen can boundary conditions be imposed. In the
self-force problem, the leading-order outer solution is
taken to be some desired vacuum metric. For the EMRI
problem, the desired metric is that of a Kerr black hole.
Typically, for simplicity, the leading-order inner solution is
taken to be that of a Schwarzschild black hole, though one
could instead choose, for example, that of a neutron star
[57,58].

However, in derivations of the self-force, the inner and
outer solutions have been even further restricted: the form
of the perturbations have also been largely selected, rather
than determined by matching. For example, the inner
perturbations have been taken to be of a particular form
presumed to correspond to the influence of tidal fields on
the small black hole. And the outer perturbation has been
taken to be that of a point particle. In this section, I will
make use of these assumed forms for the inner and outer
solutions. As shown in Refs. [17,27,28], the assumption of
a point-particle perturbation can be removed, because the
point-particle solution follows directly from the assumed
existence of an inner expansion. On the other hand, the
assumed form of the tidally perturbed black hole metric has
not, to my knowledge, been rigorously justified. Instead, I
will point out the ways in which this metric restricts the
generality of the inner solution.

My analysis begins with a discussion of the outer ex-
pansion. Section IV B then describes the metric in the inner
expansion. In Secs. IV C and IV D, I perform the matching
procedure, focusing on the restrictions that must be im-
posed to yield a unique result. I conclude the section with a
discussion of the method.

The calculations in this section make use of numerous
computational techniques that are standard in the litera-
ture: near-coincidence expansions, Fermi and retarded co-
ordinate systems, and curved-spacetime Green’s functions,
STF (symmetric trace-free) decompositions, and tensor-
harmonic expansions. Refer to Ref. [54] for pedagogical
reviews of the first three techniques. STF decompositions
and tensor-harmonic expansions are briefly outlined in
Appendices D and F.

A. Outer expansion

I require an expansion of the background metric g and

the first-order external perturbation h(EI) in the buffer re-
gion. To find these expansions, I adopt Fermi coordinates
(7, x*) centered on vy and then expand in powers of the
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geodesic distance r = 4/8;;x'x/. The construction of the

coordinate system is derived in Ref. [54].

Uppercase Latin indices /, J, K run from 0O to 3, corre-
sponding to an orthonormal tetrad ej’. Lowercase Latin
indices i, j, k run from 1 to 3 and correspond to the spatial
part of either the coordinate basis or the orthonormal basis.
I am interested only in components in the Cartesian-type
coordinates (7, x%), but I will sometimes express these
components in terms of r and two angles §4, which are
defined in the usual way in terms of x“. I also introduce the
unit one-form n,, = d,r, which depends only on the angles
04, and use the multi-index notation nt = n't ... nic =
nii-ic Angular brackets around indices denote the STF
combination of the enclosed indices; a caret over a tensor
denotes the STF part of that tensor. Finally, I define the
coordinate one-forms 7, = d,¢ and x% = 9,x%.

In Fermi coordinates, the components of the background
metric are given by

gu = —1—2ra;n’ —irfa;a’ — aga;n’
- rzgijﬁij + 0(}"3), (63)
8ia = 3 € BiAT + O(r), (64)

8ab = 6ab - $r25abgijﬁ’j - érzgab + %r25[<aﬁ§)> + 0("3)’
(65)

where I have decomposed the components into irreducible
STF pieces, and defined the tidal fields &,, = Ry, and
B.» =3 €, "Ropea- The tidal fields are functions on the
worldline, and are therefore functions of ¢ only.

One should note that the coordinate transformation
x*(t, x*) between Fermi coordinates and the global coor-
dinates is & dependent, since Fermi coordinates are teth-
ered to an e-dependent worldline. If one were using a
regular expansion, then this coordinate transformation
would devolve into a background coordinate transforma-
tion to a Fermi coordinate system centered on a geodesic
worldline, combined with a gauge transformation to ac-
count for the & dependence. But in the present general
expansion, the transformation is purely a background
transformation, because the & dependence in the trans-
formation is reducible to the & dependence in the fixed
worldline.

The transformation hence induces not only new & de-
pendence into the perturbations h%"), but also & dependence
in the background metric g. (Despite its € dependence, g is
the background metric of the outer expansion, and I will
use it to raise and lower indices on 4.) This new & depen-
dence takes two forms: a functional dependence on z*(r) =
x%(t, x* = 0), the coordinate form of the worldline written
in the global coordinates x“; and a dependence on the
acceleration vector a®(r) on that worldline. For example,
the first type of dependence appears in the components
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of the Riemann tensor (or tidal fields) in Fermi coordi-
nates, which are related to the components in the
global coordinates via the relationship Rk (f) =
Raﬁy(s(z“(t))e;“efe}/(e,‘f. The second type of & dependence
consists of factors of the acceleration a*(z), which has the
assumed a;(t, &) = ago)(t) + sagl)(t; v) +
0(g?).

Hence, in the buffer region we can opt to work with the
quantities g and &g, which are defined with a fixed, or we
can opt to re-expand these quantities by substituting into
them the expansion of a. (In either case, we would still hold
fixed the functional dependence on z*.) Substituting the
expansion of a in Fermi coordinates yields the buffer-
region expansions

expansion

Cur = En(t, X% y) + eglb(t, x% y) + O(e?),  (66)

hE) 5 = B4t x4 y) + O(e), (67)

where gﬁ% = Zuvlg=qo> g% is linear in agl)
tives, and h\J) = h%”llyla:a
does not hold the acceleration fixed, for the sake of match-
ing, I will use the buffer-region quantities g, ¢V, and
hv,

In order to determine h(l), I rewrite the wave equation
(45) as

and its deriva-
©. Because the inner expansion

Eqglhy'] = —16m(Tap = 380pg" Tp). (68
where T,z is the stress-energy tensor of a point particle,
given by

mu*u”
\/—

where u* = dé: is the four-velocity on vy, and |g| denotes
the absolute value of the determinant of g,g. Note that
there is no contradiction between this equation and
Eq. (49), since the latter applies only in the vacuum region
), where T,z vanishes pointwise. The solution to this
wave equation can be expressed in terms of an integral
over the worldline y. Near the worldline, the solution can
then be expanded in powers of r. That calculation is
presented in Appendix E. The result is the following:

THY (x) =

4x — z(0)dt, (69)

2

m A~ . . A~ .
A =22+ 400 4 3mani + r|:4maia’ + A Dpi
r

3 5 .
+ m(Z a<,-aj> + ggu)fllj] + 0(7‘2), (70)
hgt)a = CLO 4+ BV, — 2ma, + éﬁ};”ni

+ €,/D\"n + 2me . BLA%) + 0(7),  (T1)

aij
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hgzb =—3 + (K10 — ma;n')8,, + H(lo)
4 .. 3 »
+r{5ab|:§ ma;a' + KEI‘I)n’ + Zma<iaj>ﬁ’f

4
—mé&;;n" ] + = mE JApyi T dmagap, — —méy,

9 9

H(1 1)n’ + €, f( I(l)l)n’ + Fgl Dy >} + 0(r?).

(72)

Here, the uppercase hatted quantities are STF Cartesian
tensors that are functions of time alone; they are named
following the scheme of Egs. (D14)—(D16). They are con-
structed from tail integrals, the acceleration, and &, and
their exact form is specified in Table I. Together, they make
up the Detweiler-Whiting regular field [59], a solution to
the homogeneous linearized Einstein equation. (") is given
by setting a; = a(o) in the above expressions.

The buffer—reglon expansion of the full metric in the
outer limit can now be written as

8rap = 8 8Ly + ey + 003, et 8%, (73)
where g, is given in Fermi coordinates in Egs. (63)—(65).

B. Inner expansion

I assume that the internal solution is that of a perturbed
Schwarzschild black hole, and I adopt retarded Eddington-
Finkelstein coordinates (U, X%) adapted to that spacetime.
The background metric g is then given by

s = —f(U, RdUdU — 2Q,dUdX"
+ (51117 - Qah)dxadxb: (74)

TABLE I. Symmetric trace-free tensors in the first-order met-
ric perturbation in the buffer region, written in terms of the
electric-type tidal field £, the acceleration a;, and the tail of the
perturbation.

A0L0) — hba(;l
C(I,O _ htail + ma,
K(IO _ léabhtdll

(1L0) _ 1
Hab hldl

11 i .
AY = ha%z + 2hiila, +3ma,
AL — 1 ptail §ij 4 1 ptail i
B( 7ha151]+§h11 al
AL 1 1
Cu hgag b +2m&,y, + h&‘aaw

155,1’1) _; ubc(hbaélc 4 htalla )

1%;‘*” = lé”"h‘ba;la +2 sma,
(LD 7 tail

Habc - hti{lln}

F(l D _3 5z/ht¢u]

(ia)j
IE,I 1) STFah(Ebtjhtall> )
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where f(U,R) = 1 — %@, and (), = X“/R is a function
of two angles ®4. (Note that in this equation, I have written
the metric in nonrescaled coordinates, but I have written
the components of the metric in terms of the scaled coor-
dinate R.) Here, M(U) is the Bondi mass of the spacetime,
divided by the mass at U = 0. The mass is allowed to
depend on U because g3 is required only to solve Eq. (60),
which contains no time derivatives. Next, I expand the
components of the metric perturbation H as

H,,(U R ©% &) = eHL(U, R ") + 2HL,(U, R, ©)
+ ... (75)

As a boundary condition on these perturbations, I require
that they remain regular on the event horizon. In addition, I
adopt the light cone gauge [60], defined in retarded polar
coordinates by the condition Hgl,)e = H;e",; = ng =0.In
this gauge, U and R maintain their geometrical meaning
even in the perturbed spacetime: U is constant on each
outgoing light cone, and R is an affine parameter on out-
going light rays. I assume that this gauge condition can
always be imposed.

The first- and second-order perturbations, along with the
time dependence of gp, must satisfy the vacuum Einstein
Egs. (61) and (62). In Appendix F, I show that ‘% = 0. This

implies that Eq. (61) becomes 6G50)[H(1)] = (), the line-
arized vacuum EFE for static perturbations. The solutions
to this equation have been thoroughly studied [61-64].
Because of the spherical symmetry of the background
spacetime, the equation can be most easily solved by
decomposing H" into spherical harmonics: the various
harmonics decouple in the linearized Ricci tensor, such
that they can be solved independently. In addition, for € >
0, the harmonics can be decomposed into even- and odd-
parity sectors, which also decouple. It is known that the
gauge-invariant content of the monopole terms in the so-
lution corresponds to a constant shift of the black hole’s
mass parameter; odd-parity dipole terms correspond to a
shift to a nonzero, constant spin; and even-parity dipole
perturbations correspond to a shift in center of mass, which
can always be removed via a coordinate transformation. In
addition, it is known that for all €, the solutions behave as
~RY for R > 1.

In the derivation provided by Mino, Sasaki, and Tanaka
[25], the monopole and dipole terms in H) were set to
zero, on the basis that they correspond to either pure gauge
or to mere redefinitions of mass and angular momentum.
However, this step is not justified, since the ‘“‘constant”
shifts in the black hole’s parameters are actually functions
of time, with a time dependence to be determined by the
higher-order perturbation equations. Also, the fact that the
even-parity dipole term corresponds to a shift in center of
mass does not mean that it can be trivially ignored; this will
be discussed further in the following sections. For € > 1,
Mino, Sasaki, and Tanaka took the terms to necessarily
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behave as R’ in the buffer region. This means that H"
cannot contain terms of € > n: since "R’ = g" (R, if
€ >n then such a term would correspond to negative
powers of € in the outer expansion. Hence, H!) can contain
only monopole and dipole terms, and since these are set to
zero, H'Y itself must be zero. It then follows that Eq. (62)
becomes another linearized vacuum EFE for static pertur-
bations, 5G§0)[H(2)] = 0. The solutions to this equation
must be purely quadrupolar, since monopole and dipole
terms are set to vanish and H® cannot contain terms of
€ > 2. However, even if the monopole and dipole terms are
set to zero, this reasoning remains specious, because solu-
tions with € >n can exist: though the asymptotically
dominant terms behave as RY, subdominant terms can
grow less rapidly with €, as is shown explicitly in
Appendix F. (However, these subdominant terms can be
removed with a gauge transformation.)

In the derivation provided by Poisson Refs. [37,54], all
of the above steps were taken, but the quadrupole terms
were then further constrained. Rather than finding a gen-
eral inner solution and then restricting it by imposing a
matching condition, Poisson simplified the possible forms
of the metric by first imposing a form of the asymptotic
matching condition. (Refer back to Sec. II for the definition
of this condition.) Specifically, he demanded that for R >
1, the metric must asymptotically approach that of a vac-
uum spacetime in retarded coordinates centered on a geo-
desic. This demand motivated the following ansatz for the
internal metric in polar coordinates:

gwu = —fI1 + E2R%e;(R)E*(U)] + 0(e%), (76
gor = — 1, (77)

giwa = REER* (e(RIE] + by (R)BY) + O(e)], (78)

girr = &ira = 0, (79)

81AB = Rz[QAB - %821?2(@3(1?)523 + b3(1§)3,’§3)
+ 0(g%)], (80)

where e, e,, €3, by, and b3 are undetermined functions
constrained to approach 1 for R > 1, and the quantities g,
fo‘, etc., are constructed from tidal fields E’ab and j?ab, as
displayed in Eqgs. (F104)—(F107). At R — o (or ¢ = 0),
this metric is precisely the metric of a vacuum spacetime in
retarded coordinates centered on a geodesic. Note that even
with the constraint on the asymptotic behavior of the
internal metric, the above ansatz is more restrictive than
it need be: generally, the free functions of R could also be
functions of U, with a U dependence to be determined by
the higher-order EFE.

One might wonder why the internal metric is con-
strained to approach that of a vacuum metric in coordinates
centered on a geodesic, rather than being constrained to
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approach a vacuum metric in coordinates centered on an
arbitrarily accelerating worldline, to agree with the form of
the external background metric in retarded coordinates.
The reason is that the terms linear in the acceleration in
the external background metric are even-parity dipole
terms, which have been set to zero to ensure that the
coordinates are mass centered. [ will return to the relevance
of these terms in the following sections, but I will note now
that this assumed form already suggests that the body must
be moving on a geodesic of some spacetime. That space-
time will turn out to be g + A%, rather than g. See Ref. [65]
for further discussion of this point.

Substituting the ansatz into the linearized EFE and
imposing regularity at the event horizon determines the
free functions. After transforming the resulting metric back
into Cartesian-type coordinates, one finds

gy = —f — X f2R¥E + 0(&d), (81)

Sia = —Q, + 2R f(E + By + 0(%), (82

1 5« 2M? -
Crab = Oap — Qap — 582R2<1 - ?)Sab
1 52 Dk
- 582R2Bab + 0(83), (83)

where E:Z =&,08, B, = B4, &, = &,,0408, and
B, = BupQ4Q5. Note that there is no a priori relation-
ship between the mass €M of the internal spacetime and
the mass em of the point-particle perturbation in the ex-
ternal spacetime. Similarly, although the inner solution was
specifically constructed to asymptotically approach the
form of an external metric in the buffer region, there is
no a priori relationship between &,, and &,, or between
@ab and B,;,. These relationships are to be determined in
the matching procedure.

To expand the metric in the buffer region, we rewrite R
as R/ e and then re-expand in powers of &; this corresponds
to an expansion for R >> . In order to agree with the
external metric, which is constructed in Fermi coordinates
and in the Lorenz gauge, we must also transform from
retarded coordinates and the light cone gauge into Fermi-
like harmonic coordinates (7, X¢); and the result must be
decomposed into its irreducible STF pieces. That calcula-
tion is shown in Appendix F. The final result is

2M 5 o o
girr = — 1+ s + gsMRSijN’J — R?&,;N

+ O0(&?% eR% R3), (84)

8r7a = 26MRE,N' + 2eMRe,;; BIN™ + 2R?€,; BENY

aij

+ O(e?, eR% RY), (85)
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2M 5 B
Erap = Sab<] + 8? - §8MR€Z‘]'NU - §R25i‘]‘NU)
64 - . 46 .1 -
+ ﬁSMRgi(aNb)l - ESMREab - §R2€ab
2 o AT i) 2 28 71
+§8MRgijNgb +§R Ei(aNb>
4 L
- g81\4R.sjk(az;’,;)Nf + O(e% &R, R3), (86)

where N’ = X'/R. This is the metric that I will use in the
matching procedure, even though, as pointed out above, it
has already been heavily restricted.

In Appendix F, I derive the above metric without relying
on an ansatz, enabling me to better characterize its
generality.

C. Zeroth-order matching

I now consider the relationship between the two metrics.
Beginning with the zeroth-order weak matching condition,
we have the metric in the outer expansion given by

gy = —1— 2ra§0)ni - %r2a§°)a<°>i - rzag?)ag.(;)ﬁi-"
= rPE T + O(e, 1), (87)
gEta = %r2€a1kgfﬁu + 0(8) r3), (89)

_ 12 Nij 1,2 220 A
8Eab = 8ap — T 0ap&ijA" — gro€ap + 5r°EiiaM)y

+ O(e, 1), (88)

while the metric in the inner expansion is given by
girr = —1 — R?E,;NT + O(e, R), (90)
gira = 3R € BiNY + O(e, R), 1)

8lab = Oap — éRzaabgijNU - éRzéab + %Rz‘z:i(a AZ}
+ O(e, R3). 92)

It seems that we may immediately identify these two
metrics and conclude that 7 =1t, X*=x“, E,, = Eup»

and most importantly, aﬁi)) = (0. However, the matching
condition does not require that these two metrics be iden-
tical, since they may be in different coordinate systems; the
matching condition requires only that these two metrics be
related by a diffeomorphism. But this condition places no
restriction at all on the acceleration of the worldline: The
form of the inner metric is that of an arbitrary background
written in Fermi coordinates centered on a geodesic world-
line. The form of the outer metric is that of a known
background written in Fermi coordinates centered on a
possibly accelerated worldline. Regardless of the value of
the acceleration, if the geodesic is embedded in the exter-
nal spacetime, then these two solutions are obviously
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related by a diffeomorphism, since the geodesic can be
transformed to the accelerated worldline.

Evidently, some information has been lost here. I as-
sumed from the beginning that the inner and outer expan-
sions were performed ‘“‘around” the same worldline. In the
inner expansion, the location of the body is encoded into
the coordinate system by the condition that the body’s mass
dipole vanishes in that coordinate system; in the outer
expansion, the location of the body is encoded in the
worldline sourcing the perturbation. If we use the weak
matching condition, in which we expand the metric before
finding the coordinate transformation between the inner
and outer expansions, then this information is lost.

However, one might wonder if this ambiguity might be
removed by supplementing the weak matching condition
with some other condition. One such condition appears
obvious: the coordinate transformation between the inner
and outer expansions in the buffer region must be small—
that is, it must vanish in the limit € — 0. This removes the
possibility of transforming from an arbitrary geodesic to an
arbitrarily-accelerated worldline. In the buffer region, r —
0 as € — 0, so this allows transformations that have no
explicit € dependence, but which do have explicit r depen-
dence. I trust the reader to convince himself that under such
a transformation, we must have R = r, T = ¢, the tidal
fields appearing in the inner metric must be identical (up to
O(e) corrections) to those constructed from the Riemann
tensor in the outer solution—and the leading-order term in
the acceleration must vanish: @ = 0. The two coordinate
systems may, of course, be related by rotations, but these
are insignificant.

Hence, we can adopt a stronger, refined matching con-
dition: the inner and outer expansions in the buffer region
must be equal up to a unique small coordinate transforma-
tion. Unfortunately, this refined condition is still insuffi-
cient. The reason is that the inner expansion could have
included acceleration-type terms. In fact, we can always
include such terms by transforming the metric into an
accelerating frame. Suppose we begin with the
Schwarzschild metric in Kerr-Schild form,

gB,uV = 77,u,1/ + %g,ugw (93)
where n = diag(—1,1,1,1) is the Minkowski metric,
€, = (1,%,%,%) is a null vector, R = VX? + Y? + Z2,
and the (unscaled) coordinates are (7, X, Y, Z). Now, by
using the flat-spacetime transformation from an inertial
frame to an accelerated one, we can transform the metric
to a new set of accelerated retarded coordinates
(U, R, ®"4). For simplicity, assume that the acceleration
is in the Z direction. Then the transformation is given by

T = Ty(U') + R'(cos®’ sinhg(U') + coshg(U’)), (94)

X = R’'sin®’ cosd’, (95)

PHYSICAL REVIEW D 81, 124009 (2010)
Y = R’'sin®’ sin®’, (96)

Z = Zy(U") + R'(cos®’ coshg(U') + sinhg(U’)), (97)

where T, = [coshq(U")dU’, Zy = [sinhq(U")dU’, and
q(U") = [a(U"dU', where a(U’) is the magnitude of
the acceleration. Under this transformation, gz maintains
the form in Eq. (93). n,, becomes the metric of flat
spacetime in retarded coordinates, given by

n = —[(1 + R'acos®')* — R*a?]dU"” — 2dU'dR’
— 2R"?asin®'dU'd®' + R?dO", (98)

while €, takes on a more complicated (and unenlighten-
ing) form. Note that in flat spacetime, this transformation
translates the spatial origin from Z = 0 to Z = Z,(U’).
And in the spacetime of g, the same interpretation applies
at large distances from the black hole—that is, in the buffer
region. In other words, the new coordinates are not mass
centered: the center of mass is moving away from the
origin.

Although the metric takes on an inconveniently compli-
cated form in this non—mass-centered coordinate system,
in principle one could use it in constructing the inner
expansion g;. If one does so, then when g; is expanded
in the buffer region, it becomes g;,,, = 1, + O(g, R?), as
we can infer immediately from the form of Eq. (92). But in
this expansion, 7, is the metric of flat spacetime centered
on an accelerating worldline, not on a geodesic. Therefore,
if we transform the metric to Fermi-type coordinates
(T, X%), we arrive at

girr = —1 - 2R« COS@ + 0(8, Rz), (99)
8iTa = 0(8, Rz), (100)
81ab = 8ab + 0(8’ RZ) (101)

This metric agrees with the one in the outer expansion,
regardless of the value of the acceleration. We may identify

a cos® with aﬁo)n" , and the matching procedure, even with
the refined matching condition, provides no information
whatsoever about the worldline.

We can readily see why the matching procedure has
failed: we have not insisted on any relationship between
the inner and outer expansions. In order for matching to be
successful, we must insist that the position of the black
hole in the inner expansion can be identified with the
position of the worldline in the outer expansion. To make
this identification mathematically precise, I insist that the
two expansions are to be expanded and matched in the
buffer region only when the outer expansion is evaluated in
a coordinate system centered on the worldline and the inner
expansion is evaluated in a mass-centered coordinate sys-
tem. If this condition is imposed, then the accelerating
coordinate system (U’, R, ®4) is inadmissible, since it is

124009-21



ADAM POUND

not mass centered. Therefore, we can discount it and others
like it—and we can once again, now more confidently,
conclude that the acceleration of the worldline must vanish
in the limit € — 0. Such a condition serves to implicitly
define the worldline, and it is necessary for the matching
procedure to be well defined and to yield unambiguous
results.

Based on the above analysis of the zeroth-order match-
ing procedure, I suggest the following matching condition:
if the inner expansion is written in a mass-centered coor-
dinate system and the outer expansion is written in a
worldline-centered coordinate system, then the two expan-
sions must be equal up to a small coordinate transformation
when expanded in the limit of small (outer) radial coor-
dinate distances. (Here, ““outer’ radial coordinate means a
coordinate that is formally of order 1 in the outer expansion
and of order 1/ in the inner expansion.) Making use of
this condition allows us to determine the acceleration of the
worldline at zeroth order. However, as we shall see in the
next subsection, it requires still more restrictions.

D. First-order matching

Comparing the expression for the external solution with
that for the internal solution, we find that the 1/r terms
agree if and only if we make the identification m = M. In
order for the other terms to be made to agree, there must
exist a coordinate transformation, from the external coor-
dinates to the internal coordinates, that induces a gauge
transformation gz — gz + £8gp + O(g?), where

8gpy = —AM0 + r2al) — APl + 0(2),  (102)
08Ewm = —CA'S'O) — %r&,(AA“’O) + SIe(l’O))na - ré'((lli‘l)ni
— reaijﬁﬁ»l’l)ni + 2mrE n' + O(r?), (103)
08Eap = — 04 1%“"” — I-Alsb‘o) — raabkﬁl'”ni
r(K(1 N A(l’l) + 20 C‘(l’l))nb> - r[flizll;})n"
i
— r€; (afﬁj)])n’ +1 mr€,<a 5 i+ 15—6mr5ab
+ 2mré; A,V §mrejk(azab)n' + 0(r?). (104)

I remind the reader that a; is to be set to a§°) = 0 in the
explicit expressions for the uppercase script tensors.

This transformation is generated by a vector field sat-
isfying 0ggap = 2€(a:p)- | assume the field can be ex-
panded as

Z 7 é‘:(”) Z 7 é':(n)

n=0 n=0

(105)

where the coefficients gﬁ”) and gﬁ,’” are decomposed as

Y=Y Bt

=0

(106)
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0 = SOV iy, + eyt IAY )+ Y WL
=1 =0
(107)

The Cartesian tensors =;, Y;, A;, and ¥, are STF in L,
and they depend only on time.

Calculating 2£ . g) from the above expansion is straight-
forward. Demanding that the result of this calculation
agrees with Egs. (102)—(104) at each order in r then
determines a sequence of equations for £™. No O(1/r)
terms appear in Egs. (102)—(104), so from the O(1/r) terms

ln 2§(Q ﬁ) we ﬁnd that E) 550) == O and a(aé‘:(o) — 0 From
this we determine that f( ) must be independent of angle:

f(O) — ‘,:’(0) and 5(0) Y(O)
From the O(#°) terms, we find

9,0 = 1400, (108)
(ng +ra ) = —a,60 = €10, (109)
(n + rdé) = —10,KM0 =15 (110)

from the ¢, ta, and ab component, respectively. The first of
these equations determines that £(© = -1 A10q1, the

second determines that Efll) = _6511,0) — atYEP), and the

last determines that ¥ = — %Ie(l'o), Ysh) = - %I—AIEZII;O),
and AEI) is arbitrary. All other terms in f(al) vanish.
Finally, from the O(r) terms, we find:
9,60 = En' YW + alVni — iAMDY, (111)

2ng + ra e = =0, + 26,0 EQ — 1y, (A1

+ 3RO, — EWDpi — ¢ i/D(il’l)ni

— 2mEin’ — 2Ry n' Y'Y, (112)

202n(, + rd )€y = RoupinEQ — 4RI, ni Y

5abK(1 Dpi 41 mS il ’~I—?m5ab

i{a b)
(K(l 1) Agl’l)

y0.1),
- Hahi
+ 29, C(1 1))nb> + mc‘fljnab

—dme; B — €, 1<1 Dpi (113)

Again, these equations follow from the ¢z, ta, and ab
component, respectively. The first of them yields the equa-
tion of motion

Y + YW = 1AM — 9,800 — o, (114)
the second of them yields
E@ =L, AM0), (115)
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=0 = ALY +E,E0 - 1 - incu,
+ 3¢/, B Y, (116)
9 A = —DID + Le riel, BIYY, (117)
and the last of them yields (after some algebra)
Y¢ = —ehY? + ZAND — 35,600, (118)
YO = ome,, (119)
Yo, = —4A4), (120)
\1,22) _ _29_0 (135,1’1) + 4_111421,1) _ %3,69'0)) + %d;Y;O),
(121)
P =lng,, (122)
Afb) I(l D _ meah - _%fBah_(O) + 2 z€; / £ Y(O)

(123)

All other terms vanish.
In summary, the first three terms in the expansion of the
gauge vector field are given by

1 A
— = | AW,
./

O _ yO

O = (124)

(125)

where Y is a function of time satisfying the equation of
motion (114),

W= = o, YO, (126)
’ A 1
&) = ea’fnl( / DVdi + S e ey, f 3§Y<€°>a’r>
1 (1,0 1 7y(1,0) i
+ KO, + A%, (127)
2 2
and
P =3(-19,800 + 26,50 + ¢V + 2me;
+ 26k BEY AT + Lo, AN, (128)

1 1. 4 .
fif)=[ YWel + 2O<K<”>+4A“” Zalcﬁl"”)]ﬁ’a

1 0 3.0

T ymEii, (Y( €t SA(I ' 4‘9’CE’LO))
6 i Laan Sikf2 e 0

—gmEain' + ZHilbi)n + €qiht k(§€ !5E0e Y

1 2 1 A

42 1(1 D4z Bjk _ gBjk j‘A(l,O)dt)‘

150+ 5 (129)
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This is the most general transformation that succeeds in
making the exterior solution identical to the interior solu-

tion, up to order er. It has one free function of time: Yﬁf”.

Despite the refinement of the matching condition for-
mulated in the zeroth-order matching procedure, this co-
ordinate transformation has failed to uniquely identify the
acceleration of the worldline. Instead, it determines an

equation for YO, given by Eq. (114). Consider the mean-
ing of this equation. In the internal solution, the mass
dipole and all dipole perturbations have been set to zero,
and an acceleration term in the buffer region corresponds
to a dipole perturbation. Equation (114) thus tells us that

for any given acceleration a( ), we can perform a small,
angle- and r-independent spatlal translation (in the buffer

region) that ensures the dipole perturbation vanishes.

In order to arrive at the correct equation, a( ) =

%Agl B atCEIO), one must further restrict the matching

condition. Recall that the coordinate transformation must

be small, which implies that YE-O) must remain of order
unity. If the right-hand side of Eq. (114) does not vanish,

then YEO) will generically grow large; more precisely, on a
time scale such as ~1/&, which becomes unbounded in the

limit & — 0, ng will generically become larger than order
unity. However, it will not necessarily grow large (e.g., if
the right-hand side of Eq. (114) is purely oscillatory). Thus,
we cannot conclude that the right-hand side must vanish
based on the refined matching condition of the previous
section. Instead, I propose a final version of the refined
matching condition: if the inner expansion is written in a
mass-centered coordinate system and the outer expansion
is written in a worldline-centered coordinate system, then
the two expansions must be equal up to a necessarily small
coordinate transformation when the inner expansion is
expanded in the limit of small (outer) radial coordinate
distances. In other words, the coordinate transformation
must not only be small, but must necessarily remain so on
all time scales of interest.

With this final refinement, we can conclude the follow-
ing: if on an unbounded time scale, (i) the exact metric
possesses inner and outer expansions, (ii) there exists a
local coordinate system in which the metric in the inner
expansion is given by that of a tidally perturbed black hole,
up to errors of order &3, (iii) there exists a global coordinate
system in which the metric in the outer expansion is that of
the external background g plus a point-particle solution to
the wave equation (45), up to errors of order &2, and (iii)
the exact solution satisfies the refined matching condition
presented above, then the worldline defining the point-
particle perturbation has an acceleration given by

(L1) _ alcgl,o),

1
a;” =4

(130)

where A(1 D and C(1 % are obtained by setting a; = a(o) =0

in Table I. This is the MiSaTaQuWa equation.
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It may be that some or all of these assumptions can be
removed, even within the context of matched asymptotic
expansions. For example, if the inner and outer expansions
exist, then the solution to the wave equation (45) is neces-
sarily that with a point-particle source. Also, the inner
metric could correspond to a body other than a black
hole. If it were taken to be a tidally perturbed, otherwise
spherically symmetric neutron star, for example, then the
equation of motion would be unaffected: outside the star,
the metric would be altered only by the presence of in-
duced tidal moments, which scale as £**! and hence
would not appear in the first-order matching procedure
[57,58]. It is also possible that matching the inner and
outer solutions to higher order in » would show that Yflo)
must vanish, and that the refined matching condition is
needlessly strong; however, there is no obvious indication
of the order at which this would occur.

E. Interpretation and commentary

Let us interpret the above calculation. First, note that a
large part of the transformation consists of removing tail
terms. This can be understood as follows: In the Fermi
coordinates centered on the worldline in g, the spacetime
appears to be that of a singular monopole perturbation i3,
plus a regular homogeneous perturbation 2%, plus the field
of the smooth background metric g expanded about some
worldline. But in the coordinates X¢, at a large distance
R > & from the body, the spacetime appears to be simply a
singular monopole perturbation atop some smooth back-
ground field that is expanded around a geodesic. Therefore,
transforming between these coordinates can be understood
as transforming from the Fermi coordinates of g into the
Fermi coordinates of g + hR, where hR is the Detweiler-
Whiting regular field. Reference [65] contains further dis-
cussion of this point.

For example, the angle- and r-independent monopole
term A0 = h'l is removed because proper time must be
measured in g + AR, rather than in g. Similarly, the dipole
terms in the perturbation are removed because the body is
nonspinning and nonaccelerating in g + A%, rather than in
g. And if we proceeded to order er’ in the matching
procedure, we would find that the tidal fields appearing
in the inner expansion are those of g + hX, rather than
those of g.

These general points are shared with the derivation in
Refs. [37,54]. Note, however, that my results differ con-
siderably from those of Refs. [25,37,54]. The first differ-
ence is that in those earlier calculations it was found that
the tetrad on the worldline is not parallel propagated in the
external background spacetime. This followed from the
fact that the spin dipole perturbation in the internal solution
had been set to zero via a choice of gauge; effectively, the
Fermi tetrad was required to rotate with the perturbed
gravitational field, to set the total spin to zero. However,
this is not necessary: transforming from the external, non-
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rotating frame, to the internal, rotating frame (or to a
nonrotating frame in g + hR), simply requires a gauge
transformation (specifically generated by A(Cl)). There is
no reason to require the external, background Fermi tetrad
in g to spin.

More importantly, my analysis has shown that the weak
matching condition that is normally utilized is actually too
weak to yield unique results. In order to arrive at an
equation of motion, I have had to formulate a refined
matching condition in a somewhat ad hoc manner. But
even if that refinement is accepted, all of these derivations
rely on another strong assumption: the form of the inner
expansion, which fixes not only the background metric, but
also the form the perturbations. By assuming that the
metric in the inner expansion appears to that of a singular
monopole perturbation atop some smooth background field
that is expanded around a geodesic, the matching deriva-
tions of the self-force seem to implicitly assume a gener-
alized equivalence principle: they assume that in vacuum,
the black hole, as viewed from a distance, moves on a
geodesic of some smooth spacetime. Given that such a
geodesic exists, the matching procedure provides a means
of determining which smooth spacetime the geodesic lies
in—but it does not prove the existence of the geodesic.

If the inner expansion is to be sufficiently general for the
matching procedure to derive the generalized equivalence
principle, rather than assume it, then one must use a less
restricted inner expansion. For example, at linear order, no
accelerationlike dipole term (i.e. one behaving as ~r in the
buffer region) can arise in the inner expansion without also
introducing a mass dipole. However, in the inner expansion
an acceleration term era'’ corresponds to a second-order
perturbation £2Ra", so in order to maintain that no such
term can arise in mass-centered coordinates, one must
solve the second-order EFE in generality. In addition, if
one uses the refined matching condition or some variant of
it, one must prove that an acceleration term cannot arise
from a generically small coordinate transformation in the
buffer region. It is not immediately clear that at second
order, being in mass-centered coordinates implies that any
accelerationlike term must vanish.® Solving the EFE, in
full generality, at second order also requires one to include
potentially time-evolving shifts in the mass and spin of the
black hole. The time evolution, if any, of these parameters
would be determined at second order. Indeed, a time-
dependent correction to the mass was found in Ref. [28].

In that paper, I performed a second-order analysis, but of
a different sort than the one just suggested. Instead of
assuming that the small body is a black hole, and trying
to solve the second-order EFE in the whole of that black
hole’s spacetime, I allowed the body to be arbitrarily

gKinnersley’s photon rocket is an example of an exact solution
to the EFE with accelerationlike dipole terms sourced by radia-
tion [66—68].
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structured, and I solved the second-order EFE in the outer
expansion, and only in the buffer region. (See Refs. [15,27]
for similar approaches at first order and in the case of a
regular expansion, respectively.) Given the weaknesses of
the method of matched asymptotic expansions, such a
calculation provides a much firmer conclusion. However,
if one is willing to accept the additional assumptions,
matched asymptotic expansions provide a much simpler
means of finding an equation of motion.

V. CONCLUSION

In this paper, I have discussed three types of general
expansions: dual expansions, multiscale expansions, and a
self-consistent expansion. Each of these can be used to
systematically overcome the unbounded errors of a regular
expansion, and at least two of them will likely be required
in any successful analytical approach to the problem of
motion for asymptotically small bodies. For example,
whether a multiscale expansion or a self-consistent expan-
sion is used to eliminate secular errors, it must be com-
bined with an inner expansion to eliminate errors near the
small body. And these expansions may need to be supple-
mented with a third expansion in the wave zone.

However, these expansions are not merely powerful
tools for finding asymptotic solutions to differential equa-
tions: they have a rich underlying geometrical structure,
which I have sketched, but which warrants further study.
This underlying structure allows us to, for example, easily
define and conceptualize the representative worldline of a
black hole. Careful consideration of the underlying formal-
ism can also reveal subtle yet important features of a
calculation. For example, in moving from the realm of
traditional perturbation theory to one with potentially mul-
tiple coordinate systems, two types of matching conditions
arise, and the condition that has been implicitly used in
previous derivations of the gravitational self-force is sig-
nificantly weaker than the condition used in applied mathe-
matics. In order to arrive at unique results with this
matching condition, additional assumptions must be
made, which weakens the conclusions of a matching
calculation.

It is my hope that this paper, by highlighting points such
as these, will spur further research into the foundations of
singular perturbation techniques in GR, in order to prom-
ulgate their utility, illuminate their underlying structure,
and put them on a more precise and deductive mathemati-
cal basis.
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APPENDIX A: ILLUSTRATIVE EXAMPLE OF
MATCHED ASYMPTOTIC EXPANSIONS

To illustrate the procedure of matched asymptotic ex-
pansions, I consider the following boundary value prob-
lem:

> df

8d2 P +f=0,

f(0) =0, f(1)=1. (Al

I assume that f possesses an outer expansion f,, =
FO0) + ef)(r) + ... Substituting this expansion into
Eq. (130) and equating coefficients of each power of ¢ to

Zero, we ﬁnddcfl—(“:‘]‘)‘ + fé?])t = (0 and =2 dfgl“)‘ + fgL)t = de;““‘ ; the
boundary conditions are fg?t(O) (()L)t(O) =0, ff,?l)t(l) =
1, and f, 5)3(1) = (. The general solution to the zeroth-order
differential equation is ff)(l)l)t(r) = C©¢~", This solution can
satisfy the boundary condition at r = 1 (by setting C©) =
e), but it cannot satisfy the condition at » = 0. Hence, we
guess that there is a boundary layer at r = 0, and we
choose only to satisfy the boundary condition at r = 1.
Doing the same for f((,}l)t, we find f((){l)t = (1 —r)e' ", yield-
ing the first-order outer expansion

fow=e€¢""+e(l—re " +. (A2)

Now, in order to construct our inner expansion, we
require a choice of rescaled coordinate 7. Suppose that
we choose 7 = r/eP. Substituting this into Eq. (A1) and
taking the limit € — 0, we find that if 0 < p <1, then the

(0)
U — 0. 1f p>1,

o
then the equation becomes » = (0. And if p = 1, then it
Zf(O) fl(;?) B

becomes —2¢ = 0. Th1s is called a distinguished
limit (also known as a significant degeneration) of the
equation, because it contains within it all the terms appear-
ing in the other two limiting equations. We can intuit that a
distinguished limit will yield an approximation with maxi-
mal information. And although there is no guarantee that a
coordinate leading to a distinguished limit is the ideal
choice, it has proven to be the most reliable one.

So, proceeding with the rescaled variable 7 = r/e, 1
rewrite Eq. (Al) as

leading-order differential equation is
d4?

2
d_f+if+ ef =0,

YR f(0) =0,

(A3)

where, technically, f stands in for ¢ .f. T assume that f(7)

possesses an inner expansion fi (7 &) = ff?(?) +

€ fi(;)(f) + .... After substituting this into Eq. (A3) and

solving order by order, we find

fin = DO(1 = e7) + [DV( — ) = DOF1 + ¢ 7))
+ ... (A4)
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We can now make use of one of the matching conditions
to determine the integration constants D© and D). Since
liM;—o f2(F) = D© and lim,_of% = e, the asymptotic
matching condition implies D' = ¢. In order to determine
DWW, T next make use of the coefficient-matching condition.
Rewriting f;, as a function of r and expanding to order &,
we find

fin(r) =e+eDW —er+ ... (A3)

Note that e /¢ = o(g") for all n > 0, so it vanishes in this

expansion. Dropping the ellipses, this yields the left-hand
side of Eq. (3):

OLly Ly, f=e+ eDV —er. (A6)
Next, expanding f,, to linear order in r, we find
fouwn =e(l—r)+e(l—2r)e+... (A7)

This expansion contains an order-er term, which is smaller

than any term in Eq. (A5); such a term would be matched

2

by a term from f,’”, and so we can neglect it here. The extra

expansion on the right-hand side of Eq. (3) serves to

remove such terms, and so we have
DLy DLy ®Lf = e(1 — 1) + ee. (A8)

Hence, the matching condition now determines that D) =
e, and we have fully determined the inner expansion:

fn=e(l—e N +ee[l—e)—F1+e]+...
(A9)

Using these results, we can construct the uniformly
accurate composite expansion

={e""+e(l — e+ {e(1 —e7°)
+ee[(1 —e™ /) —r/e(l + /)]
—{e(1 —r) + es}
=e! 7" —(1+ et + g[(1 — r)el™" — el77/¢],
(A10)

f comp

where the first equality should be compared to Eq. (6).
In this case, we can compare our results to the exact
solution to Eq. (A1), which is given by

¢ _ exp[—(1 — /1 — 48)%] —exp[—1(1 + V1 — 4e) &

expl—(1 — 1 — 48) L] — exp[—(1 + VT — 45 4] '

(A11)

Note that this function does not exist at £ = 0. Hence, the
regular series f,, is not a Taylor series expansion of f.
However, the limit lim,_,,f does exist, and f,, is given by
> %lims_,o (‘;—Eﬁ One can straightforwardly check that f;,

(when written as a function of r) is a uniform, first-order
asymptotic approximation on an extended domain D;, =
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FIG. 5 (color online). Comparisons of the exact solution f (the
solid black curve), the inner solution f;, (dotted blue), the outer
solution fo, (dot-dashed red), and the composite solution fcomp
(dashed black). The upper plot displays the solutions for & =
0.2; the lower, for € = 0.1.

{r:0 = r < 1}, and f,, is a uniform, first-order approxi-
mation on D, = {r:|e Ine| < r = 1}. So at first order, the
overlap region exists, and it is given by |elne| < r < 1
(which is notably smaller than the buffer region). One can
also verify that fcop, is a uniform approximation on the
whole interval [0, 1]. Figure 5 shows a graphical compari-
son of the exact, inner, outer, and composite solutions.

APPENDIX B: ILLUSTRATIVE EXAMPLE OF
MULTISCALE EXPANSIONS

In this Appendix, I present an illustrative example of
multiscale expansions, along with a resultant discussion of
their utility. I consider the following differential equation,
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adapted from the text by Kevorkian and Cole [44]

2
ALy,

P 7 f(0,e) =0,

df
E(O, 8) = 1.
(BI)

Suppose we wish to solve this problem using a regular
power series f(t,&) =3, _,e"f")(t). After substituting
this series and equating powers of &, we arrive at the
sequence of equations

2 £(0) ©

dd]: +f0 =0, f90)=0, df —a0=1
EIY L~ A ) — dfl
i T O=0 S0

(B2)

The solutions to these equations are easily found to be
FO(r) = sinr and f1(r) = —rsint, so we have

f(z, &) = sint — etsint + ... (B3)
Based on the unbounded growth of this solution, we sur-
mise that it fails to uniformly approximate the exact solu-
tion on any unbounded interval [0, 1/&”], p > 0.

To improve on this solution, I adopt the following as-
sumption: there exists a function F(z, 7, €) satisfying the
equality F(t, 7 = et, &) = f(, ). Substituting this into
Eq. (B1) and making use of the chain rule i = i +es dt,
we arrive at

2 0’F  OF
IE e+ 2( +—)+s

9°F
(— +2 aF) = 0.
EYZ afor ot

0P ot
(B4)

Now, the fundamental idea in a multiscale expansion is that
the function F satisfies this equation not just when 7 = e,
but also when 7 is treated as an independent coordinate.
This means that if one assumes a regular expansion
F(t,7,8) =Y ,-0e"F"(t,1), then the coefficient of each
power of ¢ in Eq. (B4) must vanish; if we insisted on
solving the equation only at f = &1, then the & dependence
embedded in 7 would prevent us from concluding that the
equation must be satisfied order by order in this way. (Of
course, we could always solve the equation by setting the
coefficient of each power of ¢ to zero, but we could not
deduce that each coefficient must vanish.)

So, following this procedure, we arrive at a new se-
quence of equations,

92FO

—a + FO =, (B5)
2 (1) 9F© 92F O
SFT L p — g 227 (Be)
072 ot afot
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(1) 2 (1) 2 (0) ()
PFO | o 0 PFY B0 9RO
EYZ ot afot or? ot

(B7)

subject to the initial conditions F(0,0) = 0 for n = 0,
aY(0,0) = 1, and 2£7(0,0) = —2£2(0,0) for n > 0.
The solution to the ﬁrst equation is

FO = AO(#) sint + BO(7) cost, (B8)

where the initial conditions on F©' do not fully determine
the slow evolution of A® and B, but only impose
A©(0) =1 and B©(0) = 0. The general solution to the

second equation is
9A©)
FO = AO(f) sint + BO(7) cost — (A(O)(i) + 7(f))

t )tCOSt.

(B9)

X (cost + 2t sint) — (B(O)(f)

I now make a final assumption, called the no-secularity
condition: the ratio of successive terms, F*+1) /F ) must
be bounded. This means that the terms ¢ sint and ¢ cost are
inadmissible, and so their coefficients must vanish. In this
case, we have dﬁ—;m +A® =0 and dg—?)) + B = 0, subject
to A©(0) = 1 and BY(0) = 0. Solving these equations, we

find A© = ¢~7 and B® = 0. Hence, we have now fully
determine F© to be
FO = ¢~ Tsint. (B10)
And we have
FO = AW () sint + BV (7) cost, (B11)

where the initial conditions on F(") imply that A()(0) =
BW(0) = 0.

If we ceased our work here, there would be no signal that
our assumed expansion cannot, in fact, satisfy the non-
secularity condition. Following the same procedure for
Eq. (B7) as we did for Eq. (B6), we find that in order to
avoid secular growth in F@, the functions A" and BV
must satisfy the equations ‘13—;” + AV +1eT=0 and
a8l 1 B — ¢~ = 0, along with the initial conditions
AW(0) = BY(0) = 0. The solutions to these equations
are the secularly growing functions A" = 7e~" and BV =
- %'fe"~ . Thus, in order to avoid secular growth in F®), we
must introduce secular growth into F(!). In other words, the
expansion has failed.

In this case, we can determine the precise reason for the
failure. The exact solution to the original ODE is
sm(Nl —&2).

f(t,e) = (B12)

V1 —
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If we expand this in a regular power series, we arrive at
f(z, &) = sinr — etsinz + ..., agreeing with the regular ex-
pansion given in Eq. (B3). But we find by inspection that
f(z, €) cannot be written as F(z, 7, €) in such a way that a
regular expansion of F satisfies the no-secularity condition.
While ¢4’ can be written as e’ to remove secular growth,

an expansion of sin(tv1 — &) will violate the condition.
However, we can write f(z, ) = F(¢, I, &), where ¢ =
Q(e)t, Q(e) = V1 — €2, and F is given by

Fl T e) = 5 sing.

e (B13)

This function possesses the regular expansion F(¢, 7, &) =
1+ %s)e*f sing + o(e), which, when expressed in terms
of ¢, is a uniform approximation to f(z, ). One might
wonder if we could have discovered this expansion without
access to the exact solution. The answer, fortunately, is that
we could have: substituting f = F =Y &"F"(¢, 7) and
Q(e) = 3,-0e"Q" into Eq. (B1) and then solving for
arbitrary ¢ and 7 yields a sequence of equations that
determine the F™ and Q™ [44].

There are several points to note from this example. First,
while an expansion method might appear to be working, it
might still fail at higher order. Second, although we cannot
be guaranteed that this failure will reveal itself in the
course of our perturbation calculation, that will typically
be the case, as it was here. Third, even though my assump-
tions about F proved to be false, and even though F© +
eFW fails to provide a uniform first-order approximation
to f, the term F(© alone, the only term in F that was fully
determined without any obvious contradiction, does pro-
vide a uniform zeroth-order approximation. (This can
easily be checked by calculating the supremum norm of
If = FIO)

APPENDIX C: GAUGE TRANSFORMATIONS IN
THE SELF-CONSISTENT EXPANSION

In the self-consistent expansion of Sec. III E, the outer
expansion is defined not only by holding x“ fixed, but also
by demanding that the mass dipole of the body vanishes
when calculated in coordinates centered on y. If we per-
form a gauge transformation generated by a vector
£We(x; ), then the mass dipole will no longer vanish in
those coordinates. Hence, a new worldline ' must be
constructed, such that in coordinates centered on that
new worldline, the mass dipole vanishes. In other words,
in the outer expansion we have the usual gauge freedom of
regular perturbation theory, so long as the worldline is
appropriately transformed as well: (h, y) — (', y'). The
transformation law for the worldline is well known [69]; it
will be worked out again presently. The only new feature of
this gauge freedom is that & dependence can be incorpo-
rated into the transformation, because the gauge vectors
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can be functionals of the old worldline; this allows, for
example, a “first-order” gauge vector that is constructed
from the tail integral 4![y]. However, to maintain the
form of the expansion, we must also insist that f(”) =
0,(1). Of course, in addition to this gauge freedom, one
can still perform global, e-independent background coor-
dinate transformations.

I first justify, to some extent, the assumption that the
Lorenz gauge condition can be imposed on the entirety of
h. If we begin with the metric in an arbitrary gauge, then
the gauge vectors &(;)[v], 62 €[ v], ete., induce the trans-
formation

h—h =h+ Ah
=h+ely g+ (L, + Lémg)

+ 2L WD+ (C1)

If 1’ is to satisfy the gauge condition L ,[/'], then & must
satisty L,[Ah] = —L ,[h]. After a trivial calculation, this
equation becomes

Y “0gg, = —eLe[hV] - L[h)]
n>0 "
1
- L[5 L g+ Lo h ] + 0
(C2)

Assuming that this equation is solved for arbitrary vy, we
can equate coefficients of powers of &, leading to a se-
quence of wave equations of the form

DG, = Wiy (©3)
where Wey is a functional of &, ..., &,-1) and
KD h™ 1 seek a solution in the region ) described

in Sec. [II E. The formal solution reads

1 ) 1 /
— a @ ! a Y
=~ 1o fQG SWendV' + ﬁ 6V,

_ !

0V wGsasH, (C4)
where G, is the retarded Green’s function for the vector
wave equation. From this we see that the Lorenz gauge
condition can be adopted to any desired order of accuracy,
given the existence of self-consistent data on the worldtube
I' of asymptotically small radius. I leave the question of
that data’s existence to future work.

I now turn to the question of how the worldline trans-
forms under a gauge transformation. I begin with the
equation of motion derived in Ref. [28], written in the
Lorenz gauge in Fermi coordinates centered on y:

8,2Mu + Sul‘Mi = —mafll) - Bal‘Si
+ mAMY — 9,600z, (CS)

where M is the mass dipole of the small body, S is its spin,
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and AE,"]) and C‘EZI'O) are irreducible pieces of AV, specifi-
cally

. 3
S L ) (c6)

e = ni. (C7)

They are given in terms of tail integrals in Table I.

The worldline is defined to be that of the body if M’
vanishes for all time. Given that M (t = 0) = 9,M'(t =
0) = 0, this is possible if and only if the right-hand side of
Eq. (C5) vanishes. If, for simplicity, I neglect the
Papapetrou spin term, then the first-order acceleration of
v must be

(3 n,
alh =}1_1}3<E f 5 HgpdQ — a,hﬁé,)a), (C8)

1o
~ tim L f (E a,hh) — a,hg)a)dﬂ, (C9)
3 (L, m MY,

=1£%Ef SOM = ah a0, (C10)

where it is understood that explicit appearances of the
acceleration are to be set to zero on the right-hand side.
The first equality follows directly from Eq. (C5) and the
definitions of Afll’l) and CE,I’O). The second and third equal-
ities follow from the STF decomposition of 4" and the
integral identities (D17)—(D19). The form of the force in
the second line is the method of regularization used by
Quinn and Wald [26]; the form in the third line is used to
derive a gauge-invariant equation of motion, as was first
noted by Gralla [70].

Now, suppose that we had not chosen a worldline for
which the mass dipole vanishes, but instead had chosen
some “‘nearby” worldline. Then Eq. (C5) provides the
relationship between the acceleration of that worldline,
the mass dipole relative to it, and the first-order metric
perturbations (I again neglect spin for simplicity). The
mass dipole is given by M; = Zlim,_ jrzhgtz)n,-dﬂ,
which has the covariant form

3
My = o lim g narPhutu” dQ, (C11)

r r—

where a primed index corresponds to a point on the world-
line. Note that the parallel propagator does not interfere
with the angle-averaging, because in Fermi coordinates,
8y = 6p + O(g, r?). One can also rewrite the first-order-

metric-perturbation terms in Eq. (C5) using the form given
in Eq. (C10). We then have Eq. (C5) in the covariant form
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87r—0

3. D?
_hm'/‘gg,(gaﬁﬁ + Saﬁ)nﬂﬂhgz,uﬂulfdﬂ|a:a(o)

__3m. a (o)
-~ gt [z

- hgl ﬁ)u"u”ngdﬂla:a(m - maS,).

, (C12)

Now consider a gauge transformation generated by
eéWy] +1e2¢@[y] + ..., where £V is bounded as r —
0, and £ diverges as 1/r. More specifically, I assume the
expansions &1 = £L0(; 04) + O(r) and @ =
Le@=D(y, 04) + O(1)." This transformation preserves
the presumed form of the outer expansion, both in powers
of & and in powers of r. According to Eqs. (11) and (12),
the metric perturbations transform as

nith — hia) +2&0) (C13)
2 2 2
W — b+ E2 )+ i, 00 4+ 210 £V
(C14)

Dp (1) 1 (1) 1 (1)
+ f( )pf(#;,,)p + f( )p;,ufp;v + f( )p;(,uér,,);p'

Using the results for A, the effect of this transformation
on hg) is given by

2m . B
h? — h? — 7;1155” +0(r7). (C15)
The order-1/r% term arises from A'}).,£17 in the gauge
transformation. On the right-hand side of Eq. (C12), the
metric-perturbation terms transform as

(2h(1)

Buv hfulz/;ﬁ)uuuynﬁ - (2h(1)

By hitl)v;ﬁ)uﬂuynﬁ

+2n VD—2+57 f(l)
B\8B g2 T BT
(C106)

The only remaining term in the equation is ma¥. If we
extend the acceleration off the worldline in any smooth
manner, then it defines a vector field that transforms as
a*—a*+eLma” + ... Since a® =0, this means
that oV — aW—it is gauge
transformation.

From these results, we find that the left- and right-hand
sides of Eq. (C12) transform in the same way:

invariant under a

3 . ﬂ y D2
- - a’ a —7 ’
LHS/RHS — LHS/RHS er%fga n (gb, 5+ SB)

x £, (C17)

Therefore, Eq. (C12) provides a gauge-invariant relation-
ship between the acceleration of a chosen fixed worldline,

1The dependence on vy appears in the form of dependence on
proper time ¢. Each term could in addition depend on the
acceleration, but such dependence would not affect the result.
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the mass dipole of the body relative to that worldline, and
the first-order metric perturbations. So suppose that we
begin in the Lorenz gauge, and we choose the fixed world-
line 7y such that the mass dipole vanishes relative to it. Then
in some other gauge, the mass dipole will no longer vanish
relative to vy, and we must adopt a different, nearby fixed
worldline . If the mass dipole is to vanish relative to y/,
then the acceleration of that new worldline must be given

by a, = = &a'V + o(e), where
3 .
a(l/) = - 8—712% gg,(2hfgl/)L B h(ly B)u“u”nﬁdﬂ.la:a(m.
(C18)

Hence, this is a covariant and gauge-invariant form of the
first-order acceleration. [By that I mean the equation is
valid in any gauge, not that the value of the acceleration is
the same in every gauge; under a gauge transformation, a
new fixed worldline is adopted, and the value of the accel-
eration on the new worldline is related to that on the old
worldline according to Eq. (C17).] An argument of this
form was first presented by Gralla [70] for the case of a
regular expansion of the worldline; it is now extended to
the case of a fixed-worldline expansion.

APPENDIX D: STF MULTIPOLE
DECOMPOSITIONS

This Appendix briefly reviews the use of STF decom-
positions and collects several useful formulas. Refer to
Ref. [52,71,72] for thorough reviews. All formulas in this
section are either taken directly from Refs. [71,72] or are
easily derivable from formulas therein.

Any Cartesian tensor field depending on two angles 4
spanning a sphere can be expanded in a unique decom-
position in terms of symmetric trace-free tensors. Such a
decomposition is equivalent to a decomposition in terms of
tensorial harmonics, but it is sometimes more convenient.
It begins with the fact that the angular dependence of a
Cartesian tensor T5(6) can be expanded in a series of the
form

Ts(64) = Y Tyt (D1)
=0
where S and L denote multi-indices S = i;...i; and L =

Ji---Jje, angular brackets denote an STF combination of
indices, n“ is a Cartesian unit vector, n* = n/1 ... nJ¢, and
Al = nl) This is entirely equivalent to an expansion in
spherical harmonics. Each coefficient T,y can be found

from the formula

e+ A\
TS(L) = W fTs(e )}’lLdQ, (D2)
where !! is a double factorial (defined by x!!=
x(x —2)...1). These coefficients can then be decomposed

into irreducible STF tensors. For example, for s = 1, we
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have
— P+ i 0 7D
Tawy =To + €4, T2+ 0aa, T )y (D3)
where the 7’s are STF tensors given by
T = Tua (DD
o=t 7 P4 D5
L =1 pq(L—IEio ’ (D5)
A (_1) _ 2€ - 1 .
T, _, =27 1T/J-L,l. (D6)

Similarly, for a symmetric tensor 7T with s = 2, we have

Tunwy = STELSTF o (e”; Tor ) + 84, T4
+ Bai«epbie IT(le)z + 6(11; 5171( ]T( 2))
+ 7D 1 5.,k (D7)
where
T3 =Tu (D8)
. 2¢
T(L++ll) = f +2 STFL+1(T<p1€>qL 1€l€+1 q)’ (D9)
. 6¢(2¢ — 1) .
© _
= " STF,(T,.J DI
T =@ nac+ 3 ST TG0 (O10)
. 206 — )20 — 1)
-1 _
Pt = T nar e ST T 26,
(D11)
. 20 -3
—2) _
s =S T e (D12)
K, =117, (D13)

These decompositions are equivalent to the formulas for
addition of angular momenta, J = § + L, which results in
terms with angular momentum € — s = j = { + 5; the
superscript labels (*+n) in these formulas indicate by how
much each term’s angular momentum differs from €.

By substituting Eqs. (D3) and (D7) into Eq. (D1), we
find that a scalar, a Cartesian four-vector, and the symmet-
ric part of a rank-two Cartesian three-tensor can be decom-
posed as, respectively,

T(0") = > Auit, (D14)
=0
T, (0%) = Z[éul—lﬁkl + EiajDiL—lﬁ"ALfl]
=1
+ D B, (D15)
=0
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Tan)(0) = 8, D Ky + > Epi, -

=0 =0
+ Z[Fkl(aﬁb)]fl + fij(aﬁb)iLflGijl]
=1
+ Z[HabL—ZﬁL_z + 6ij(a1b)jL—2ﬁiL_2]-
=2
(D16)

Each term in these decompositions is algebraically inde-
pendent of all the other terms.

The unit vector n; satisfies the following integral iden-
tities:

fﬁLdo —0 if €>0 (D17)

/nLdQ —0 if €isodd, (D18)

fn 40 = 4y i icii e (D19)
L €+ N ’

where the curly braces indicate the smallest set of permu-
tations of indices that make the result symmetric. For
example, 8,10 = Ogphe + Opelty + Ocalty.

APPENDIX E: LINEAR PERTURBATION DUE TO A
POINT PARTICLE

In this Appendix, I present the solution to the wave
equation with a point-particle source. I also present the
Detweiler-Whiting decomposition [59] of the solution into
its singular and regular pieces.

1. Solution to the wave equation

The solution to the wave equation is'’

hg;,g =2m f GopapQueuf + g¥F)dr.  (El)
Y

I seek an expansion of this equation in Fermi normal

coordinates, in the case that x is near to a point on 7.

The domain of integration can be split into two: the points

in the convex normal neighborhood N (x)—that is, the

the points in the complement of JN(x). In the convex
normal neighborhood, the Green’s function can be decom-
posed as

Gapa'p = Uapap0(0(x, X)) + Vypa g 0(—o(x, x')).
(E2)
After performing a change of variables using di’ = ﬁ to

"'This is not the standard form presented in, e.g., Ref. [54];
however, one can easily show that it is equivalent to that form by
using the Green’s-function identities in Appendix A of Ref. [28].
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evaluate the delta function, the metric perturbation be-
comes

2m ! ! I ! 31
= T Upporp Qu' P + g*'F) + h(u).  (E3)

ret

(1)
hEaB

where primed indices now refer to the point on y con-
nected to x by a null geodesic; this point is given by z%(u),
where u is the retarded time; r, is the retarded distance
between x and z%(u), given by o, u®'; and the tail integral
is given by

R (u) = 2’”] Veopa g Qu¥uf + g?F)dr
+ sz Gaﬁa/ﬁ/(zua’uﬁ/ + ga’ﬁ’)dl‘/
u- / / 1l
—om [ Guporpy2us'ub + g@B)dr!,  (E4)

where 1= is the first time at which the worldline enters
N (x). The two formulas for the tail are equivalent because
the upper limit of integration u~ = u — 0" falls short of
the past light cone of x, avoiding the divergent behavior of
the Green’s function there.

The first term in hg), sometimes called the “direct
term”, can be expanded in powers of r using the following

the near-coincidence expansion U,gqp = =g% i (1

O(r?)); the transformation between r,, and the Fermi
radial distance r, given by

i_ 1.2 12, ca _ 1,2 i
Fee = 11+ 2ran grra;an’ —greagu Fr-an

+ Erz(c/‘ijnl] + 0(r3)], (ES)

and the coordinate expansion of the parallel-propagators,
obtained from the formula g& = bf"b{z, where the retarded
tetrad bf is given in terms of the Fermi tetrad in
Egs. (226)—(227) of Ref. [54], and the coordinate expan-
sion of the Fermi tetrad is given in Eqgs. (123) and (124) of
the same reference. The tail integral can be similarly ex-
panded as follows: noting that u = t — r + O(r?), we can
expand h%!(y) about t as h%l(r) — ra,h'®l(r) + ...; each
term can then be expanded using the near-coincidence
expansions VZ;’B = g(a 5”R"‘ ,, " +0(r)  and

h‘aﬂ(t) = gagﬁ (h“111 + rhtall n') + O(rz), where barred

indices correspond to the pomt x = z(1), connected to x
by a spatial geodesic perpendicular to y, and hg“ll; 5 is given
by

el =2m [ V5G4 jopQuul + g¥Fdi’. (E6)

B
This yields the expansion

hmll(u) = gagﬂ(htalll + rh‘a”- n —4mrEsp) + o).
(E7)
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As with the direct part, the final coordinate expansion is
found by substituting g2 = efel,.

Combining the expansions of the direct and tail parts of
the perturbation, we arrive at the expansion in Fermi

coordinates:

2 3 .3 15 i
hgl), = Tm(l + Erain’ + §r2aiajn” - §r2a&u“

1 .5 N o
+ grzd,»n’ + grzé’ijnlf) +(1+ 2ra,~n’)hg‘oﬂ

+ rhgnt + 0(), (E8)

hg,)a = 4ma, — %erOiajnij + 2mr€ n' — 2mra,
+ (1 + ra;p")h8 + rhlni + O(r?), (E9)

2m 1 .3 | _

1 .
hfga)b = 7(1 — Erain’ + §r2aiajn’f + §r2a&u“
+3 rran' — ¢ 2€ijnij>6ab + 4mra,a,

2 ij tail tail i

- gerai,,jn —4mrE,, + &+ rhln
+ 0(#). (E10)

As the final step, each of these terms is decomposed into
irreducible STF pieces using the formulas (D1), (D3), and
(D7), to yield

2m
r

3 5 -
+ m(Z a<,~aj> + §g,j)ﬁl]] + 0(7'2),

higy ===+ A0 + 3magn’ + r|:4ma,»a" + A Vni

(E11)

hg,)a =CLO + BV, — 2ma, + @E}i’l)ni
+ €,/D\"n + 2me, . BlA%) + 0(?),  (E12)

2m . . .
hgzb =—08u, t (K(I'O) —ma;n')é,, + Hzlb,O)
-

4 A o3 y
+ r{&ab[gmaia’ + Kf.l‘l)n’ + Zma<,-aj>ﬁ”

5 N 4 38
— §mgijﬁll] + gmgéaﬁbﬁ + 4ma<aab> - Emé’ab

+ ﬁ(a],;l].)ni + ei/(afg)’jl)ni + I:“E:l’l)nw} + 0(r?),
(E13)

where the uppercase script tensors are specified in Table 1.
The naming convention for those tensors follows that in
Egs. (D14)—(D16).
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2. Singular and regular pieces
The Detweiler-Whiting singular field is given by

hS5 = 2m f GS Ba,ﬁ,(Zualuﬁl + g¥Fdr, (E14)
where G° is the singular Green’s function. Using the
Hadamard decomposition

GS = %Uaﬁa’ﬁ/a(a-) B %Vaﬁalﬁle(o-)’

S sty (E15)

we can write this as

m ! / 1!
hiﬁ = —Uaﬁa/ﬁ/(Zua ub' + g¥'#
Tret

m 1 1 el
+ —Upparp Qu* uP’ + g*'F")
r

adv
v P B
— 2mfu VaB&B(u“uﬂ + Egaﬁ)dt, (E16)

where primed indices now refer to the retarded point x’ =
z(u), where u is the retarded time; double-primed indices
refer to the advanced point x” = z(v), where v is advanced
time; r,q, is the advanced distance between x and z%(v),
given by —ou®"; barred indices refer to points in the
segment of the worldline between z(«) and z(v). The first
term in Eq. (E16) can be read off from the calculation of
the retarded field. The other terms are expanded using the
identities v =u+2r+ O(?) and 71y, = re(l +
§r2a,.nf); see Ref. [54] for details (though the expansion
therein is for 45, 5., rather than k3 ;). The final result is

2 . .3 .5 -
h, = Tm + 3ma;n' + mr[4a,-a’ + Za@aj)ﬁ” + gé’ijﬁ’-’]

00, (E17)
hiy = r(=2ma, + jme,;BiA™) + 0(), (EI8)

2m )
— 1
. Sab ma;n 8ab

4 . (3 5 .
+ r{@ab[gmaia’ + (Zma<,»aj> — §m€ij)ﬁ”]

4 . 38
+ gmgzaﬁw,» + dma,apy — Emé'ab} + 0(r?).

S —
hab_

(E19)

The regular field could be calculated from the regular
Green’s function. But it is more straightforwardly calcu-

lated using h% 5 = h(alg — I3, . The result is

hE = A0 1+ pAMVni + 0(), (E20)
hR = CLO 4+ (BN, + LV + eaijljy’l)ni)
+0(r?), (E21)
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% 7y(1,0 o(1,1) i y(L1) i
hR, = 8, KM + A% + (5, K" Vnl + AV nf

jo Dy F<1 Dy + 0(2). (E22)

l(a b)j

APPENDIX F: METRIC OF A TIDALLY
PERTURBED BLACK HOLE

In this Appendix, I present some general results for
perturbations of Schwarzschild in a light cone gauge.
Over the course of the calculation, I highlight the restric-
tions that must be imposed on the metric in order to arrive
at the usual result for a tidally perturbed black hole. In the
final section of the Appendix, I present that metric, along
with its expansion in the buffer region. The notation and
definitions in the first section mostly follows that of
Ref. [64].

1. Metric expansion, perturbation equations, and gauge
condition

The exact metric g is expanded as g;(X, ) = gz(X) +
H(X, &), where H(X, &) = eHV(X) + e2HD(X) + ...,
and X® = (U, R, ®*) are (scaled) retarded Eddington-
Finkelstein coordinates adapted to the background metric
gp» where R = R/e. As described in Sec. III E, the terms in
the inner expansion of g must satisfy the sequence of
Egs. (60)-(62), which I rewrite here:

G gp] =0, (F1)
G HV] = ~G}"*"[g5), (F2)
5G§0)MV[H(2)] _ _52G(0)MV[H(1)] _ 5G§1)MV[H(1)]
— G [g5)

(F3)

In these equations, G and 6*G\"” consist of the terms in
G, and 8*G, that contain n derivatives with respect to U.
The first equation, (F1), is the ordinary Einstein equation
for gp, except that all derivatives with respect to U are
removed. As the solution to this equation, I take the
Schwarzschild metric

s = —f(U, R)dU? — 2dUdR + R*dQ)?, (F4)

where f =1 — ,and M(U) is the Bondi mass of g at
time U divided by the initial mass. The dependence on U
can not be determined at this stage, because time deriva-
tives appear only in the higher-order equations.

Rather than fully solving the perturbation Egs. (F2) and
(F3), T will solve only certain parts of them, in order to
pinpoint several key points about the general solution.
First, I adopt the light cone gauge. This gauge choice
consists of setting H\") = H = H') =0, which pre-
serves the geometrical meaning of the retarded coordinates

2M(U)
R
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in the perturbed spacetime: U remains constant on each
outgoing light cone, and R remains an affine parameter on
outgoing light rays. Second, as a boundary condition, I
insist that the perturbations must be regular on the event
horizon.

Because of the spherical symmetry of the background, it
is convenient to expand the perturbations in tensorial har-
monics:

HY =Y Peryon, (F5)
tm
HY = RY (49" v + HEmXEm), (F6)
tm

H{) = R (KW Q gy tm + GWemylm 4+ g xm),
tm
(F7)

where T have split the coordinates into the two sets X2 =
(U, R) and ©®4, the various harmonics will be defined
below, and the coefficients of the harmonics are functions
of U and R. In the context of this expansion, the light cone
gauge is imposed by setting P')™ = pWim — pmtm — o

I define the various harmonics as follows: The scalar
functions Y“"(©4) are the usual orthonormal spherical
harmonics, which satisfy [Q4D, Dy + €(€ + 1)]Y" =
0, where )45 is the metric of a unit two-sphere, and D4
is the covariant derivative compatible with () 45. The even-
parity vector harmonics Yﬁm and odd-parity vector har-
monics Xﬁ’” are defined as

Yim =D,y X" = —e€,BDpym, (F8)

where €45 is the Levi-Civita tensor on the unit two-sphere.
The even-parity and odd-parity tensor harmonics Yﬁ’g and
X{™ are defined as

Y{n = [DsDp + 1(¢ + 1)Q, 17", (F9)

Xin = —L(e,“Dg + €;D,)DcY™. (F10)
In this Appendix, I will forgo any discussion of the odd-
parity terms, since the even-parity terms are sufficient for
my purpose of delineating the types of restrictions required
to arrive at the usual form of a tidally perturbed metric.
In order to determine the effect of a gauge transforma-

tion, I write an even-parity gauge vector ) =

(B, B as
1 _ Zggl)meem’ E(Al) _ Rzé‘:(l)é’myf\m. (Fll)
tm tm
This vector has the following first-order effects:
2Mf (1)

1 1
aply = -2 ,

(F12)

124009-33



ADAM POUND

M _ 9 0 )
APyp = _R,fu R2 f (F13)
F)
APRy = —2—= &9, (F14)
R
AJY = g‘“ (F15)
9 1 1
AJ(I) - — —= (1) - = (1) + - (1), F16
R R 3 RgR Rf (F16)
Ak — 2 §“> +5 g(” wet 1)§<1> (F17)
AGH — — 2 20
= _Ef , (F18)

where for simplicity I have omitted the harmonic labels
€m. 1 neglect U derivatives in the transformation, since
they are second-order effects in the present scheme.

Now, due to the spherical symmetry of the background
metric, each mode in the harmonic expansion decouples
from all the others in 6G,. Likewise, the even- and odd-
parity sectors decouple. I write the even-parity terms in

0 Gﬁo) as

02 = [ 8GNy tm (), (F19)

2R?
0%, = ) [ 8GRy tmq(), (F20)
Q! =R f SGABQ) LY imaQ), (F21)

4R*

o
Qem = € — 1)+ 1D +2)

f SGVABy im0, (F22)

Explicitly, these gauge-invariant quantities are given by
[64]

? - 29 5 f 0 2 9
UU=_—~ _—~—~K+—~—~P _—~—~P
Q IR? R OR RoR ™ Ror YR
€(€+1)R+
s Prr, (F23)
R—-M o . 1 9 -~ 1 -
UR — __
€e+1)+4 f 5 T
2R2 UR R2 RR 2R2 ( )
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QRR:Mi[Z_ii~ M~
B ok~ RoR T 2R W
2f « f* 5 mf
+ FPUR ﬁPRR TR K, (F25)
0 - 9 -~ 2« R—M -
0 pfurt g 7 lur 72 Dre (F26)
d d -~ 20R—M)
R_ % _r 2
0 Rl faR 2 UR
(R—M)f
LR (F27)
92 92 2 9 2(R—M)
b
=—_—_PpP,., + — K ——=—Pypy + =
0 SRR uU = Rop U R
9 « (R—M)f o 2R—M) o
oR UR ~— R2 9R RR R2 OR
0l +1) - €€+ 1)R? —2uMR — 4M? _
+7R2 Pyr — 2R RR>
(F28)
0% =2Pyg — fPre (F29)

where u = €(€ + 1) — 2, and I have introduced the gauge-
invariant combinations

oM oM
M1,

- d
PUU=PUU_?JU+ _MfﬁG, (F30)

Pyr=P —a(RJ)—i-ZMJ —MaG (F31)
UR UR aﬁ U R R aR ’
Pre=P —Za(RJ)+I§282G+2RaG

(F32)

_ ~ 1
(F33)

I have omitted the indices (n)€m for simplicity.

2. First-order solution

The first-order reads 6G§0)aﬁ [HD] =
—GEI)[gB]. The source term in this equation has a single

nonvanishing component,

equation

2 dMm
R? dU’
Thus, in the notation introduced above the RR, € =0
equation reads Qff\ = 4/mR™>4y, while all the other

equations are source-free. For £ = 2, the equations can be
solved for arbitrary €. However, because various quantities

G\ R gp] = (F34)
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are defined only for € = 2, the equations for the low multi-
poles € = 0 and € = 1 must be dealt with individually. I

will write undetermined functions of U as Ai")em(U ).

I begin by solving the € = 0 equations. For £ = 0, the
quantities J,, G, 02, and 0% are undefined. So the only
equations are Qf) [HV] = 000[1—1(1)] OlyoolH"] =
0 and Qfg)oo[H“ ]=4/mR 249 in which J, and G are
set to zero. Given the gauge condition, the only functions
appearing in these equations are K% and P{)% . T first

solve Q(%%O[H (D] = 0, which reads explicitly — azﬁél’m _
% _a]g“lgﬂﬂ = (. The solution to this equation is
1
Koo — A(l)oo TAS)OO. (F35)

Substituting this into O [H 0] =

P(L%)O that can be readily solved to find

0 yields an equation

for

M 1
P([%)o _ A(]l)OO _ F14(21)00 n EA(;)OO. (F36)

Substituting these results into Q(o)oo[H D]and Q olH M7,
we find that both quantities are 1dentlca11y zero. Hence,

from the equation fo))oo[H(l 1= 4/mR 2?49 we can con-
clude
e _ . (F37)
du

that is, the mass of the internal background is constant. The

functions AECI)OO, k =1, 2, 3, can be be determined only by
solving the second-order EFE.

Next, I proceed to the € = 1 equations. For € = 1, the
quantities G and Q* are undefined, and the field equations

read Q(a()k;Im[I—I(I):| - ?O)lm[[_l(1 ] Q (0) lm[l—l(l):| =0, in

which G is set to zero. Solving Q(O)lm = 0 yields

1

K(l)lm _ Agl)lm + EA(Ql)lm-

(F38)

Substituting this into Q(l{))lm = 0 and solving then yields

1 1 ~

Jpm = - ﬁAg””" - ﬁAgm’" +RAV™. (F39)

Substituting these results into Qf%)lm = 0 and solving then
yields

M 1 -
P([}%]lm _ EA(Zl)lm + ﬁAgl)lm _ ZRAgl)lm + A(Sl)lm'
(F40)
Two of the remaining equations, O, = 0 = O, , fixes

several of the free functions in these solutions: Aff)lm =0
and Agmm = 0. The final equation, Q(bO)lm
further information. Putting these results together, we find

= (), yields no
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1

(1m __ M (l)lm (l)lm
Py = —~—2A2 R2A (F41)
g — 1 o 1 Lo, (F42)
v 2R 2 R?
K(l)lm _ A(ll)lm + %A(zl)lm. (F43)

Finally, I proceed to the £ = 2 equations. As with € = 0,
1, the equation Q@f; = 0 can be immediately solved to

find

1
KDm = (D0 4 EA(;)"’". (F44)

Using this result and Qfj,,, = 0, we can express P py" in

terms of GO and J§"; next, we can use Oftyem = 0't0

express G in terms of J 8)€m; finally, substituting these

results into Q(ﬁo) om = 0, we can solve for Jg)em to find

4M+ R
M A(l)(m

1
Jgjl)fm _ _ﬁA(zl)(’m

. oM
+ A§1>€mR€(—f)€—12F1<2 — 61— 6-20— E_f)
A(l)(m

3 oM
+ Ié€+1(_f)2+€ 2

<2+€3+€ 2+2¢,—
Rf

i

(F45)

where ,F, is a hypergeometric function. The term next to

A(Gl) tm diverges at the unperturbed event horizon, R = 2M,
violating the boundary condition. Therefore, we have
Aél)m = 0.2 Next, I make my first restriction of the solu-
tion: if J8)€m is expressed in terms of R = &R, then the
term next to Ag—l){m behaves as £ ¢. Since H" is accom-
panied by a factor of ¢ in the metric, this term behaves as
! 7t If I assume that R ~ r, where r is, for example, the
Fermi radial coordinate centered on the body’s worldline in
the external spacetime, then these negative powers of &
would also appear in the outer expansion. By assumption,
no negative powers do appear in the outer expansion;

therefore, I set Agwm = 0. So J simplifies to

4M + ,U,R A(l)em

1
JDem — A (Dm F46
2R ? (F46)

U

Recall that we had expressed P and GV in terms
of J With J{P" determined, we now have

2The term next to A(GM’” corresponds to an induced multipole
moment. The fact that it must vanish agrees with the no-hair
theorem.
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M
P(l)(m = ( q(zl)fm 26(6 1) 45‘1)€m) qgl)(fm’

4
G = — EAEJ)‘”” + AP, (F48)
Substituting these results into Q(f, =0 and then
ﬁ)l)eé’m = 0, we determine

(e
A" (1)m

()em _
A7 e+ 1) 3

= 0. (F49)
The sole remaining equation, Q(bl)em = 0, yields no new
information. Hence, the first-order calculation is now com-
plete. We have found that fi—’g = 0; the £ = 0 modes in HV
are given by Egs. (F35) and (F36); the £ = 1 modes are

given by Egs. (F41)—(F43); and the € = 2 modes are given
by

M
Py = — E(A(z'”’" —20(¢ + DA™, (F50)
1 AM + uR
(Dem _ (1)em M (1)em
T = oA AT (F51)
1

K(l)€m — A(ll)fm + EA(ZIWm, (F52)

4 2A(1)€m
G(1)€m — __~A(1)€m _ 1 . E53
R Qe+ 1) (F33)

These results can be simplified by a refinement of the

light cone gauge. For € = 0, the function A(zl)00 can be
removed via

(100 #1007y (F54)
- AR -0 e
leaving
1
PO AP A e
K00 = A(000, (F57)

Although this does not exhaust the residual freedom within
the light cone gauge, since £z(U) is arbitrary, the remain-
ing freedom cannot be used to remove either Agl)oo or
A(31)00. However, if we were to transform out of the light
cone gauge, A(II)OO could be removed, leaving only a 1/R

mass monopole term, corresponding to a time-dependent
correction to the mass.
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For € = 1, we can removed all A\"™" via

1 1
D1 D1 D1
gYm = —§A<2> "4 EAy " (F58)
1
Eel)lm _ _ﬁAgl)lm; (F59)
é‘:(l)lm — ljéA(l)lm _ L _ lA(l)lm (F60)
2772 oM 273
and
1 4M
ghom — _ EA(ZI)((m + (M + 7>A£‘l)€m, (F61)
fgel)fm _ _ZAE‘I)@m’ (F62)
RA(I){’m
Wem — _ppDtm _ 1 F63
3 4 e+1) (F63)

This exhausts the residual freedom in the gauge condition.
In order to arrive at the usual form of a tidally perturbed
metric, we must go beyond these gauge refinements by
setting the entirety of H) to zero. That is, we must choose
A(II)OO = Agl)oo = 0. If the odd-parity calculation had been
performed, we would find that € = 1 terms, corresponding
to time-dependent spin terms, must be set to zero. (Recall
also that I have restricted the possible perturbations by
disallowing terms that would contain negative powers of
¢ in the unscaled coordinates.) Hence, we can conclude
that to arrive at the usual metric of a tidally perturbed black
hole, we must restrict the perturbation by setting numerous
functions to zero, without any evident justification.

3. Second-order solution

With H set to zero, and with M determined to be a
constant, the second-order EFE becomes the homogene-
ous, linear equation

GV B[] = (F64)

This equation is solved in the same manner as the first-
order equation. The calculation of the low multipoles € =
0 and € = 1 proceeds just as at first order, yielding

M 1
P%)O _ A(lzmo _ = Agz)oo + = Ag2)00, (F65)
1
K200 — A(12)00 + 2 A(22)00’ (F66)
and
M 1
Poy" = - Igz'A(;)lm * ﬁA(zz)lm’ (F67)
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2)1m __ (2)1m 1 2)1m
JP = 2RA + = AP, (F68)
1
KO — AP 4 =47 (F69)

For € = 2, the calculation proceeds just as at first order,
up until the point marked by Eq. (F45). When the term that
diverges on the event horizon is removed, the analogue of
that equation reads

1 4M + uR
Jg)(’m _ _ ﬁA(ZZ){’m + ~2,LL Af){’m

+APMRY(— )L F (2 01— ¢;,—2¢; —ZM).
Rf

(F70)

At first order, this solution was simplified by setting the
coefficient of R’ to zero, because it led to negative powers
of &€ when written in terms of R. However, at second order,
this term will be multiplied by & in the metric, so it will
scale as 2%, Hence, the term is acceptable for £ = 2, but
must be set to zero for € > 2. I will hence deal with these
two cases separately.
For € = 2, we have

2M
F1<2—€,1—€;—2€;—~—)=1, (F71)
Rf
and so
J(Z)Zm _ LA(Z)Zm aMm + 4RA(2)2m A(Z)ZmR’Q‘f.
U R 5
(F72)
As at first order, this determines P{)>" and G2
pm _ _ M (D2 _ 1pA2m) 4 402
uu 52 A2 4 3
BID _ 2)2m
+ 3R(R — 4M)AS", (F73)
4 _
GO — — EAEE)Z’" + RAP™ + AP (F14)

As at first order, we determine AP and AP from

Q(0)€m 0 and then (0)€ = 0, which yleld
AgZ)Zm _ _%A(12)2m _ 2M2Ag2)2m, (F75)
A(32)2m _ 12M2A(52)2m. (F76)

Putting these results together, we have the solution

M 12
P = o A(m’", (F77)

3R‘52f2A(52)2m _Z A(22)2m
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4 -
2)2m __ (2)2m 2)2m (2)2m
Jg" = —2RA R(l + )A — R2fAS",
(F78)
1
K@ = APy A2, (F79)
R
1 " 2M? 4
G(2)2m — _ §A(12)2m + R2<1 = )A(Z)Zm _ EAZZ)Zm.

(F80)

For € > 2, the calculation is proceeds just as at first
order, leading to the solution

pam — M oo ZR—AZW + DAY, (F81)
JRIn _% A | M AR, (F82)
g = 4@ 4 L gorim (F83)

GO — — €(€2+1)A<2”"“ _ 2 aem, (F84)

Just as at first order, with an appropriate gauge refine-

ment, we can remove the functions AP%, AP AP0,

A(22)€m, and Afwm, where € = 2, thereby exhausting the
freedom within the light cone gauge. In order to arrive at
the usual form of the tidally perturbed black hole metric,
we must then set A(lz)oo = Agz)oo = 0. (And I again remind
the reader that I have disallowed terms that would possess a
negative power of € when expressed in unscaled coordi-
nates.) This leaves only one undetermined function: A(Sz)em.
Although I do not show the odd-parity calculation, it yields
an analogous result: to yield the usual form of the metric,
all but one of the possible undetermined functions must be
set to zero, leaving a single quadrupole term. After impos-
ing these restrictions, the only nonvanishing components of
the metric perturbation are

Z3R2f2Ag2)2m Y2m’

HY), = (F85)

Hy), = —RY (RfAT™"Y3" + R B> X3"),  (F86)
m

HY) = Rzz[Rz(

)A(2)2m Y2m + R23(2)2mx2m]

(F87)
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4. Tidally perturbed black hole metric and its expansion
in the buffer region

After the metric perturbations have been restricted as
described in the preceding two sections, the inner expan-
sion has the following form:

guwu = —f + 2 3R FPATY + 0(7),  (F88)

5 2)2 m
81va = _RI:SZRZfZAg) mY/%

m

+ &2 R2fY BP2mxam + 0(83)], (F89)
m
- 2M?
8I1AB = Rz[QAB + 82R2<1 - ?)Z gZ)szf{g
+&?R2Y B@Pmx3n + 0(83)], (F90)
m
along with the exact results g;pr = —1 and g;rr =

gira = 0. Although it is written in a slightly different
form, this is the usual metric of a tidally perturbed black
hole. It is characterized by (i) having only quadrupole
perturbations, and (ii) those perturbations scaling as R>
for large R.

To write this metric in terms of a pair of tidal fields E’ab
and ?ab, I follow Appendix A of Ref. [73]; I also make use
of notation and simple identities from the Sec. 3.3.7 of
Ref. [54]. First, I define the quantities

gr=-33 APy, (F91)
B* = —3) B@wmyn (F92)

Next, I define the derived quantities
& =1D,&, (F93)
B = —1e,°Dy B, (F94)

and

&ty = (DsDy + 3Q0,p)E", (F95)
By = —Ue,CDg + €,°Dy)DB. (F96)

Using the definitions of &, B, yém, yim x4m, and X{m,
we can express the derived quantities as

. 3
€y =5 2APg (F97)
" 3

Bi=-3 > p@zmxim, (F98)

m
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and
Ehg=—33A7"y3n, (F99)
By = —3D BYx3n (F100)

In terms of these quantities, we can write the metric as

giw = —f — 2R2f2E + 0(&d), (F101)
Siwa = RIZ2R2f(E* + BY) + 0(Y)], (F102)
— p2 1 2p2 2M2 fai
8mp =R [QAB - 58 R (1 - R )SAB
- %821?113;;3 + 0(83)]. (F103)

This is the usual form of the metric of a tidally perturbed
black hole.

Now, because £ and @Z are, respectively, even- and
odd-parity quadrupole terms, they can be written in terms
of an STF decomposition:

g* = g’abQ@b)’
By applying the definitions (F93) and (F95), we find
Eq= 048,00 By = QfeaBQ®,

B = €,.,BIO). (F104)
(F105)
and

Erp =208008, + Q,pE,, Q) (F106)

By = 0905, BIO + 040Le,.,BIO. (F107)

When written in more explicit form, these expressions
agree with those in Ref. [54]. In order to arrive at these
results, one requires the identities

€A — eachXQgQCr (FIOS)
€,205 = —04e, . Q°, (F109)
DADBQa = _QGQAB. (FllO)

Finally, I convert to Cartesian coordinates (U, Y%),
adapting the identities of Sec. 3.3.7 of Ref. [54]. The result
is

giw = —f — €Xf2R2E" + 0(&3), (F111)

Siwa = —Q, + 2R f(E + By + 0(sY),  (112)

1 D 2M2 o 1 32
8lab = 6ab - Qab - 582R2<1 - ?)gab - ESZRZBab

+ 0(d). (F113)
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where & = £,04, B = B,04, &, = £,;0408, and
B, = By Q408 When this is expanded in the buffer
region, by rewriting it in terms of the unscaled radial
function R and then re-expanding for small &, it becomes

2M
gy = —1+ 8? — R2E* + 4eMRE*

+ O(2, eR% R?), (F114)

8iwva = —N, +3R*(E; + BL) — SMR(E; + By)

+ 0(2, eR% R?) (F115)

— Ny — %Rz(é';“b + B, + 0(&?%, eR? R).
(F116)

8lab = 6ab

In order to agree with the external Lorenz gauge, I
switch to harmonic coordinates via the transformation
Y4 = X + eMN?, where N = X“ /R’ (note that, in
the buffer region at first order in &, this transformation to
harmonic coordinates cannot be distinguished from a trans-
formation to isotropic coordinates). I then switch from
retarded coordinates to Fermi-type coordinates (7, X¢)
via the transformation

U=T—R~—2eM(nR + R*E;N") + IR3E;;NV,
(F117)
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!

X¢ =X —IR*R9,( N" + IR3ELN, (F118)

where N% = X“/R. After performing these transforma-
tions and decomposing the result into irreducible STF
pieces, we arrive at

M5 e
irr = ~l+ e gaMREijN’-’ — R*E;;NY
+ 0(£?, eR% R?), (F119)

gira = 26MRE,N' + %SMREaijj;;;Nik + %R%aik@ﬁfﬁl’f
+ 0(€?, eR*, RY), (F120)

M5 o1
glab = 5ab(1 + 8?_§8MRSUN] _§R251]N ])

64 % o ; 46 ~ I,z
+ﬁSMRgi<aNb) _ESMRgab_aR 5ab
+2eMRE N U4 2R, K — Y eMRe . BENI

58 ijf¥ab™ T3 i(atVp) 58 €jk(a L)tV

+ 0(e?, eR% RY). (F121)
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