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When a small, uncharged, compact object is immersed in an external background spacetime, at
zeroth order in its mass it moves as a test particle in the background. At linear order, its own
gravitational field alters the geometry around it, and it moves instead as a test particle in a certain
effective metric satisfying the linearized vacuum Einstein equation. In the letter [Phys. Rev. Lett.
109, 051101 (2012)], using a method of matched asymptotic expansions, I showed that the same
statement holds true at second order: if the object’s leading-order spin and quadrupole moment
vanish, then through second order in its mass it moves on a geodesic of a certain smooth, locally
causal vacuum metric defined in its local neighbourhood. Here I present the complete details of
the derivation of that result. In addition, I extend the result, which had previously been derived in
gauges smoothly related to Lorenz, to a class of highly regular gauges that should be optimal for

numerical self-force computations.

I. INTRODUCTION

Over the last two decades, there has been renewed
interest in a fundamental question of general relativity:
How does a small object move when immersed in an ex-
ternal spacetime? In other words, how is the object’s
motion altered from the test-particle description when
one accounts for the object’s own gravitational field, fi-
nite size, and internal composition? This question is
now of astrophysical interest, due to the advent of grav-
itational wave astronomy. Binaries of compact objects
with dissimilar masses will directly exhibit corrections
to the test-particle approximation. This is true even of
the intermediate-mass-ratio binaries that should be de-
tected [I] by second-generation ground-based detectors
such as Advanced LIGO [2] and Virgo [3]. It is doubly
true of extreme-mass-ratio inspirals (EMRIs), in which a
stellar-mass black hole or neutron star spirals into a su-
permassive black hole in a galactic core; the clear separa-
tion of scales in these systems will allow a precise delin-
eation of the post-test-particle effects in the smaller ob-
ject’s motion. EMRIs, while outside the frequency band
of LIGO and Virgo, will be key sources for the planned
space-based detector LISA [4].

The principal approach to modeling these systems is
self-force theory, which seeks to describe a small object’s
motion by treating it as a source of perturbation h,,
of an external background spacetime g, [BH7]. In this
description, the object is accelerated by the self-force,
the back-reaction of the object’s field on its own motion.
The formalism in this approach is now on a sound the-
oretical basis [8HI0], has well-developed computational
methods [11, [12], has yielded a range of physical predic-
tions [Bl [7, 3], and has had impact on binary modeling
outside the EMRI regime, providing important input for
post-Newtonian theory, fully nonlinear numerical relativ-
ity, and effective-one-body theory [14HIS].

A. The generalized equivalence principle in
self-force theory

Until recently, self-force theory has focused on linear
perturbation theory. At that level, the primary result of
the self-force program is a generalized equivalence prin-
ciple (a phrase I adopt from Ref. [19]). The ordinary
equivalence principle dictates that all freely falling test
masses, given identical initial conditions, follow the same
geodesic trajectory in an external gravitational field, re-
gardless of their inertial mass or internal composition.
The generalized equivalence principle extends that state-
ment to gravitating objects: neglecting finite-size effects,
isolated small compact objects, be they material bod-
ies or black holes, follow geodesic paths in a certain ef-
fective metric g/‘if;f, = Gu + hll},} that satisfies the vac-
uum Einstein field equation (EFE), where the Detweiler-
Whiting reqular field hffyl is a certain piece of the per-
turbation hy, [20, 2I]. Unlike the ordinary equivalence
principle, the generalized principle does not suggest that
the motion is identical for all bodies. They all move on
geodesics, but they move on geodesics of different ge-
ometries, because hf! is proportional to their own grav-
itational mass and determined by their own past histo-
ries [21]. However, the sense of the equivalence principle
is preserved, in that each object feels no gravitational
force, instead falling freely in what it sees as an “exter-
nal” gravitational field—even though it is responsible for
a piece of that field.

On the face of it, the conclusion that an object’s world-
line is a geodesic in some effective metric might not seem
especially meaningful or useful; any equation of motion
can be written as the geodesic equation in some effective
metric [6]. However, the statement is both meaningful
and useful if the effective metric satisfies suitable condi-
tions, such as the following:

1. the effective metric is “physical”, in the sense that
it satisfies the vacuum EFE and on the worldline
it (and its derivatives) depend only on the causal
past, and



2. there is a practical way to actually calculate the
effective metric and solve the self-forced equation
of motion.

At first order, these conditions are both met by guy+h5,}.

Beyond first order, several foundational analyses have
been performed [6, 10, 22H27]. Harte has established [10]
that even in a completely nonperturbative description of
a material object, one can construct an effective met-
ric in which the object moves as a test body, subject to
forces only due to finite-size effects. However, besides
the limitation to material bodies, which excludes black
holes, Harte’s effective metric is not a solution to the vac-
uum EFE, and there is no immediate means of calculat-
ing it numerically. Fortunately, perturbative approaches
have overcome both of these restrictions, at least through
second order in the small object’s mass. As a practical
way of computing the effective metric, all authors, be-
ginning with Rosenthal [22], have proposed some variant
of a “puncture scheme” [I1], 28, [29], in which a local ex-
pansion of the metric near the small object (valid for
both black holes and material bodies) is converted into
a singular “puncture”. The curvature of the puncture is
then treated as a source for the effective metric. In the
letter [25] I presented a definition of an effective metric
satisyfing the “physical” conditions described above, and
I showed that if the object is approximately nonspinning
and spherical, then through second order it moves on
a geodesic of this effective metric, thereby extending the
generalized equivalence principle to second order. I stress
that this is a derived result involving no “regularization”
and no presumed relationship between the motion and
the effective metric.

Due to the space constraints of a letter, Ref. [25] nec-
essarily omitted many details. References [6] 27] filled
in some of those details, specifically the explicit form of
the puncture and effective metric, the effective metric’s
causality on the worldline, and the nature of the punc-
ture scheme. The present paper covers the other half of
the problem, detailing the derivation of the equation of
motion. It also extends the result to a class of highly
reqular gauges that should prove useful in numerical im-
plementations.

B. Equations of motion from matched asymptotic
expansions

In Newtonian mechanics, we typically wish to use
as little information as possible to describe extended
objects—for example, by treating them as point parti-
cles. Similarly, in self-force theory our primary goal is
to determine the motion of a small object and obtain
the metric outside of it, without having to concern our-
selves with its potentially complicated internal dynam-
ics. In the perturbative context, this is achieved with
the method of matched asymptotic expansions [30, [31]
(e.g., in Refs. [8, 9] 20, 32H35] and the second-and-higher-
order self-force literature). Before ladening the reader

with the detailed application of this method in deriving
the second-order equation of motion, I first provide an
overview of the derivation strategy I follow.

We suppose that the small object is in a spacetime
with metric g,,, (¢), where the parameter ¢ encodes the
dependence on the object’s mass m and size ¢; we can
think of € being proportional to m, though it will be
convenient to use it as a formal expansion parameter and
set it equal to 1 at the end of the calculation. We take
the object to be compact, such that m ~ ¢. In the “self-
consistent” approach [9], the metric outside the object is
expanded as

8uv = G + el Y] + R0, ] + (1)

The object creates perturbations hj;, of the external

background metric g,,,,, and those perturbations are func-
tionals of the object’s motion, as represented by an e-
dependent worldline v in the background manifold. For
simplicity, I take the object to be in a vacuum region,
such that g,, is a vacuum metric.

Near v, at distances r ~ ¢, the gravity of the small
object begins to dominate over the background, and the
expansion ceases to be accurate. Hence, we introduce
a different expansion in this region. We first rescale the
distance r to 7 := r/e, such that # ~ 1 when r ~ e. We
then expand in the limit ¢ — 0 at fixed 7:

guv(r€) =g (F) + eH,, (F) + €H. (F) + ... (2)

Here the background metric becomes gZBJ, the metric of
the object if it were isolated, and the perturbations are
produced by the external background field (and the ob-
ject’s interactions with that field). While the expansion
lets the object shrink to zero mass and size while
holding external distances fixed, the expansion at fixed 7
zooms in on the object, keeping its mass and size fixed
while other distances are blown up. I refer to Eq.
as the “outer expansion” and to Eq. as the “inner
expansion”.

Since both are expansions of the same metric, they
must agree (given a suitably well-behaved g,,,, [30]). More
precisely, if we re-expand the outer expansion for small
r—i.e., near the worldline—then we obtain a double ex-
pansion in powers of € and r. If we re-express the inner
expansion in terms of r = er and then re-expand for small
€ at fixed r—i.e., for distances 7 > 1, relatively far from
the small object—then we obtain another such double
expansion. These two double expansions, which can be
expected to be accurate in a “buffer region” ¢ < r < 1,
must agree order by order in € and 7.

The existence of a well-behaved inner expansion con-
strains hj,, to have the form

Wi = D0 )

p=—n

when expanded for small r (allowing for logarithms of
7 in the coefficients). In other words, hj, ~ L. Any

rnt



more negative power of  would lead to a poorly behaved
inner expansion with negative powers of €; for example,
if by, ~ 7""%7 then a term like €"hj;, ~ = in Eq.
would correspond to a term ~ —lrr in the inner expan-

sion. g, is likewise constrained to take the form

Guv = Z Tpgf:w (4)

p=>0

which also follows from g,,, being a smooth vacuum met-
ric.
Analogously, the existence of a well-behaved outer ex-

pansion constrains gfLBJ and H};, to have the forms

. 1 .
R D ®)
p=>0
and
n 1 np
H;,w = Z ﬁHuv (6)
p>—n

when expanded for large 7 (allowing for logarithms of 7
in the coefficients). This implies that gobl is asymptoti-
cally flat. It is also quasistationary (see Sec. . Hence,
in the buffer region it can be expressed in terms of its
multipole moments. If we introduce a Cartesian coordi-
nate system (t,z°) centered on 7, where x' = rn’, with
n® = (n®,n¥,n*) being orthogonal unit vectors, then the
expansion in the buffer region looks schematically like

: m Mnt+ €15 nk
gpnd ~ 1 =

72
7
M n'n? + €;;1.87 ;n*n?

&l f;ﬂ’“ a T (7)

Here m is gob)’s Arnowitt-Deser-Misner (ADM) mass, M;
its mass dipole moment, S* its ADM angular momentum,
and M;; and S;; its mass and current quadrupole mo-
ments. (I omit terms like m? /72 and mM; /7 for visual
clarity.)

°bi’s moments encode the internal composition of the
object, and they determine the most negative powers of
r in the outer perturbations h7,. For example, when
rewritten in terms of 7, the = term in Eq. becomes
€%, which fixes the 1/r term in h}w. Hence, h}w has the
form

m
hy, ~ —+ o). (8)
Similarly,

m? + M;n* + eiijjnk

2
W ~ r2

+0(r ), (9)

(now keeping the m?/r? term for completeness) and so on
for the higher-order perturbations hj,. The fact that the
nth moments scale as €”, and hence first appear in the

nth-order perturbation, is a consequence of the object’s
assumed compactness.

In short, the perturbations hj,, are locally determined
by the object’s first n multipole moments. This means
that rather than requiring a full model of the object’s in-
ternal dynamics, to obtain a finite order of approximation
we merely need to specify a finite number of moments.
This simplification is closely tied to the point-particle
approximation: as first shown by D’Eath [32] (see also
Refs. [8, [@]), the more explicit form of Eq. suffices
to show that h}w is identical to the linear perturbation
produced by a point mass m moving on ~.

So far in this description, I have said nothing of the
object’s motion. All we know is that it lies somewhere
near some worldline ~, in the region r ~ eEI To fix ~
to be a good representative of the object’s position, we
recall that a mass dipole moment can be interpreted as a
displacement §z* = M?®/m of the center of mass from the
origin of the coordinates; equivalently, it is generated if
we begin in a mass-centered coordinate system and per-
form a small coordinate transformation x* — x4 M?/m.
Since our coordinates are centered on +y, a nonzero M®
would indicate that v does not represent the object’s cen-
ter of mass. Hence, we set M* to zero. This ensures that
7 is at the center of mass of the leading-order metric goy;.
To constrain ~ at higher orders, similar conditions must
also be imposed on the perturbations H,; these will be
discussed momentarily.

With this minimal setup in place, there are two ways
to determine the equation of motion governing . One
route, detailed in Ref. [27] (following Ref. [9]), is to solve
the vacuum EFE (outside the object) for the perturba-
tions hy;, order by order in € and 7, beginning with expan-
sions of the form . Solving the EFE in this way, com-
bined with a center-of-mass condition, determines the ac-
celeration of . (It also provides a local expansion of hy,
near <, written in terms of the object’s multipole mo-
ments, which can be used to define a puncture for use in
practical computations.) More concretely, if we expand
7’s acceleration as a* = f§' +efi'+..., then an equation
for the nth-order force (per unit mass) f# follows from
the field equation for 2. The fact that f§' = 0 (ie.,
that the motion is approximately geodesic in g,,,) fol-
lows from the equations for hiw; the standard result for
the first-order self-force, f{', follows from the equations
for hfw; and the second-order self-force, f}’, which is the
order of interest in this paper, would follow from the
equations for hf’w. However, solving the third-order field
equations in the outer expansion is quite burdensome.

1 Note that v need not be “inside” the object, which would not be
sensible for a black hole. In general, v exists in the background
manifold on which g, is the metric, not in the manifold on which
gzll)) is the metric. - is then approximately associated with the
object’s “position” through the existence of the inner expansion,
and more closely associated with its center-of-mass “position”

through the properties of the metric in the buffer region.



Fortunately, there is a second, easier path. First, calcu-
late the metric in the inner expansion in a “rest gauge”,
in which the object is manifestly at rest on v. (More
generally, if the object is spinning and nonspherical, it
should move as a test body on ~ in this gauge, but I will
nevertheless refer to it as a rest gauge.) Next, re-express
this expansion as an outer expansion in the buffer region,
and then transform to whichever gauge is desired for the
outer expansion—call it the “practical gauge”. The exis-
tence of a rest gauge is intimately related to the fact that
there is some effective metric in which ~ is a geodesic;
the transformation identifies which effective metric that
is. A key to this approach is that the gauge transforma-
tion must be constrained to preserve the location of the
center of mass on +.

To apply this procedure to determine f1', we must
specify that M vanishes in the rest gauge, as described
above. To apply it to determine f4', we require the next-
order extension of this condition. The natural choice is
to impose that the mass dipole moment in H :W vanishes.
In an appropriate gauge, H ;iu can be written in the form

R om
Hil, ~ Fan’ + F0ut + —
7

(5M17L2 + eijk55jnk
+ = +

(10)

where a; can be interpreted as an acceleration of the
7 — oo asymptotic frame relative to the rest frame of
the object, du' as a mismatch between the proper times
of the two frames, and ém, 6M?, and 65? as corrections
to the mass, mass dipole moment, and spin. We can
then naturally set 6M* = 0 as our center-of-mass con-

dition. Because the metric gfﬁj +eH ;1w appears not to

be asymptotically flat, this dM*? does not strictly cor-
respond to the standard multipole moments defined for
stationary, asymptotically flat spacetimes [30] [37]. Nev-
ertheless, 6M* = 0 is a natural center-of-mass condition:
dM? appears as part of a gauge perturbation that is easily
isolated from the rest of H ;U, and it would arise from a
small coordinate translation in precisely the same manner
as M. However, though that argument would become
important at higher orders, where it becomes impossi-
ble to write the metric in asymptotically flat form, it
need not be stressed at this order, because the first two
terms in Eq. are pure gauge, meaning go! + e,
is asymptotically flat. In fact, the only gauge-invariant
content in H ﬁw corresponds to trivial corrections to the
multipole moments of gﬁll’,j, meaning the entirety of H /1“,
can be set to zero by absorbing those trivial corrections
into the background.

When the metric of the inner expansion is re-expanded
in the buffer region, it yields an outer expansion in the

rest gauge:

v = G + €h,, V) + ERS N+ (11)

where each of the terms is expressed as an expansion for
small r. If the rest gauge and the gauge of Eq. are

fully fixed, then there must exist a unique gauge trans-
formation between them, subject to the crucial condition
that the transformation does not induce a nonzero M? or
SM?. This condition ensures that the object remains cen-
tered on the same worldline « after the transformation.
I will refer to a transformation satisfying it as worldline-
preserving. For the calculations in this paper, the condi-
tion reduces to a simple form: a transformation with the
coordinate representation

L Rt CRECTY:) RYE

is worldline-preserving if and only if

45 e _ g, (13)

Ly A
at all times ¢, where S is a small sphere of radius r around
~(t). In other words, ¥ must have no net direction on
the worldline.

The condition is intuitively meaningful, as a gauge
transformation violating it would manifestly move the
origin of the coordinate system. Hence, we could impose
this condition without making any reference to the mass
dipole moment. However, tying it to the mass dipole mo-
ment helps to clarify what may appear to be a mysterious
elimination of one whole order of calculation. The first-
order equation of motion can be derived as a consequence
of the second-order EFE, and the second-order equation
of motion as a consequence of the third-order EFE. Yet
by referring to the transformation from a rest gauge, we
seem able to derive the first-order equation of motion
solely from the first-order metric, and the second-order
equation from the second-order metric, effectively saving
an order. We can understand this by noting that what
the second-order EFE actually determines is an evolu-
tion equation for M® relative to any given worldline [9];
setting M? = 0 for all time then picks out the first-
order acceleration of the correct, center-of-mass world-
line. Analogously, the third-order EFE determines the
evolution of 6M?, and setting 6M? = 0 picks out the
second-order acceleration of this worldline. But we also
have that the mass dipole moment M?, which appears
in the second-order metric perturbation, is fully deter-
mined by the first-order gauge: if we transform away
from a rest gauge, then M* = —méi. The first-order
gauge transformation therefore determines the same in-
formation as the second-order field equation. In the same
way, M* = —mé&l (if €& = 0). This is an illustration of
the deep connection between gauge and motion in per-
turbation theory [26] [38-40)].

This strategy of transforming from a rest gauge to
a practical gauge, although not as intuitively clear as
the direct derivation of the equation of motion from the
EFE for hj,, underlies many derivations in the litera-
ture. Mino, Sasaki, and Tanaka [35] used it in essentially
the same way as I do here in their original derivation of
the first-order equation of motion. Rosenthal [23] used



similar ideas in his derivation of a second-order equa-
tion of motion. However, he relied on an axiomatic list
of possible ingredients in the self-force, rather than the
first-principles approach I take here, and his formulation
ended with an equation of motion in an impractical form
in which the first-order perturbation is required to re-
main in a rest gauge. Detweiler [24] argued that, given
the form of the metric in a rest gauge, the motion must
be geodesic in some suitable effective metric, though he
did not consider the problem of transforming to a practi-
cal gauge and identifying the effective metric in it. Most
recently, shortly after my letter [25], Gralla [26] used a
closely related method in his derivation of a second-order
equation of motion. His formulation was somewhat dif-
ferent in that he did not seek an effective metric in which
the motion is geodesic. But a more important distinc-
tion is that in both his and Rosenthal’s approaches, their
rest gauges refer to a different representative worldline.
Gralla explicitly uses a perturbative description, in which
the worldline is expanded as v = v + ey1 + €2v2 + .. .,
with g being a background geodesic and ; and 7» being
small deviation vectors defined on that geodesicﬂ This
description is sensible on timescales of order €® because
if the acceleration is of order €, then the deviation of the
accelerated object from a background geodesic is also of
order €. In this treatment, the “rest gauge” puts the cen-
ter of mass at rest on a background geodesic 7yg, such that
71 = 72 = 0. Rather than being worldline-preserving, the
transformation to a practical gauge is then allowed to be
arbitrary, and the evolution equations for v; and 75 (or,
equivalently, M* and 6 M*) are derived from the evolution
of &I and &5 along ~y. Although Rosenthal does not use
this type of description, he likewise uses a rest gauge in
which the object moves on a geodesic of g,,,, and a trans-
formation that translates the object onto an accelerated
path. In both cases, these approaches are restricted to
timescales of order €, meaning they cannot accurately
describe effects such as the inspiral of an EMRI, which
occurs on the timescale 1/e. The treatment here avoids
that restriction.

C. Outline of this paper

In the bulk of the paper, I work through each step of
the derivation outlined above, specializing to an object
with vanishing spin and quadrupole moments at leading
order. Sections [[I] and [[TI] present the form of the metric
perturbation through second order, with Sec. [T summa-
rizing the calculation in the Lorenz gauge, and Sec. [IT]
in a rest gauge. Section [[V] presents the gauge trans-
formation between the two solutions, which leads to the

2 See Refs. [6, @) [@0] for in-depth discussions of the relationship
between this approximation and the self-consistent one I use
throughout this paper.

equation of motion. This stage of the derivation also illus-
trates an ambiguity in the definition of the self-induced
tidal moments acting on the body, as first computed by
Dolan et al. [41] and Bini and Damour [42].

In Sec. [V] I show that the derived equation of motion
is equivalent to geodesic motion in the effective metric
guv + hit, defined in Refs. [25, 27].

Section [V] extends this result to non-Lorenz gauges.
After a brief review of the extension to gauges smoothly
related to Lorenz, the bulk of this section is devoted to
a derivation in a class of highly regular gauges. These
gauges remove the dominant, m?/r? part of the met-
ric at second order, circumventing many challenges that
generically arise in second-order numerical schemes.

The final section of the paper summarizes my results
and discusses the prospects for numerical computations
in these highly regular gauges.

Throughout, I work in units with G = ¢ = 1. Greek
indices range from 0 to 3 and are raised and lowered with
the background metric g,,,. Lowercase Latin indices refer
to spatial coordinates z% = (x,y, z) in the outer expan-
sion. Lowercase sans-serif indices refer to spatial coor-
dinates x* = (x,y,z) in the inner expansion. Both are
raised and lowered with the flat-space Euclidean metric
0i;. Uppercase Latin indices denote multi-indices, as in
L :=iy---ip, and an expression such as A|p|_; denotes
A’L'l"'imfl' Parentheses around indices indicate sym-
metrization; square brackets, antisymmetrization. Angu-
lar parentheses, as in {abc), indicate the symmetric trace-
free (STF) combination of the enclosed indices, where the
trace is taken with d,,. A hat over a tensor, as in Tabc,
likewise indicates that the tensor is STF with respect to
dab- V and a semicolon both denote covariant derivatives
compatible with g,,,. An overbar, as in i_LW, denotes trace
reversal with g,,, as in EW = hu — %gwg”"hpg.

II. OUTER EXPANSION IN THE LORENZ
GAUGE

This section reviews the outer expansion through sec-
ond order. Further details can be found in Refs. [6l @] 27].

A. Form of the expansion

To find the outer expansion, I utilize the self-consistent
framework developed in Ref. [9]. The metric is written
as

g,uu(x, E) = guu(w) + h,uv(xa € 7)7 (14)

where x denotes any suitable set of coordinates that do
not depend on <, and the semicolon is used as a com-
pact alternative to hy, [v](x). The metric perturbation is
expanded while holding the e-dependent worldline v fized:

ho(@,e79) = 3 R, (@57), (15)

n>1



This expansion self-consistently incorporates the metric’s
dependence on the long-term evolution of the worldline
such as, for example, the inspiral in an EMRI.

By imposing the gauge condition V"EW =0, I reduce
the vacuum EFE R,,,[g] = 0 outside the object to the
weakly nonlinear wave equation

By h] = 267 R, [1] + O("), (16)
where E,,, is the relativistic wave operator
E,h] = (ggggvvvy + 21%,},,")11,,(,7 (17)

with R,,”,? the Riemann tensor of g,,,, and 62R,,,, is the
second-order Ricci tensor, given by

52Ral3[h] = _%BW;V (Zhu(a;ﬁ) - haﬂ;u) + ihw;ahw;ﬂ
+ %huﬁ;y (h,ua;u - hva;u)
- %h'm} (2hu(a;ﬂ)u - haﬁ;uu - h#”;aﬁ) : (18)

Equation can be expanded and solved order by order
in € while holding « fixed, leading to a sequence of wave
equations beginning with

E k' =0, (19)
B, [h*] = 26%R ., [nY]. (20)

Each of these equations can be solved for an arbitrary +,
and for an arbitrary set of multipole moments defined on
v. The evolution equations governing v and the moments
are then found by imposing the gauge condition in the
buffer region. Because the wave equation is constraint-
preserving, these evolution equations (together with suit-
able initial data) suffice to enforce the gauge condition
globally [27].

B. General solution in the buffer region

Here we are only interested in the form of the solution
near «. I transform away from the global coordinates x
to local coordinates that are dependent on the worldline:
Fermi-Walker coordinates (¢,2) centered on . These
are defined such that ! = rn’, where r is the proper
distance from v along a spatial geodesic that is sent out
from ~ perpendicularly, and n? is a unit radial vector that
labels the direction along which the geodesic is sent out.
For a given point z on 7, the set of all such geodesics
form a three-dimensional spatial surface. Each such sur-
face is labelled with a coordinate time ¢, equal to the
proper time on v at the point z. Reference [5] contains a
pedagogical introduction.

Because the self-force will naturally involve a derivative
of hfw (thinking naively of h,, as a potential and its
derivative as a force), to derive the equation of motion
we will require hi,} through order r in these coordinates.
Since hfw begins at order 2 according to Eq. @D, this
implies that we need a total of four orders in r: that

is, h}w through order r? because it begins at order 1/r
according to Eq. , and g, through order r3 because it
begins at order . Through that order, the background
metric is given by

git = —1 — 2a;2" — (Ryiej + aja;) v'a?

1 o
- g (4Rtit]~ak + Rtitj;k) xzitjfﬂk -+ O(T4), (213)

] o
Gra = =3 Rriaja'a’ — 5 Ruiojara’a’ 2"
1 o
= JRiojwa'alat + 00,
1 s 1 P
Gab = Oab — gRaibjCU ! — ERaibj;kx vl x

+0(r"),

(21b)

k

(21c)

Dut

where a := £ = (0,a’) is the acceleration of the
worldline [with v* = (1,0,0,0) the normalized four-
velocity], the Riemann tensor and its derivatives are eval-
uated on the worldline, and a quantity such as Rq;:1 de-
notes a component of a covariant derivative rather than
a derivative of a component. The metric takes the form
of Minkowski along the worldline, plus corrections away
from the worldline due to acceleration and curvature.

Because g, is Ricci-flat, the components of the Rie-
mann tensor and its first derivatives can be written in
terms of STF tensors Eup, Bap, Eabe, and Bgpe, which I
define as

gab = Rtatb, (22)
1

Bab = §€pq(aRb)tpqa (23)

gabc = SrIb‘F Rtatb;cv (24)
3

Bape := 3 S'EF €’ Rotpgc, (25)

where “STF” indicates the STF combination of the spec-
ified indices. &y, and B,y are the electric- and magnetic-
type tidal quadrupole moments of the background space-
time, and E,p. and Bype are the electric- and magnetic-
type tidal octupole moments. Appendix D3 of Ref. [43]
provides identities for decomposing each component of
the Riemann tensor and its derivatives in terms of these
tidal moments.

In these coordinates, the fields hj;,, near v can be found
by substituting Eq. into the EFE. Because spatial
derivatives reduce the power of r by one while temporal
derivatives do not, the wave operator becomes E,,, [h] =
0"0;hy,+O(h/r), and solving order by order in r reduces
to solving a sequence of flat-space Poisson equations.

This procedure is facilitated by adopting the more spe-
cific expansion

TR

p>—n,q2>0,1>0

rP(In ) h o (#)ak, (26)

L= nil) .= pli...ni) and for brevity, in later

n,p,0 n,

where n

expressions I will write The quantity



Al plays the same role as a scalar spherical harmonic:
it satisfies the eigenvalue equation r29;0'nl = —I(I +
1)a, thereby reducing the Poisson equations to algebraic
equations. It also satisfies the useful identities 0,1 = n,,
n®9yn* =0, and 929, (rPn%) = (p— ) (p+ 1+ 1)rP~2n k.
I refer to Ref. [44] for others.

At each order in r, a new homogeneous solution arises,
corresponding to one of the standard solutions 7! or
1/r*1 to the Laplace equation. The solution to all or-
ders in € and r can then be written in terms of the coeffi-
cients of these solutions, hii’g) for p > 0 and hg:ﬁ;%l for
p < 0 [27]. For p = —n, these coefficients correspond to
the multipole moments of gob; for —n < p < 0, they
correspond to (potentially gauge) corrections to those
moments; for p > 0 they together make up a smooth
solution to the vacuum field equation even at r = 0.

If no additional boundary conditions are specified, then

the nonnegative-p coefficients hf:;’f,) remain entirely ar-

bitrary (up to relationships imposed by the gauge con-
dition). They become determined when global (e.g., re-
tarded) boundary conditions are imposed.

n

Motivated by this division of terms, I split A}, into a

“self-field” hS7" and an “effective field” hﬁl’}, as defined in
Ref. [25]. The effective field I define to be the piece of
the total solution containing none of the negative-p co-

efficients hiﬁ/’ﬂglfl; this makes g, + >, e”hﬁf a smooth
vacuum metric at r = 0, determined by global boundary
conditions. The self-field I define to be the remainder of
the full field; it carries the local information about the
object, and at » = 0 it diverges as r~". Due to their
behaviors at the origin, I refer to A3 and hj' as the
singular and regular fields, respectively. While r = 0 is
outside the domain of validity of the outer expansion, this
extension of the fields to all points 7 > 0 (and to 7 = 0 in
the case of the regular field) has no impact on the field
in the region r > €, and it is essential in practice: at
first order it is used to show that h}w is identical to the
field of a point mass; and at higher orders it allows us
to define practical puncture schemes that can compute
the metric outside the object while bypassing its internal
dynamics [0} 27].

At first order, the above definitions lead to a singular
field in which each term is explicitly proportional to the

object’s mass m. It is given by

2m .
htstl = + 3ma;n" + %mr&lbﬁab

+ Emr2Eapen® + O(r?, r%a, ra?), (27a)
htsa1 =mr (%Bbceacdﬁbd — 2da) — mTQ(%gabﬁb

+ %gbcﬁabc + %BdeEabiﬁcdi)

+O(r3,r%a, ra?), (27b)

2mdqp 4

s1 ‘ 38 c
hyy = — mbapan’ —mr (B — 3E. e

+ 5abgcdﬁ6d) - m,,,2 {(%gabc + %B(adeb)cd) ne

2 cd 2 2 p3cd i ~ 5 cdi gz
- gg(a Npyed — §B € c(ab)di T ﬁ‘sabg Nedi

+0O(r®,r%a,ra?), (27¢)

where an overdot denotes differentiation with respect to
t, as in @' = dd—“;. The gauge condition determines the
evolution equations m = 0 and a* = O(e). Because
a* = O(e), I have omitted terms that will be unnecessary
for the matching procedure; the complete expression is
given in the supplemental material [45].

The first-order regular field is given by

h}}z} _ hE}V,o) JrTh(l,l)nz‘

nvi
+r2 (hf}ufj)n” + hf}f)) +0(?).  (28)

In the order-by-order solution described above, the wave

equation leads to h,(}l,’Q) = %(hffu’f?t - 2Ruauﬁ|7h<(xl,é0))v

such that all the coefficients in Eq. are written en-
tirely in terms of the coeflicients hﬁ’}@. We can also write
the regular field as the Taylor series
R1 R1 R1 j
hl“’ = hl“’ y + h,ul/,i V‘Tl
LR i, J 3
+ 5 h#l/,ij |,Y z'a! + 0(7" )7 (29)
where the coefficients are related to the pieces of the full
metric as

hy| = hi, (30)
Bl =, (31)
Winn|, = 2 (32)
hysi'l, = 6hLL?). (33)

The first-order singular and regular fields defined this
way agree with the Detweiler-Whiting definitions [21] at
least through the displayed orders in r [46].

At second order in €, the singular field generically in-
volves the object’s mass dipole moment and spin, as in
Eq. @D With those moments set to zero, the singular
field has three pieces:

hS2 = hos + hoy + W0 (34)

The first piece comprises terms explicitly proportional

to m?,

2m? ) .
hyp = e §m25abnab — %mQTS(LanabC
+O(r*Inr,a), (35a)
hpy = —Lm?Beqeqin® + %gmzrlogréaiﬁi
— £m?r (31" Agpe + 100B"eqy frcar)
+ 02 Inr, a), (35Db)

8, 2 24
BSS _ SM=0qp — TM Mgy

ab — 2

+ m? <4gc(aﬁb) ¢
r



- %5ab€cdﬁCd + %gcdﬁade) - %ngab Inr
—m?2rlogr (%chﬁc + %B(adeb)cdﬁ‘:)
+ m2,r (%g(aaiﬁb)cd + %BCdeic(aﬁb)di
_%&zbg(:diﬁcdi + %8Cdiﬁabcdi)
+ 02 1nr, a). (35¢)
Here I have dropped all acceleration terms, which can
be found in the supplemental material. This field satis-
fies E,,[h55] = 262R,,, [hS!] pointwise away from 7 = 0;
because the source is quadratic in hﬁ},, the equation is
not distributionally well defined on regions that include
r=0.

The second piece comprises terms of the form m

Because the explicit expressions are very lengthy, I give
only the leading order:

RRL,

hSR = —@ + 0@, (36a)
hoyt = —w +0(r), (36b)
RER = 2 |20 — uphEd !

— (AR W) | +OG0), (360)

where components of hff,} are evaluated at 7 = 0. The
subleading terms, which are shown in the supplemen-
tal material, are of the form mrohR! and mr292hR!.
This field satisfies E,,[hR] = 262R,,[pS, ARY] +
202 R, [A*Y, hSY] pointwise away from r = 0, where I
have written 52Ruu as a bilinear operator in the natural
way. Because the source is a linear operator acting on
the singular field, this equation is distributionally well
defined even if r = 0 is included; however, I have not
confirmed that its two sides are equal as distributions.
The final piece of the singular field is the dm term:

it = T (B i, — Bm cocais”
—|—%5;ntt) +0(r?, a), (37a)
B = O (L6 e — 126, E
— B*my eqca + £0maE e + 2B Omyieqcatin®
+ 1B m, Le i, + gmm) + 0@, a), (37b)
i = O (e — I — Smis

+ 26m B epyea — M Ecabap + LE10m (4 Tipya
+ %(5m(acgb)dﬁcd — %(5mab5Cdﬁcd
+%Bc‘i(5mt(aeb)dmci + %(ﬁnab) +0O(r?,a), (37c)

where the acceleration terms are given in the supplemen-
tal material. dm,,, is a tensor on v that can be thought of
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as a mass correction (though only in the loosest sense)E|
the same that appears in Eq. (10). Its components, as
determined by the gauge condition, are

dmy = —%mhaRbléab — 2mhit, (38a)
Smiq = —3mhyy, (38b)
Smap = 2mhgy + 2méaphig 6°

+ Zmdaphyy (38c)

where all components of the regular field are evaluated at
r = 0. This “mass correction” is pure gauge, as we will
see in the matching procedure. It can be freely altered by
adding a term of the form 2 dm d,, that contains invari-
ant mass, but I absorb that term into m. hz’l? satisfies
E,,[h°™] = 0 at points away from r = 0, and it satisfies
the point-particle-like equation
EW[h‘sm] = —47r<5mw,(t)63(xi) (39)

on a region that includes r = 0.

In addition to determining dm,,, the gauge condition
(together with the center-of-mass condition M* = 0) de-
termines that the worldline v has acceleration

1
g =€ [26ah§§1 — athle} +0(e%), (40)
which can be written in the covariant form
@ = 5P (R, = 2w+ O(), (4)

where P* := g" +u*u”. This is the usual result for the
first-order equation of motion. If gz‘f,j had spin, then this
equation would include the Papapetrou spin force [, [].
Finally, the second-order regular field is given by
hf}f = hfy’o) + rh,(fy’il)ni +0O(r?). (42)

Note that in this paper, I have followed Ref. [25] (and
the earlier Ref. [9]) by defining the second-order singular
and regular fields based on a multipole decomposition of
the metric perturbation. This differs slightly from the
definition in Ref. [27], which instead defined the singular
and regular fields based on the exactly analogous mul-
tipole decomposition of the trace-reversed second-order
field h4”. These definitions are not quite equivalent.

3 Besides being pure gauge, hf]ﬂ corresponds to an [ = 0 pertur-
bation only in terms of scalar harmonics; Eq. is equivalent
to a scalar-harmonic expansion of each Cartesian component. In
terms of tensor harmonics, hﬁT’s ta component is [ = 1, and the
trace-free part of its ab component is [ = 2 [44]. However, it is
nevertheless useful to separate h%™ from hSR because it satis-
fies Eq. . If we view the right-hand side of that equation as
a stress-energy tensor, we see that the trace part of dmg, can
naively be interpreted as a kinetic energy on the worldline, the
ta, I = 1 piece as a flux of energy out of the worldline, and the
trace-free, [ = 2 part as a flux of momentum.



That is, if k%> is as defined here and hi?? is as defined

in Ref. [27], then h2 # guagup (BQRO‘ﬂ - %go‘ﬁgwﬁsw).

The relationship between the two can be found by cal-
culating the trace reverse of h4” and decomposing the
result into the form . The uniqueness of the decom-

position allows one to read off the pieces of ha™” and
Bg”” appearing in A2 = hf,,’o) +rhEPpi 4 O(r?). The

nv iz
results of that procedure are shown in Appendix [B}

C. Expanding the acceleration

The Fermi-Walker coordinates I use are tethered to
an e-dependent worldline. This introduces an € depen-
dence that would not appear in the original coordinates
x of Eq. . Even the background g,, hence inher-
its a dependence on € in this coordinate system. This
dependence comes in two forms: implicitly within any
function of ¢, since a tensor evaluated at (t) automat-
ically inherits 7(t)’s e dependence; and explicitly in the
overt appearance of the acceleration a* ~ e.

Working in a system that moves with the accelerat-
ing worldline necessitates holding the implicit € depen-
dence unexpanded; expanding it would effectively expand
tensors around their values on a nearby, e-independent
geodesic. However, it is natural to expand the explicit
€ dependence, as locally there is no way to distinguish
between a small term that comes from a* and a small
term that comes from hj,. Indeed, the inner expansion
will not make this distinction.

Hence, prior to matching the metrics, I substitute the
expansion a* =) . €" fF into g,, and h},, and regroup
terms. I write this re-expansion as, for example, g, =
99,0 + €19, + €229, + O(€®). Explicitly, the terms in
the expansion of g,, are

a1
Ogpy = —1 — r2€%n,, — rdgé'“bcﬁabc + O(r4), (43a)
2 1 . 1 .
0 ___“. 2pbc s d ~ .3 ~b 3 ¢bcy
Gta = 37' B €acdNy + ZOT Eabn 127" & Nabe
1 .
— g?"?’BdeEablfLCdi + O(’f’4), (43b)

1 . c .
%Gab = Gab — §T2(5ab — 6E (0 Tye + 3E“Sapica)
1 .
+ %7‘3 (308(a0dﬁb)cd — 3Eqpen® — SB(adeb)cdﬁc
+10Be (o ipyai — 1556di(5abﬁcdi) + O(rh), (43c)

and

Y9 = —2f12'8),61, + O(r®), (44)
29 = —2f22'6L6L + O(r?). (45)

The linear term in the expansion h}w = Ohllw +e€ 1hi”, +

O(e?) is
Yhy, = 1h§t1’0) + lhgi’l)xi + 3majn’ + O(r?), (46a)
'hi, = 1h§i’0) + 1h£i;1)xi — 2mral + o(r?), (46D)
Ly = hy” + hpDat — symatn + O(2).  (46¢)

Since th;) is undetermined until global boundary con-
ditions are imposed, we cannot always necessarily find
exact expressions for the 1h£1f;3) terms in the above equa-
tions. However, if we assume retarded boundary condi-
tions, these quantities can be obtained from an analytical
expansion of the retarded integral; the results of that ex-

pansion are given in Egs. and (B10). At present,

there is no such analytical form at second order, and we

(2,p)

P - But such ex-

cannot provide explicit results for *h
pressions will not be necessary.

Given these expansions, the metric can be written as
g = "9 + eh}:[, + e2h,2;[, + O(e%). (47)

The first-order perturbation becomes
oty =On5), + Ohi 4+ g, (48)

where A, and Al are given by Egs. and (28), and
g, by Eq. . Last, the second subleading perturba-
tion becomes

hal, = On5S + OhSE + Ohm + On2 + Thl 4 2g,,, (49)

(36), (7)., and (@2), 'h;, by Eq. (6), and %g,, by
Eq. (45).

To obtain a unique gauge transformation between this
expansion and that in the rest gauge, it will be useful to
decompose the coefficients that appear in the regular field
(at both first and second order) into irreducible form.
This decomposition is described in Appendix[A] and it is
given by

where hils,, hig‘, hzm and h}j‘f are given by Egs. ,

hig = AR, (50a)
hint) = CUpP 4+ € 46, DY) 4 6006, BR™), (50D)
R = )+ G 4 STF (0 B2,

+ dai,, EP) 4 iy € bip_ ay),

+ Oai, Obi, Eé";’;)> . (50¢)

For brevity, after expanding the acceleration I combine
STF tensors as, for example, Ag’p” = OAg’p) + 1121531-,17).
The wave equation leaves each of these STF tensors to
be freely specified by boundary conditions. However, the
gauge condition imposes the following relationships be-
tween them:

0/ — 10, 04(1,0) 4 %8t0f{(170)7 (51a)



07(1,1) _ 04(1,1 07-(1,1 04(1,0
FD = —FO0ARY + HORMM 1 29,°CMY, (51b)
OA(%Q) _ %OA(LO)Eab _ %B( 6b)cdoCc(LO) . %oFa(;z)
— B OH ¢ BRI +OR
+0,°C0 Y — 19,0,°0,7, (51c)
03((11,2) _ %Oéél’o)gab + %Bbceacdoﬁé;ﬂ) + %ato A((ll,l)
+ 29K — L9,8,°C0, (51d

0/(1,2) 47155(117 oﬁ((lé»o) + %&@ O (1,0) (51e)
(

0G(1D) = Lgb e, cdOf (L0 | 2p,0p(1D) 1)
and
BEDY = 19, AROT 4 15, KEOT _ 106(1.0) o (595)
A2, 3 4(2.1 3 (2,1 39 A(2,0
F@DT = _ 3 A@DT 4 3 gD 4 39,001
— 2 OHGY = 2 RO, (52b)

III. INNER EXPANSION IN A REST GAUGE

With the outer expansion determined in the buffer re-
gion, the goal is now to find an inner expansion that is
compatible with the outer, that describes the metric in a
rest gauge, and that is sufficiently general for the match-
ing calculation.

A. Form of the expansion

We could obtain the inner expansion directly in terms
of scaled Fermi-Walker coordinates (¢,2%). However, it is
more convenient to work in a coordinate system tailored
to the inner expansion. So let x* = (t,x%) be some quasi-
Cartesian coordinate system centered on the object, in-
troduce the scaled coordinates X* = x%/e, and assume

the expansion
+Y "H @), (53)

n>1

g/w(x ) ) = QZBJ

Here all quantities with indices, such as gO]OJ(t,i“)7 are

the components of tensors, such as g°bJ( “)dxHdx”, in
unscaled coordinates x®, but expressed as functions of the
scaled coordinates (t,f(“). One could equivalently write
the expansion for the components in the scaled coordi-
nates, in which case overall factors of € and €? would be
introduced into time-space and space-space components,
respectively[]

For this expansion to be appropriately related to the
outer one, I will enforce three conditions: (a) there is no

4 These overall factors are not of practical relevance, but they do
mean that in the limit € — 0 in these coordinates, the metric
becomes one-dimensional, similar to the behavior of the metric
in the post-Newtonian limit. If a regular limit is desired, it can
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mass dipole moment in the metric, such that the object is
effectively mass-centered at X = 0, (b) the transformation
from x* to Fermi-Walker coordinates x® does not change
the position of the origin, such that the center-of-mass
position X* = 0 can be identified with v, and (c) the
transformation is the form x* = x§(2”) + O(e), with
no negative powers of €, such that the inner expansion
correctly refers to an expansion at fixed % /e rather than,
say, at fixed x%/€2. Furthermore, for the expansions to
match, it is understood that any dependence on t can
include some dependence on € in the same manner as the
outer expansion, folding in the e dependence of ~.

Although an inner expansion can be used to find an
accurate metric even in the object’s interior, here I am
only interested in the metric in the buffer region. Hence,
I seek a solution to the EFE in a vacuum region outside
the object. Substituting Eq. into the vacuum EFE
leads to

0= G [g°™] + €8G ,, [HY] + €26G ,, [H?] + €20G ,, [H?]
+€252GMV[H1] +€3(52GMV[H1,H2]
+ 362G, [H? HY + 5°G L, [HY] . .. (54)

where 0"G,,,[H| contains n powers of H,,,, and its deriva-
tives. Now note that derivatives with respect to t are
suppressed by a factor of € compared to derivatives with
respect to x®. Hence,

G = 2 (G + G + 262)), (55)

*G,, = 6—2(5’@53) +es" G0 + 625ng?), (56)

where the overall factors of €2 result from the rescaling

X = x/e, and G,(Z,L,) and 6’“6’,%) contain n derivatives with
respect to t. Picking off coefficients of €" in Eq.
therefore leads to a sequence of linear equations for the
perturbations H”

v

Glg™] =0, (57)
SGIH'] = —G[g°™), (58)
SGWOH?] = —0*G)[H'] — 6G ) [H"]

- GQg™, (59)
SG\)[H?) = —6°GL)[H'] - °G)[H", H?)

_ 62052,) [HQ ] 52G(1)[ }

— 6GZ)[H") = 6GL)[H?). (60)

Equating explicit powers of € in this way, despite the
implicit € dependence contained in functions of t, applies

be obtained by rescaling time as well, such that t = (t — to)/e,
and then introducing a conformally rescaled metric gy, = %g,w,
as was done by D’Eath [32] and later by Gralla and Wald 6[8] In
that approach, the inner expansion zooms in not only on a small
region around the object, but also on a small interval of time.



the same rules as were used in the re-expansion of the
outer expansion in the buffer region: implicit functional
dependences on v are held fixed during the expansion
procedure, while quantities with explict powers of €, such
as the acceleration terms in the outer expansion, are not.
The dependence on t will be determined by the matching
procedure and by the time derivatives in Egs. 7;

while each of these is a linear equation for a given H}, , it

is also an equation for the time-evolution of lower-order
terms.

B. General solution in the buffer region

In most self-force derivations using matched asymp-

totic expansions, authors take the inner background g°bj

to be the spacetime of a Schwarzschild black hole, and
they construct the perturbations from the tidal moments
of the “external” gravitational field (which implicitly
includes some piece of h,,, to be determined through
matching to the outer expansion). Here I will do like-
wise, but I stress that there is no loss of generality in do-
ing so: I am only interested in the solution in the buffer
region, where the tidally perturbed Schwarzschild met-
ric describes the spacetime outside any nearly spherical,
nearly static, compact object.

Before presenting the metric, I review its derivation,
with an eye toward its generality. First, I specialize to
an object that is approximately spherical. Specifically,
I impose that all the [ > 0 moments of the background

metric gz}f,j vanish, such that in the exterior of the ob-

ject, gopl is the Schwarzschild metric in mass-centered
coordinatesﬂ In principle, because the background met-
ric is only required to satisfy the time-independent equa-
tion , the mass of gﬁBj could be allowed to depend
on t. However, we already know that this mass is equal

5 We could relax this condition to instead only specify that gﬁl,ij ’s

spin, mass dipole moment, and quadrupole moments vanish.
These moments are the only ones that would affect the accel-
eration at the orders of interest. The spin would couple to the
tidal moment B,; to generate an acceleration term of the form
~ €2giX in EQHE,,, corresponding to a first-order acceleration
term ~ eaix' that would appear in elgm, in the outer expan-
sion. Similarly, the quadrupole moments would couple to the
tidal moments E,p. and Bgpe to generate an acceleration term
in €3H2V, corresponding to a second-order acceleration term in
€2 QQHV. The spin-induced force is the standard Papapetrou spin
force, rederived in self-force contexts in Refs. [8] [ [47]. The
quadrupole-induced forces, although not yet derived consistently
within the type of perturbative expansion used here, can be ex-
pected to agree with the test-body-type forces derived in var-

ious contexts by, e.g., Dixon [48], Thorne and Hartle [34], and

Harte [I0]. Any moments in gzlf,J higher than quadrupolar would

impact the outer expansion at too high an order to be relevant
in the present analysis. Analogously, though H}W can include
corrections to the moments, the only relevant one would be the
spin; and in H”>1, not even a correction to the spin would be

I
relevant.
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to the parameter m in the outer expansion, and so we
can appeal to the previous result that m is constant in
time; or we can establish that the mass is constant di-
rectly from Eq. [49]. Intuitively, this follows from
the fact that there is nothing to source a growth in the
mass.

With G,(},j) [¢°P] = 0 in Eq. (58), the first-order per-
turbation H ;111 is left to satisfy the time-independent

linearized vacuum equation 5G&03 [H1] 0 on a
Schwarzschild background. From Eq. @7 we also require
H 3”, to be no more than linear in ¥ at large r. A linear
term ~ er would have to match an e-independent term
~ €% in the outer expansion; but the only such term is
the zeroth-order acceleration term fPz’ in °g,,, which
we know to vanish. As with the time independence of
m, this is also easily established entirely within the inner
expansion: The well-known linear-in-t solution [50 [51] is
time dependent, with the acceleration coefficient corre-
sponding to the second time derivative of a mass dipole
moment. Because of its time dependence, this fails to
satisty Eq. (and in any case, we would demand that
it vanish because of its inclusion of a mass dipole mo-
ment). More generally, for stationary solutions that grow
no faster than ¥, standard results [50] 52] show that the
only invariant content of the perturbation consists of cor-
rections to the background moments. The mass can be
straightforwardly found to be constant from Eq. (59)), in
the same manner as m can be from Eq. , and then ab-
sorbed into m. Again keeping the object spherical, I set
all higher moments to zero. At higher order, effects such
as tidal heating and torquing [53] will force the moments
to become time dependent, preventing us from making
this choice, but that complication does not arise at the
orders considered here. (Though we could also straight-
forwardly relax this choice without affecting our results;
see footnote ) We hence have H;U =0.

At second order, we again arrive at a time-independent

linearized vacuum equation, 5Gf£,> [H?] = 0. From
Eq. (@, Hil, can now grow as r. Again referring to
standard results, we find that the invariant content in a
solution with this behavior is purely quadrupolar, with
even- and odd-parity pieces. We can write these pieces
in terms of two rank-2 STF tensors, and matching to the
outer expansion dictates that they be the tidal moments
Eap and Byp; see Ref. [49] for a first-principles construc-
tion. In addition, H 5,/ once again contains gauge solu-
tions and corrections to the object’s intrinsic moments,
and I again freely set them to zero.

At third order, the perturbtion Hij must satisfy
Eq. , which now becomes the time-independent in-
homogeneous equation 6G\o) [H3] = —36G ) [H?]. From
Eq. @, H 31, can now grow as 1>, and standard results
show that this behavior corresponds to a purely octupo-
lar perturbation. This can be written in terms of two
rank-3 STF tensors, which matching will dictate to be
the tidal moments E,p. and Bgy.. We also have both ho-
mogeneous and inhomogeneous quadrupolar solutions. I



write the former in terms of STF tensors 6&,, and B,
that represent corrections to g,,’s tidal moments. The
latter will be written in terms of time derivatives (éab and
Bap- 1 once again freely set all other solutions to zero.

None of the above has any dependence on the nature
of the object, except insofar as it is sufficiently spheri-
cal. Hence, I can freely take as my solution the metric
of a tidally perturbed black hole, which has exactly the
form just described. In Ref. [54], Poisson provides such
a metric in a convenient form. It is written in advanced
Eddington-Finkelstein coordinates (v,%?), in which the
background metric reads

gt =1, (61a)
9ot = na, (61b)

obj
9ap~ = Oab — MNab,
where f := 1 — 2m/F. Poisson’s metric was originally
given in spherical polar coordinates; here I have con-
verted to Cartesian coordinates X in the standard Eu-
. . . . . Sa a
clidean way. Like in Fermi coordinates, n* = % = =

(61c)

= %~ and
S.pmPnP = 1.

The perturbations are written in a lightcone gauge,
which sets H}, = 0, or in the Cartesian coordinates used
here, H!,n® = 0. This gauge choice preserves the ge-
ometrical meaning of the advanced coordinates in the
perturbed spacetime: v is constant on each ingoing light
cone, t is an affine parameter on ingoing light rays, and
n? labels each ray’s direction. In this gauge, the pertur-
bations are given by

H, =0, (62)

H;, = —Fer &, (63a)
HE = —27[e4 (65 — 1a%) Ecan® — ba€apgBnP<], (63b)
H = —1P[er (2850 — 4E ) + Ejnap”

+(5ab€;jnij) — 2b7€pq(a ((5°b) — ncb))anqc], (63c)

and

H3 = %F‘? (eggijnij — eg,&jknijk) — F26165ijnij, (64a)
Hf’a = F‘i{% [65 (05 — ma°) Eand — b5eapq3qcnpc]

—+[es (85 — n2¢)Eeain® — %bGGaquchand]}

— 272 [e4(65 — na®)0Ecan? — ba€apadBInPe], (64b)
Hfb = Fg{l% [eg (2€ab — 4€i(anb)i + é";jnabij

+ dab&in’) — 2bs€ng(a (0%) — b)) BY]

— 5 [eo (2Eabk — 4gki(anb)i + Eijknap)

+ 5ab5ijknij)nk — %bQqu(a (5Cb)

_ ncb))nijch]} _ %FQ [e7 (2062 — 458i(anb)i
+ (Sgij’nabij + 5ab55ijnij)

_2b7€pq(a (5Cb) - ncb))npéch] y (64C)
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where e;(F) and b;(F) are given in Appendix[C] In addition
to rewriting Poisson’s metric in Cartesian coordinates, I
have added the solution involving §&,, and dB,;; these
would otherwise be absorbed into the moments in Hﬁu,
which would then no longer equal the moments £, and
Bab of Guv-

The coefficients ¢;(¥) and b;(¥) all go to 1 at ¥ — oo,
and the numerical normalizations of the solutions en-
sure that in that limit, the metric reduces to that of a
generic vacuum spacetime in local advanced coordinates
centered on some worldline [55]. However, it reduces to
Ogﬂ,,, not to g,.; as anticipated in Sec. the inner ex-
pansion automatically expands the acceleration. But our
gauge choices have eliminated all acceleration terms from
the perturbations, and we can see by inspection that the
object is manifestly at rest at the origin of the coordi-
nate system. Hence, we have found a solution in a rest
gauge, as desired. This rest-gauge form of the metric
makes clear that locally, the object is only perturbed by
tidal fields (through order €*). Matching to the outer
expansion in the Lorenz gauge will reveal the origin of
these tidal fields. With the chosen normalization of the
solutions, Eup, Bap, Eabe, and Bgpe will trivially agree with
the tidal moments of g,,,. The subleading moments d&qs
and 6B, will be found to be intimately related to the
regular field h}}j, and Eup + €0Eq and By + €98,y will
be nearly (but not identically) the tidal moments of the
“external” effective metric g, + ehff&.

I remind the reader that I do not take the metric in
Egs. 7 to be valid for all ¥. T only take it to be
valid once it has been re-expanded for large ¥ (or equiv-
alently, for small e at fixed r); once in that expanded
form, it is no longer specific to a black hole, but instead
describes the spacetime around any object that is suf-
ficiently spherical in the sense described above. More
concretely, the tidally perturbed metric is only specific
to a black hole because it contains an event horizon and
its construction has imposed regularity on the horizon as
a boundary condition. But the horizon is irrelevant in
the buffer region, and the horizon-regularity only serves
to eliminate higher moments in the perturbations, which
in specializing to a spherical object, I have set to zero in
any case.

C. Preliminary transformation

At this stage we could rewrite the inner expansion in
terms of r = ¢f and re-expand in € to obtain the outer
expansion . We could then seek the transformation
to the metric in the Lorenz gauge. However, we can also
guess part of that transformation in advance.

First, note that the coordinates of the inner expansion
are based on ingoing null geodesics, while the coordinates
in the outer expansion are based on spatial geodesics or-
thogonal to the worldline. Hence, the transformation
must account for this difference. This implies that in
the m — 0 limit, the transformation will have to reduce



to the one between advanced local coordinates centered
on v and Fermi-Walker coordinates. That transforma-
tion, which can be obtained following the method in Sec.
13 of Ref. [5], is given by

v=1t+4r+ Auv, (65a)
“=at + Axg, (65b)
where
Avg = —grP&;n* —ggrt (Eyn +Ejun'*)+0(r°), (66)
and
Azxf = ¢3(lga nt — ,B € jbnij) +7“4(T18€ami
+ 245‘1”n B kE Jkn” + %Sijn“ij
- %B jbeakbn”k) + O(T ) (67)

The radial functions are related as r = r + Arg, with

AT‘O = %T35¢j’ﬂij+iT4(28ijnij+gijknijk)+0(7’5). (68)
(In these formulas I have omitted acceleration terms.)
If we first re-expand our inner expansion in the buffer
region and then apply the above transformation, then
the zeroth-order term in the expansion will cor-
rectly match the background metric g, (or more pre-
cisely, Yg,,) in Fermi-Walker coordinates. But again, I
opt to guess more of the transformation. In the inner
expansion, the background metric gObJ is expressed in
ingoing Eddington-Finkelstein coordma‘ces7 which when
converted to an outer expansion will yield h/i; = 27’”6553.
In the Lorenz gauge, on the other hand, we have h}w =
2m§,, + O(r%) in Fermi-Walker coordinates. To match

that form, we can change to coordinates in which gObJ =
2m

0 + O(1/¥?). One way of accomplishing that is by
transforming to harmonic coordinates, using

~ T —m
v—t—i—e[r—i—m—i—len()},

5 (69a)

Xt =%+ mn®, (69b)

with ¥ = 7+ m. This transformation would put the inner
background in the form

gtoth = _fa (703)
gz’ =0, (70b)
9o = (L m /) (65 — nag) + [~ g, (70¢)

where f =1—2m/f = ?;ﬁ

To combine the transformations (65) and (69), I con-
sider a small change in Eq. ( . 1ead1ng to

1A
Av = At + Ar+ 2mf 120 (71)

Ax* A
Al mnaTr. (72)

Az® = Ax* —m
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I then define a gauge vector with components ¢ =
At 4+ 2mf~1Ar and €¢ = Az, with At = Avg — Ary,
Ax* = Az, and Ar = Arg, and with Avy, Az§, and Ar
given by Egs. 7 with r replaced by r; at the end,
all quantities are then expressed in terms of the scaled co-
ordinates. This construction may (rightly!) be deemed to
be ad hoc, but since any worldline-preserving transforma-
tion can be chosen, the choice is ultimately immaterial;
in practice, the results of this choice are marginally sim-
pler than some other alternatives, such as simply using
Egs. 7 as the gauge transformation.

Concretely, I perform the background transforma-
tion in conjunction with a gauge transformation
eQHlQW + egHﬁu — 62H3V + 63H3 + Eggzy , Where &# =
e3¢l + e*¢l! is given by

&= =3P Eun" + §mf P E Y, (73)
& =7 (1—m/f) (§€%n" — 5B ¢ jxn")
+ émr &jnaU, (74)
and
¢ = —1¥&n — L, untt
+ lemfleS (25ij”ij + &‘jknijk), (75)
gff = m;:s(l%gijnaij + igijknaijk)
HHa- m/F)(ngam + 51 E%m — §B, e jynt
+ %‘é’ijna B” € kbnz]k) (76)

with ¥ = 7 + m. Note that the gauge vectors begin one
order higher than their effects because the x® derivatives
in Egg#b] reduce the order by one. Also note that after
performing the background transformation, functions of
v need to be expanded around their values at t. Finally,
note that the transformation is worldline preserving: be-
cause it contains no order-e or €2 pieces, it trivially pre-
serves the condition H i,, = 0, and therefore preserves
OM; = 0.

After performing the transformation, I convert to the
unscaled coordinate r = er and re-expand for small e.
For example,

obj r—m

= — 7
it Frm (77a)
S (77b)
r 4 em
2em  2€2m? 3
:—1+T— 7"2 +O(€ ) (77C)

The end result is a new expression for the metric in the
outer expansion in the buffer region,

8w = Gl + €l + ERZ, + O(e%), (78)

where g;“/ = Og,w is given by Eq. 7 and the perturba-



tions are

, 2 . )
hi, = Tm + mré"“nm +7r (Zmé"”ﬁai — 0E g

+ HmE ;) +O0°) (79a)
htl(; = —%mr (Subflb + Bbiemjﬁbj) + 72 (%mgabﬁb

+ %mgbiemjﬁbj — %5Bbi€aij’flbj + %mgabiﬁbz

+ Tlgmgbiﬁabi — %meianbkaijk) + O(T3) (79b)

2mdqp

(B Ea + B e — 2 apiica
+ lngﬁabcd> + %’I‘z (16m5ab — 0Eu

+ %mgabcﬁc - L;mB(adEb)cdec + 65S(acflb)c

— 30E° 5abﬁcd + 8m56d(5abﬁcd — Sch(aieb)diﬁCd
+ 14m5(a6dﬁb)cd + mBCdec(aiﬁb)di

— BmEN Sy rea; + %mngiﬁabcdi)+O(7’3), (79¢)
and
hft’ = —An2ehin, + mr(%dé"”ﬁm
2087, — lmgaiﬂ‘ﬁaij) +O@?),  (80a)
h?,; = ——m (65 bn — BBbzea”nb —10&° nabl)

+ mr(gmé'abﬁ — 756’@1,1% + ﬂme’eaijﬁbj

2 bi ~ g A bi bin
— 30B™ €qijip’ — mé’abl — mc‘f Tlabi
4. pbij. kg N
+ §mB™ eqy nijr + 75mE ”nabij)
2
+0(r?),

2( 4 ~
il G VP
7’2 15 Cab

136g(aCA e — @5Cd5abﬁcd - l(S‘Cd'ﬁ‘abcd

(80D)

16 d ~cC
?B(a €p)cd™

+ 48 €c(a nb)dz> + TTLT(4555ab + 2 6m5

+ gmf,’abcﬁc— mB(a €b)calt’ + 55

— 7 mf(a nb)c — *55 5abncd + QOsmng(Sabncd
ch(a Eb)dzn + mg(a nb)cd
- %mg(:dlé bncdz + 65 nabcd - m7/77J(c/,(.dnabcd

8, rcdi cdi
+ EmBYec 0! Mipyai; — sME P Raveai

+ D Be iy ) +O(?). (80c)
This is the final form of the metric in the rest gauge. It
has several important properties, already mentioned in
the previous subsection, but reiterated here for emphasis.
First, there is no explicit appearance of the regular field;
it has been entirely bundled into the tidal moments 6&;;
and 58” Next, there is no mass-dipole-moment term ~

M;n?/r? in h? ,, and although I do not display h>,, there

uvo puo
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is no dipole-moment term §M;n/r? in it either, as such
a moment could only come from the expansion of H, ;V.
Hence, the object is mass-centered on . Finally, there is
no acceleration term ~ a;2° in either the background or
the perturbations. This tells us that the object is not only
centered on -, but also at rest there; since the expansion
here is around g,,,, rather than g,,,,, one can imagine that
in an expansion around g,,, the perturbations h1 and
hZ, in this gauge would contain terms +2f!x*u,u, and
+2f2z'u,u, that exactly cancel the acceleration term
—2a¢xiuuuy in g,..

As we shall see in the next section, the transformation
to the Lorenz gauge unspools the regular field through-
out the metric, determines how it relates to the tidal mo-
ments §&;; and 6B;;, and most importantly, determines
in which piece of the Lorenz-gauge metric the motion is
geodesic.

IV. TRANSFORMATION FROM REST GAUGE
TO LORENZ GAUGE

With the metric determined in both the Lorenz gauge
and the rest gauge, we are now in a position to find
the transformation between them—and thereby deter-
mine the acceleration of « in the Lorenz gauge. The two
metrics already agree at leading order, implying that the
perturbations must be related by a gauge transformation.
In the rest gauge, the first- and second-order perturba-
tions hlltl,/ and hzly are given in Egs. and . In the
Lorenz gauge, the first- and second-order perturbations
h}:[, and hi‘; are given in Egs. and .

A. Form of transformation

Under a gauge transformation generated by a small
vector £, a metric g, can be expanded along the flow
lines of £+ as

1
g;w — guy + ﬁggw + iﬁgguu +... (81)

Substituting & = €&}’ + €2¢) + ... and g = g +
eh1 +e2h? +

v 1. yields a transformation law for each of
the perturbatlons,

hn new __ hn ,old + AhZuv

(82)
where
Ah;lul = CElQI—“’? (83)

1 o
Ahiu = ,C&glw + gﬁglgw =+ Egl h}lyld' (84)

In a chart, the gauge vectors &' and &4 correspond to the
coordinate transformation [56].



A transformation from the rest gauge to the Lorenz
gauge must therefore satisfy

th = hl +£51 g,U«lH (85)

hQT = h2 + ‘Cﬁz Juv + L‘gl Juv + ‘651 (86)

I will solve these equations for £ order by order in 7.
However, ensuring that the transformation is worldline
preserving requires that we also consider the transfor-
mation of the third-order field; recall that a sublead-
ing dipole moment would appear as a term of the form
e35M;n'/r? in the outer expansion. The transformation
of the third—order perturbation is easily derived by adding
the next term, Eggm,, to Eq. . The result is

1 1
AhS, = Leygu + 5(LeLe, + Lo L )guw + *52’1 Yuv

hl old + L h2 old' (87)

1
+§££1hlold+£2 s ah’s
To keep the object centered on «, I demand that the
gauge transformation does not induce a dipole term of
the form §M;n'/r? in AR, (equivalently, if one converts
the transformation to scaled coordinates % = x%/e, 1
demand that no dM;n'/7* term appears in AH},). But
I do not otherwise seek to control the gauge of the third-
order perturbation, leaving it in the form hilu + Ahf’w
with fé‘ =0.

To solve Eqs. and I assume an expansion

ST a0k, (88)

p>—n+1q,l>0

where 5("”’ ‘D is STF in the indices L, and I assume that
for a given p, there exists a finite maximum q. As with
the metric perturbatlons I abbreviate 5 nP0) ag §(n’p .
The expansion (88) might not be the most general gauge
vector possible, but it is likely the most general transfor-
mation that preserves the form of the metric per-
turbations. In terms of this expansion, the worldline-
preserving condition becomes

& =0. (89)

The transformation will be found to be unique if and
only if this condition is imposed, and this condition will
suffice to preserve the center-of-mass condition d M; = 0.

Finding &} now reduces to a straightforward proce-
dure of substituting the expansion into Egs. (85)

and . and finding the coefficients { nP2) At each or-

der in r, 5 "2 s found by decomposing the equation

into coefﬁments of the STF tensors #’. Because these
tensors 7’ form an orthogonal basis, from an equation
of the form ), ap<L>fLL => bp<L>fLL, one can equate
ap(ry with bpry. Even after equating coefficients of al,

it is sometimes nontrivial to solve for the tensors fgzp ’q),
since they can be contracted with other tensors. In those
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instances, it is necessary to take a final step of writing
ap(ry and bp(ry in irreducible form, using Egs. and
. Since the decomposition into irreducible pieces is
again unique, one can equate the terms in the decompo-
sition of ap(ry with those in the decomposition of bpz,.

To facilitate this process, I use Eq. (A3)) to write 5((;2”’ )
itself in the irreducible form

g((;z,p,tJ) _ T( n,p,q) + €, ]AL 7117<1J)

+ 60,(1'1 \II(Ln_’Z;Bq) ) (90)

where T("’p’q A("’p’q) and \I/ 7p’q) are STF tensors. In

terms of thls decomposmon the condltlon ) becomes
T = o.

The main result of the calculation is that the metrics
in the two gauges are related by a worldline-preserving
gauge transformation if and only if the forces ff* and
f& satisfy Egs. and . To understand how this
comes about, consider the order-r, [ = 1 piece of the tt
component of Eq. ( . The left-hand side reads sim-
ply Ohf%llx — 2fl2%, and when the worldline-preserving
condition is imposed on the right-hand side, this piece
of Eq. becomes an equation for f!. Analogously,
the order-r, I = 1 piece of the ¢t component of Eq. (86))
becomes an equation for fZ. In a similar manner, the
calculation yields formulas for the tidal moments d&,,
and dB,yp; these expressions for 6&,;, and 6By, although
derived in Ref. [25], appear here explicitly for the first
time.

B. Transformation at first order

I first consider the solution to Eq. (85). The worldline-
preserving order-e transformation satisfying this equation
is given in Eq. (D1). It has been simplified using the
gauge conditions (51f). Since each step of the calculation
is straightforward (if lengthy), I will omit most of the
details and instead describe, order by order in r, the effect
of the transformation and its implications.

1. Order 1/r

Because of the preliminary transformation in
IIIC, the 1/r terms in Egs. and
agree. This determines that flSlL’p D = 0 for p < 0, and

1,0,
gl(LL q)

=0 for all [ > 0 for any g; are involved at

(1,0,9)
this order because d, Inr ~ d,n* ~ 1/r. Hence, we have
£, = 1) + O(rinr). fll 0) will eventually be set
to zero due to the condition , but for the moment I

leave it arbitrary to better 111ustrate its role.



2. Order r°

The metric (79) in the rest gauge contains no terms of
order 7%, while the metric (48)) contains terms at this or-
der comprising hf}l} » The transformation hence serves

to introduce the regular field on the worldline. Specif-
ically, the order-r’ term in Eq. (DI)) introduces hi! y

(:= A1-9)) and the non-integral order-r terms introduce
RN (= CEM) and ARY| (= S K00 + HY). Of
these effects, the transformation ¢} = § [ dthfi! is espe-
cially significant: it is an adjustment of the proper time
along the worldline, telling us that the proper time in
the black hole’s rest frame is the proper time in the met-
ric gu, + ehf}l}; the quantity %hﬁl in the integrand of
the transformation is the Detweiler redshift [57], which
has played an important role in interfacing self-force with
post-Newtonian theory [16] and has recently been com-

puted for the first time in numerical relativity [18].
1,1)

At this stage, the antisymmetric piece of §((n , en-

coded in the vector f\gl’l), is undetermined, and the vec-

tor 5((11’0) remains arbitrary. Each of these quantities will
carry a dynamical meaning.

3. Orderr

At order r, the metric in the rest gauge contains
terms of the form mé&,, and mB,,. The metric con-
tains terms of this form, but in addition it contains terms
~ 8hﬁj N and an explicit appearance of the first-order ac-

celeration f{ (via 'g,,). The order-r? piece of the trans-
formation brings the m&,, and mB,;, terms into agree-
ment and introduces the ~ 8h5§ , terms into the metric.
Most significantly, at this order, the vectors Agl’l)

((11’0) are determined.

and

The Agl’l) term in the transformation appears as the
integral in the order-r piece of Eq. , which can be
written as [ dt a[ahfﬁxb. This indicates that the rest
frame of the object rotates relative to the Fermi-Walker
frame (which is parallel-propagated with respect to g,

along 7).
(1,0)

Finally, one finds that the vector £, =’ must satisfy

.. X 1
E((zLO) — _gazgi(LO) + f; _ 58{10}111;1 + 3t0h511, (91)

where the derivatives of the regular field are evaluated at
r = 0. Given the worldline-preserving condition 55170) =
0, this equation yields the standard formula for the
first-order self-force. It is worth mentioning that Eq.
can be derived in only a few lines of calculation. As stated
in the opening of this section, we know in advance which
piece of Eq. determines f{: the order-r, [ = 1 piece
of the t¢t component. That piece of Eq. is easily
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found to be
(0 R — 2f D)o = —2(60) + €MV a. (92)

(1) is determined from the order-r®, [ = 0 piece of

the ta component of Eq. (85), which reads °hRl =
éél’o) — ft(i’l). Solving for éﬁ’l
Eq. returns Eq. .

If we had not imposed the worldline-preserving condi-
(1,0)

and substituting this into

tion, then the gauge vector & , via the Eglh}tly term

(1,0),,a
in Eq. , would produce a term Ah?, = —2m&, nt

7’2
in the second-order field, corresponding to a mass dipole

moment M, = —m&(ll’o). Equation would then tell
us how the object’s Lorenz-gauge center of mass moves
relative to a nearby worldline with arbitrary acceleration
f (refer to Ref. [9] for a discussion). But since M, has
been set to zero in both the rest gauge and the Lorenz
gauge, Eq. can only be satisfied if &(11,0) = 0. That is,
as was anticipated in the Introduction, even though the
equation of motion is a consequence of the second-
order field equations in the outer expansion, knowing that
M, = 0 in the second-order field allows us to obtain that
equation of motion without performing any (nontrivial)
second-order computations. Appendix[E|makes some ad-
ditional comments on the ramifications of this fact.

4. Order r*

At order 72, both the rest-gauge metric and the
Lorenz-gauge metric contain mgab, mBap, MEabe,
and mBape terms. The order-r® terms in £, bring these
terms into agreement. More significantly, the rest-gauge
metric contains §&,, and 6B, terms, while the Lorenz-
gauge metric contains 86/15,} terms. The transformation
partially serves to introduce the 88/153 terms into the
metric, but the transformation is only possible if, as an-
ticipated in Sec. m, 0&q.p and 0B,y are closely related to
the tidal moments of h}}l}. Specifically, one finds that the

metrics can be matched if and only if §&,;, and 6B, are
related to 9O and m& and mB by

1 8 i

0Eaqp = _ih‘g,l(ab) + by Eap + gmgﬂb - g<ah£§%

+STRE] / Bt + B,

L R1 L R

+ igab hiydt — §h<ab>7tt’ (93)
B
6

L _ 1
— 5Budhjj +2STF B, / Iy + 5 Bahiy!

0Bap = mBab + ng‘,F Gaij hg?tl,b]j - hglgj(aeb) Y

1.
+ 5B / hitdt. (94)



I omit the implied left-superscript 0 on all regular-field
terms.

The meaning of these results is not especially transpar-
ent. However, we can make them clearer by noting two
simplifications. First, all the 68}15,} terms in Eq.

can be written as d R [hTY], and all those in Eq.
as %epq(a(SRb)tpq [RR1], where

6Rapys[h] = hua R g1ys — Rsasply + Rsfaspyy - (95)

is the linearized Riemann tensor associated with a
perturbation h, . Next, all the terms involving
zeroth or first derivatives of hy,: in Eq. can
be written as —(L¢ R)iaty, and those in Eq.
as —3€" (o (Le, R)pyipg- Noting that L¢ Rogys =
dRapys[Le, g], we obtain the much simpler formulas

€ = SR W~ Leyg] + SmEa, (96)

1 13 .
0Bay = 5" (@0 Ryyipg [N = Leyg) + -mBa. (97)
Equations and almost have a simple interpre-
tation: 0&., and 0B, are almost the tidal moments of

the regular field hf},}, up to gauge. But due to the pres-

ence of the m&"ab and mBab terms, these interpretations
are not quite correct. This tells us that we cannot always
safely interpret the effective metric g, + hf},, as the “ex-
ternal” metric that the object feels. In particular, the
tidal quantities defined in Refs. [41], 42], which are com-
puted from h}},} alone, cannot always be associated with
the tidal moments that appear in the metric of a tidally
perturbed black hole or material body (see Refs. [58], 59
and references therein for a review of such metrics). This
likely stems from there being some degree of ambiguity
in the split between (Eqp, Bap) and (6Eqp, 0Bap); as one
can see in Eq. , they ultimately appear in similar
ways in the second-order metric perturbation. In fact,
by making the redefinitions 6., — € — %mé’ab and
0Bap — 0Bap — 16—3m6'ab, we would ensure that 6., and
0Bgap precisely correspond to the moments of hﬁ,} (up
to gauge). Indeed, in Ref. [20], Gralla defines his regu-
lar field such that this is true. However, since he does
not show that his first-order regular field agrees with the
Detweiler-Whiting field (while the one I use here does at
least through order r?), it is not clear whether it is his
regular field or his tidal moments that differ from the
ones used here.

Besides this ambiguity in the definitions of tidal mo-
ments, the above results point to a limitation in the
typical construction of metrics of tidally perturbed ob-
jects. Equations and show that these metrics
are generically nonuniform in time. For example, imag-
ine that the small object moves on a quasicircular or-
bit around a much larger black hole. Then hff,} and its
derivatives are approximately constant in time, and the
tidal moments defined in the object’s rest gauge grow
approximately linearly with time. Therefore a single in-
ner expansion of this sort is unlikely to serve well on long
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timescales in a binary inspiral. Since the growth is a nat-
ural effect of the growing mismatch between the object’s
rest frame and the background Fermi-Walker frame, one
should construct a new rest gauge every so often, effec-
tively resetting the frame’s clocks and gyroscopes.

C. Transformation at second order

Solving the second-order equation (86 proceeds in the
same way as at first order, and Eq. (D2)) gives the final

result for the worldline-preserving order-¢? transforma-
tion.

1. Order 1/r*

Unlike at first order, the leading terms in the second-
order perturbations (80) and (49) do not agree. The
m?/r term in Eq. (D2b) brings them into agreement.
Note that although the leading-order terms superficially
appear to lack spherical symmetry, this is an artifact
of using Cartesian coordinates: in terms of tensor har-
monics, they are purely [ = 0. This can be seen ei-
ther from using the irreducible STF decomposition in
Ref. [44] or by converting to polar coordinates (¢,7,64)
using h2, = h2,n® h%, = h2, 955 5,95 200 = 12Q
(where Q4 p is the metric on the unit two-sphere), and
nagei: = 0. At order 1/r?, the mixed terms h?, and
h?, vanish, h2, is independent of 4, and h% 5 is propor-
tional to 24p. Similarly, the gauge vector corresponds
to a monopolar radial transformation r — r — &", with

£ =&,

2. Order 1/r

The rest-gauge metric contains no terms at order
1/r. The Lorenz-gauge metric , on the other hand,
contains terms of the form mhﬁy in both hlsjf and hZ’l’}.
Some terms of that form arise from the first-order trans-

formation, by virtue of the L¢, hgy term in Eq. , but
additional terms are required in E;"L. These appear as the

order-r° terms in Eq. (D2).

3. Order r°

At order 9, the rest-gauge metric and Lorenz-
gauge metric both contain terms of the form m?2&,,
and m?2B,p, while the Lorenz-gauge metric in addition
contains hf2 and mOhl, the latter through hS% as well
as'h,. fﬁ brings the m?&,;, and m2 B, terms into agree-
ment, introduces hﬁ‘f exactly as at first order, and fur-
ther introduces the m@hf}l} terms. It also serves to re-

move terms of the form (h}))? that appear via Egl 09,



in Eq. .

4. Orderr

Finally, at order r, Eq. (86 determines the second-
order force f§. This result follows from the ¢t component
of Eq. , and I do not seek to solve the remaining

components of the equation, leaving one piece of &(12’1)

and all of £ ,(3’2) undetermined.
The equation for f$ comes in the same form as
Eq. : as a differential equation satisfied by the trans-

lation 5((12’0). It reads

20 =~ + f2 -

+ at(0h512 =+ 1h511)

13 (OhR2 4 1pR1)
13 OpR1 ORI (98)

where all quantities are evaluated at r = 0. As at first
order, this equation is specifically the order-r, [ = 1 piece
of the ¢t component of Eq. ; though unlike at first
order, explicitly evaluating that piece to arrive at the
above equation is nontrivial, complicated as it is by the
Eglh}jy term in Eq. and the presence of negative
powers of 7 in £2.

Just as at first order, I now impose the worldline-
preserving condition 5((12’0)
dipole moment dM® from appearing via the Lg,
term in Eq. . We can directly confirm that the en-
tirety of the gauge transformation then leaves §M* = 0.
One way of doing this is by substituting the explicit re-
sults for £} and &} into Eq. (87), but a more efficient way
is by converting to scaled coordinates £% and computing
AH iy Because z* derivatives lower the power of € by
one, AH }W gets contributions from both the linear- and
quadratic-in-e pieces of the scaled transformation. The
powers of € in the transformation §"(~) = 651 (F)+€2E5 (7)
can be obtalned by adding p to n in Eq. Referrlng to

Eqgs. and Weﬁndf1 —f0510+ 5 1 and
52 = 7"5(1 1) +r (f 2,0) +f(2 o)nz) with f(l 0) 5(2 0~
0. The coefﬁc1ent of the order-¢ piece of ‘CE gObJ has com-

bj bj 5 bj
ponents AHttN— 5 e + 251,;9& ! AH}, = é,aggt %
and AH}, = &5 cgzlb” + 25‘23 (dgg)bcj, where I have omitted
vanishing ¢ derivatives. It is now easy to see that AH!
contains only even values of [, and so in particular, no
terms with [ = 1.

So, confidently imposing 5((12’0) = 0, we find that
Eq. becomes

= 0. This prevents a mass
hl old

1 1
fg = 5(9@0}132 — atohgf + iaalhf;l — 3t1h511
1
iatoh?tl Ohﬁl}al' (99)

One can verify that this is equivalent to Eq 16) of

Ref. [25] usmg Eqgs. (B9), (B9b), and (with

|, = ACO BB =GN and B, 7A£}°)).
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With this, we have found the first two terms in the
acceleration a” = eff’ + €2f} + O(e*). Summing the
two terms, we find that the result can be written in the
compact covariant form

o, A

a’ = —%P‘“’ (g,,p — h,}}p) (thg N~ h};‘)\;p)u U

+ O(e%), (100)
where hf}u = ehfﬁ + 62h53. If gObJ had spin
and quadrupole moments, then this equatlon would
be expected to include the standard test-body-type
quadrupole forces [10, B4, (48] as well as a correction
to the Papapetrou spin force. We may be able to cor-
rectly extract those forces from Harte’s fully nonlinear
equations [10], though it is unclear whether the moments
he defines would correspond to the ones defined from
matched expansions.

V. GEODESIC MOTION IN AN EFFECTIVE
SPACETIME

I opened this paper by promising that the second-order
equation of motion was equivalent to the second-order
geodesic equation in a meaningful effective metric. In
this section, I show that Eq. ( . is in fact equivalent
to the geodesu: equations in g, + eth + ezhm

An appropriate expansion of the geodesm equatlon can
be found in Sec. IITA.1 of Ref. [40], but I reproduce it
here for the reader’s convenience. In a metric g, =
9uv + hyw, the geodesic equation reads ¢ d/\ +3Ffjpz"’z"’ =
kz", where X is a potentially nonaffine parameter on Ehf

z

geodesic, z"(\) are the geodesic’s coordinates, 2 = -

is its tangent vector field, I}  is the Christoffel symbol

corresponding to gy, and x = % In\/—gufu”. If we
take A = 7 (=Fermi-Walker coordinate t), the proper
time on v in g,,, then the geodesic equation becomes

F=-C)u"u + ru”, (101)
where ot = [f;;“, and
Cg, =83, —I'z, (102)
1 {07
58 ’ (2R6(8:) — hois) (103)

is the difference between the Christoffel symbols in the
full metric gy, and in the background g,,. With 7 as a
parameter, £ becomes

d
2 /1 — h,, utu?
w=4r a . (104)
1—hyutu?

So far Eq. (| is exact. I now expand C}, and x in



powers of h,,, yielding

(0% 1 « (0%
a = —i(g 5 _ h 6)(2h5(,@w) — hgws)uﬂu“’

1 1
— ihﬁ,ﬂguauﬁuvu‘; - §hwh5%5uau5u7u5u”u”

— hgu®aPu? + O(h®). (105)

This equation is complicated by the fact that the accel-
eration appears on both sides in a nontrivial way. To
disentangle the acceleration from the perturbation, I as-
sume that a*, too, has an expansion in powers of h,,

a* =aff +a ,+Oh%), (106)

qua

u . . . ,J/ . . . .
where aj;,, is linear in hy, and ag,,q 18 quadratic in it.

Substituting this expansion into Eq. (L05]), one finds

1
afiy = =5 P (2hs(5) — Do) u’u, (107)
1 (03
aguad = _§P Mhé# (2h5(,3;'v) - hﬁw;é)“ﬁ%ﬂ' (108)

Summing these yields the compact form

1
at = _§Pw(95u - hé#)(Qhﬁ(ﬂ;v) - hﬁ,ﬁ(;)uﬁu“/
+O(h®). (109)
Comparing Eq. (109)) to Eq. (100]), we see that, up to

terms cubic in h}}y, the second-order self-forced motion is,

as promised, identical to geodesic motion in the effective
metric g, + h,P;V.

VI. MOTION IN ALTERNATIVE GAUGES

The equation of motion is specific to the Lorenz
gauge, but in practice we may wish to work in other
gauges. In this section, I first describe how it applies
in gauges smoothly related to Lorenz. I then show, more
promisingly, how it applies in a highly regular gauge with
a different singularity structure than Lorenz.

A. Motion in gauges smoothly related to Lorenz

In Ref. [6], T described how to transform between
smoothly related gauges, given a specification, in the ini-
tial gauge, of a singular-regular split for which the mo-
tion is geodesic in g, + hllj‘,/. I only briefly reiterate that
prescription here.

Consider a transformation away from Lorenz generated
by arbitrary smooth vectors &) and &5. At first order we
have hllw — hllw + L¢,guy- Since the transformation is
smooth, we can naturally assign its effect to the regular
field, such that in the new gauge we have

WY = B 4 Lo g, (110)
hSh = hSL (111)
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(Here primes denote perturbations in the new gauge, not
perturbations in the rest gauge as they did in previous
sections.) At second order we have h2, — b2, + Ah2,,

with Ahfw given by Eq. . This transformation in-

cludes a singular term Eglhi},, but we can again assign

the smooth remainder to the regular field:

/ 1

My = Leauw + S LE Guw + L, by (112)
S2’ S S

h/L?/ = h/uz/ + ‘Cfl h/L}/' (113)

With these transformation laws, the effective metric
uv + ehf}l} + eghfff transforms as any ordinary smooth
metric would, thus ensuring that it remains a vacuum
metric in the new gauge. We also see that we can freely
choose the gauge of the regular field, while the form of
the singular field is dictated by (a) its form in the Lorenz
gauge and (b) the gauge of h2!" (through hf“%,’s depen-

I
dence on £f'). Because £} is associated with Ay,

think of k55, like hSL, as being invariant under smooth
transformations, while the “singular times regular” pieces
of the metric, hiﬁ and h‘ZLT, are altered by Eglhlsﬂlj.

Here I consider a generic smooth transformation, not a
worldline-preserving one, meaning it alters the worldline
as well. Specifically, the coordinate description of the

worldline changes as any coordinates dof]

we can

¢ = 2 — el - e2<§§‘ — ;ﬂ’@ff) +0(3).  (114)

Now note that under a coordinate transformation, a
geodesic of a given metric remains a geodesic of that
metric, given that the metric transforms as an ordinary
tensor under that transformation. Since the regular fields
have been defined to transform as ordinary metric per-
turbations, it follows that the transformed worldline is a
geodesic of the transformed effective metric. Hence, the
equation of motion applies in all gauges smoothly
related to Lorenz, with the regular field defined to trans-

form according to Eqgs. (110) and (112).

B. Motion in a highly regular gauge

In the bulk of the paper, I have treated the Lorenz
gauge as the “practical gauge”, defining a regular field

6 Because of this, the transformation laws (112)-(113)), as writ-

S2
728}

Le, hﬁ}, However, in the self-consistent approximation, the met-
ric perturbations are functionals of the worldline, and Egs. (112)—
as written leave the metric in the new gauge as functionals
of the worldline in the old gauge. To make them functionals of the
new worldline, the perturbations A}, [2] on the right-hand sides
of the transformation laws should be expanded around hﬁy[z’},
shifting the worldline on which the singular field diverges and
leading to additional terms in Eqgs. —. The additional
term in Eq. eliminates the dipole moment. I refer the
reader to Sec. IVB of Ref. [40] for a detailed discussion.

ten, will introduce a mass dipole moment into A via the term



within it and transforming from the rest gauge to it. The
preceding section extended the results to other gauges,
but only those that share the same singularity struc-
ture as the Lorenz gauge (specifically, the same hﬁ%) In
this section I will show that there are more advantageous
practical gauges, and I will derive the equation of motion
in them.

To see why superior choices of gauge exist, recall
that, as described in the Introduction, the most singu-
lar, ~ m™/r™ terms in the outer perturbations h}, cor-
-
For a spherical object, gZBj in the buffer region is simply
the Schwarzschild metric. Generically, it will contain all
powers of m/r. But in light-cone coordinates, such as
are used in Eq. , the Schwarzschild metric is linear in
m/r. This has dramatic consequences: if we simply take
the inner expansion gzl;j +> €"Hy;, from Egs. f
and re-expand it in the buffer region, we obtain an outer
expansion in a gauge that has eliminated the most singu-
lar pieces of the metric. I now show how to transform to a
class of practical gauges that preserve this property. This
has potentially significant benefits, described in Sec. [VII]
below.

respond to terms in the inner background metric g

1. Outer expansion in the light-cone rest gauge

Before proceeding to transform to the practical gauge,
I first present the explicit form of the outer expansion
in the original light-cone gauge. I begin with the in-
ner metric of Egs. 7, re-expand for small € at
fixed r, and then apply the transformation from ad-
vanced coordinates to Fermi-Walker coordinates. Unlike
in Sec. (IIIC|), I do not combine this with the transfor-
mation (69). The result is a new, light-cone rest-gauge
metric %g,, + eh,ﬂlu + ezhzly, similar in form to (but less
singular than) the one given in Eq. . At the first few

orders in r, the perturbations read

, 2 .
hy =2 4 W€t + O Inr), (115a)
T
.2 , , . y
h%a = ﬂna + mr (%&”—n’ + %B(’deadiﬁcl + 25ijﬁa”)
T

+O(r*Inr),

1 2m 22 8 d e
hay = = Mab +mr (&0 — 2 Bw ep)cant

(115b)

32 ~ 8 rred b2 1 ~ d
+ ﬁg(acnb)c - ch 6(:(alnb)di + ﬁ(sabncdgc

§ L6 00) + 00 ), (1150
and
hf,; = 74m2€ijﬁij + %mrd&jﬁij — m%[%gdﬁci
— gE“ In(2m/r)ne; + %E“jﬁcij]
+O(r*Inr), (116a)
h3, = = {5(6Eacht® + 5B eqqitic’ + 156 1ca)

+mr (26E,m" + 26B“eqaine’ + 20€;57,)
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+m?r (B acn(@m/r) - 200 — BE e

+ %BCdeadi [3 log(2m/r) - 4],&;' - %BCdieacjﬁdij

+AE12In(2m /1) — 19]1ged — 25Cdiﬁacdi)

+O(r?Invr), (116b)
hilb = —%(QSB(adcb)cdec + 485(ac’be)c — QSCdéabﬁcd

— 7066d€c(aiﬁb)di + 35Scdﬁabcd) —+ m’l’(%(sgab

— %§B(ad€b)cdﬁc + %55(acﬁb)c — %(586d€c(aiﬁb)di

+ ;T§abﬁcd556d + %556dﬁabcd>

n m%{%sab[u In(2m/r) — 31] — 18£,,,7°

— 18, ey cal3In(2m/r) — 4]°

+ %g(ac[?) ln(2m/r) - 4]ﬁb)c + %Bc(aleb)diﬁCd

o Zgiog(aCdﬁb)Cd - %BCdB ln(2m/7‘) - 4]60(alﬁb)di

+ & (8ap[6In(2m/7) — 29] 1

+14[8In(2m/r) — d)fgbea) + 2BV eciy? fipyais

— A (S g + 9ﬁabcdi)} +OF Inr). (116¢)

Unlike the second-order field in the Lorenz gauge (and
indeed, in all gauges previously considered in the litera-
ture), which diverges as 1/r? at r = 0, the second-order
field in the light-cone gauge is actually finite at r = 0.

2. Singular and regular fields

We can naturally divide the perturbations in the light-
cone gauge into singular and regular pieces, though this
division will ultimately differ from the one in the Lorenz
gauge. At order 72, h,l;,, contains the tidal moments 6&,;,
and 0B, [this order is omitted for brevity in Eq. (115)),
but it looks schematically the same as in Eq. (79)]; at
order 73 it would contain octupolar moments 6&,p. and
0Bape; and so on. In accordance with the fact that these
terms take an identical form in hlllll, as in the external
background Og,“,, and the idea that the effective metric
Ogm,—l—hll}l,, is perceived as the external metric in the neigh-

th’

bourhood of the object, we can define h

to comprise
everything in htly involving these moments. Explicitly, it

is then given by

hgll = —Tz(sgijﬁij + O(T’S), (1173)

hRY = — 226,08 + O(r®), (117D)

BBY = —112(6€,, — 66€( e + B0E“Sapiica)
+0(r?). (117¢)

The singular field hi},’ then consists of all terms with an
explicit factor of m. Through order r, it is the whole of

h,., given by Eq. (115).



Similarly, at second order, second-order moments
02E,4p, 02By,sp, etc., appear, along with terms quadratic
in the first-order moments 6&,p, dB,p, etc. 1 define the
second-order regular field to comprise all such terms.
This guarantees that it is a vacuum metric, satisfying
the vacuum EFE

SR [P™Y] 4 6 R, [WN] + 62 R, [B™Y] = O(%)  (118)

to all orders in r. And since the tidal terms begin at
order 72, we have

R 7
hpy = O(r?). (119)

Everything else in h2, should go into A2 In analogy

with the hSR terms in the Lorenz gauge, this should in-
clude the “singular times regular” terms such as md&gy
and mdB,p, which appear at order r in Eq. ; if these
were included in the regular field, then it would cease to
satisfy Eq. (I18). Hence, through order r, RS2 is the

i
whole of hil,/, given by Eq. (116].

8. Transformation to a smoothly related practical gauge

At this stage, although we have a natural split into
singular and regular fields, the metric in this rest gauge
is not fit for practical use. It constrains the form of the
regular field, forcing the regular field and its first deriva-
tive to vanish on the worldline and its second derivatives
to take a particular form. It is not obvious how one
would impose such a gauge condition in a global numeri-
cal scheme. Furthermore, the metric in this gauge is not
uniform in time: as described in Sec. the tidal
moments §&,p and 0B,y grow large with time.

In order to transform to a practical gauge without los-
ing the advantages of the light-cone gauge, I transform
the gauge of the regular field while, insofar as is possible,
leaving the gauge of the singular field intact. This can
be done as described in Sec. [VTA] However, as when I
transformed to the Lorenz gauge, here I wish to ensure
that the transformation does not alter the worldline. So
I begin with smooth vectors &' and &4 that satisfy the
worldline-preserving condition but are otherwise ar-
bitrary. For smooth vectors, the condition reduces
to

g;ﬂw =0. (120)

v

includes an expansion of the acceleration, a transfor-
mation will bring it to a metric g, + el + R,
that is likewise expanded. The transformation laws are

then and . Splitting them into laws for the sin-

Given that, as in Sec. the metric ng—i-ehl/ +e2hi/y
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gular and regular fields, as in Eqgs. (110)—(113]), we have

WRIE = AR 4 £ 09, 121
WS = hSh, 122

1 /
it = £§209#V + §£§109#V + Le, hy

iz 7

(121)
(122)
(123)
S s2’ st/
Wt = B2 + Le, iy, (124)
If hf}[} are the “exact” regular fields in the new practical
gauge, with no expansion of the acceleration, then the

daggered fields are

hot = nt) + O, (125)
R2t . __ R R
hpot o= Op2 + h R 42, (126)
Similarly,
S1t . 03,81
hyt ="k, (127)
S2t ._ 0382 |, 1781
h2t = OhS2 + 1A (128)

Note that I group the background terms "g,, with the
regular fields hELD"T; this again corresponds to the idea
that the background plus regular field together form the
“external metric”.

I now adopt Gralla’s approach from Ref. [26]. The key
realization in his approach is that we do not need to ex-
plicitly impose any given gauge condition in the target
gauge. Instead, we can take the regular fields hf}l’} as
given, to be determined in any desired gauge by a punc-
ture scheme, and express &/ (and the “singular times reg-
ular” piece of hﬁ%) in terms of them. As in the derivation
in the Lorenz gauge, the worldline-preserving condition
£2|, = 0 will suffice to determine an equation of motion;
here my approach differs from Gralla’s, corresponding
to my self-consistent (i.e., unexpanded) treatment of the
worldline.

On the worldline, given that §§1|W = 0, that lg,, =

O(r), and that hff,}/ = 0(r?), Eq. (121) reads

d 1 _ 10 R1
i |, = 3 hit' | (129)
0ull, |, = "hiZ].. (130)
1
1 0pR1
Oalpy |, = 5 hab - (131)

These, together with fﬂv = 0, determine all components

of f}t and &léi on the worldline, with the exception of
a[a@]. That remaining piece can be obtained from the
formula

OVa'VsE) + "Rpya’E = 6T yap[ AR, (132)

where Al = Wit — hf},}',. 0Taplh] = 5(2hy(aip) —
hapy) is the standard correction to the Christoffel sym-
bol (with its first index down), and all covariant deriva-

tives and the Riemann tensor are compatible with Og,“,.



(Note that on 7, ORBW5 = Rgyas.) Equation can
be derived by writing QOV[QOV@Q = ORQBA,‘SQ, using
Eq. to replace Ovag with AhVR; —OV@, and then
adding the resulting equation to its cyclic permutations
afy — yaf and afy — [ya.

On +, the tab component of Eq. reads %fgﬂ =

Oahyyy + 30y, . Substituting Egs. (125) and (L31), we

obtain a formula for the remaining piece of Bafzb,
der | g opm 133
gf[a,b]’V = 0 b]t”y' (133)

The tta component of Eq. will be discussed below.

Using these results for §l1“ we can now write the L¢, hlst},/
term in the second-order singular field in terms of
the regular field. Equation with Egs. (129)-(131)
and together yield

/ 2 -
Ll = === (R + PR nY) + 060),  (134n)
/ 2 ) -
L5 = === (R + 3R na = hEnt + OhlYn, )
+O(r?), (134b)
’ 2 .
Le by === (3 R +2himy — 2 Kl
+ 0. (134c)

Note that this introduces a divergent, 1/r term into the
singular field, making it less regular than in the original
light-cone gauge. However, it remains less singular than
the Lorenz gauge, and since the Lorenz gauge itself is of-
ten considered “regular” in comparison to highly singular
gauges like the radiation gauge [60], the title “highly reg-
ular” remains apt. I will discuss practical implications of
this in Sec. [VTIl

Terms higher order in r in Eglhlsul,, can be obtained
from higher derivatives of £}, which can be found by ex-
panding Eq. in powers of r. Alternatively, if we im-
pose the Lorenz-gauge condition on Al we can simply
set m = 0 in the gauge vector and straightforwardly
compute L¢, hSL.

This still leaves hf’fy dependent on the regular field
in the old gauge, through the d&,, and 6B, terms in
Eq. . We can express the moments in terms of
the regular field in the new gauge by writing theH} as
5€ab = 5Rtatb[hR1 H’Y and 5Bab = %epq(a(SRb)tpq[th ] oy

Using Eq. , 5Ra,375[/35109] = ,C&OR@B»Y& and
Rag,yg[lg}|7 =0, we arrive at

6Eab = SRy [°h™Y] — (Le, R)tatn, (135)

1
5Bab = iepq(a {5Rb)tpq [Oth] - (‘651 R)b)tpq} ) (136)

where all quantities are evaluated on 7. These are given
more explicitly by Egs. and with &, and By
set to zero; since Eqgs. and differ from Eqgs.
and by those Sab and Bab terms, this tells us that
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beginning at order 72, the regular fields in the Lorenz
gauge and highly regular gauge differ by more than a
gauge transformation. To avoid this disagreement, we
could make the redefinitions 6. — €4 — %m&'ab and
OBy — 6By — 16—3ml§ab (with a corresponding change to
the singular field).

We now have a practical formulation with a convenient
split into singular and regular fields. Through order r,
the singular field is given by

bl = hp, + O(r?), (137)
hS2 = h2, + Le,hSL + O(r?) (138)

with Egs. , , , , and . Here 1

have cavalierly discarded the  notation, with the under-
standing that in these singular fields, acceleration terms
have been implicitly moved from A, into h52. In anal-
ogy with the notation in the Lorenz gauge, we can write

S2 _ 3, SS SR
h;u/ - huu + hpy?

(139)

where hiﬁ comprises all terms in hi; explicitly propor-
tional to m?, and hilj‘ = hil;” + Le, hﬁ}, , with hf};‘ com-
prising all terms in hilu proportional to mdE.p, mdBay,
moEqpe, MOBape, €tc. These fields behave as hi?, ~ m2r0
and A5 ~ mh [r.

With the singular fields defined, the regular fields can
be written implicitly, as the difference

Rn _ 1n Sn
hp = hy, — .

(140)

This regular field, like the one defined in the Lorenz
gauge, is a “physical” field, causal on the worldline and
satisfying the vacuum EFE. Its causality on the worldline
follows from the same argument given for the Lorenz-
gauge field in Ref. [6]. It satisfying the vacuum equation
follows immediately from it being a gauge transformation
of the regular field defined in Sec.

In the above, I have made no mention of finding the
second-order gauge vector &. We can express £, in terms
of hyt} and A2 in a similar way as we did for £, but do-
ing so is not necessary: with the regular field defined im-
plicitly through Eq. , all we require explicitly is an
expression for the singular field, and for that, fi suffices.
However, one may need to consider fi if one needs to re-
fine the form of A32. That might be necessary if, for ex-
ample, higher-order terms in Eq. are found to grow
large with time. Such growth is highly possible, given
that Egs. and dictate that &} will generically
grow large on long time scales. Indeed, Gralla’s singular
field in Ref. [26] appears to contain numerous terms that
grow with time, stemming from the growth of his gauge
vector (in addition to, and distinct from, the growth asso-
ciated with his use of an expanded worldline). If growing
terms arise in the highly regular gauge, they will have to
be eliminated with a second-order gauge refinement.



4.  FEquation of motion

All that remains to be determined in the new practical
gauge is the equation of motion governing ~.

At first order, the equation can be obtained from
Eq. . Given the worldline-preserving condition
g‘ﬂv = 0, on v the tta component of Eq. reads

simply 0 = 9,ARR! — 19,Ah%'. Noting that Ahf}l} =
hy —2f,x%6! 0% + O(r?), we find that this is the stan-
dard formula for the first-order self-force:

1
fi= iaahfgl — Ophtt. (141)
At second order, the analog of Eq. (132)) is
Va'V5Es + "Rpra’€f = 6Tyaslk], (142)

where kg = hgf; — h%/ — %[,21 JaB — Eglhgé/. Given

the worldline-preserving condition €3|v = 0, on v the
%Baktt. Noting that
hf}fl = O(r?) and evaluating the Lie derivatives, we find
the simple formula 0 = ;AT — %aahﬁ?f + 10,n 1 OnL.
Since W21 = OpR2Z L IR 9 flyast 5T 4 O(r2), we recover

I
Eq. for the second-order self-force:

tta component reads 0 = Ozkyq —

f2= %aaoh}}f — 0°h + %&fhﬁl — O !
- %&Ohﬁl OpR1. (143)

Therefore the expanded geodesic equation holds
true in the highly regular gauge, with the regular field
given by Egs. f. Since the gauge of the regular
field is unspecified, this formulation in fact applies to a
class of smoothly related highly regular gauges.

Before concluding, I make two remarks. First, we could
have established in advance, without performing any cal-
culations, that Eq. would hold true, as it follows
from the same argument given in Sec. : the motion
is trivially geodesic in OgW + hE‘,; because u# = 6} and
the Christoffel symbols of this metric vanish on ~; and
the geodesic equation is preserved under the transforma-
tion laws and (123). The second remark relates
to Gralla’s results. Although I utilized key aspects of his
methods in this section, I seem to have arrived at a differ-
ent conclusion. He uses an expanded form of the world-
line, &' + ez}’ + €225 + O(€?) in coordinate form, and be-
gins in a rest gauge centered on the background geodesic
70 = {2} }, such that z{" = z§ = 0. In that context, when
transforming to a practical gauge, &' and &5 are allowed
to take arbitrary values on 7y, introducing deviation vec-
tors 2} = —5’1*’% and 2 = (—f’;—}—%{i’@,@fﬂw that point

toward the accelerated worldline in the new gaugem He

7 Compare to Eq. (114). These formulas differ from Gralla’s due
to our differing conventions.
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then finds evolution equations for z{* and 2 that are not
equivalent to the geodesic equation in his effective metric,
seemingly contrary to my results. However, this outward
discrepancy stems from his definition of his singular and
regular fields. Instead of Eqgs. (123]) and (124]), he effec-
tively makes the choice hity = hite + Le,gun + 5LZ G
and hﬁ?, = hﬁ% +£§1h}w (since the rest gauge is centered
on a background geodesic, there is no need for dagger§ or
left-superscripts here). By including the term Eglh}}yl in
the singular field instead of the regular field, he arrives at
an effective metric g, + hE‘V that is not a vacuum metric

and in which the motion is not geodesic.

VII. SUMMARY AND DISCUSSION

The primary result of this paper is the second-order
equation of motion for a small, compact, approxi-
mately spherical and nonspinning object, whether a black
hole, a neutron star, or something more exotic. It is
equivalent to the geodesic equation in the effective metric
Juv + hf}u defined in Sec. |1l This metric satisfies “phys-
ical” properties: it is a vacuum solution, and if the full
metric satisfies retarded boundary conditions, then the
effective metric and its derivatives on the worldline de-
pend only on the causal past. Therefore Eq. rep-
resents a generalized equivalence principle of the sort de-
scribed in the Introduction.

Equation also has more pragmatic consequences.
As discussed in Refs. [25] 27, [46], the equation of motion
can be combined with the field equations in a puncture
scheme. Suppose we truncate the local expansion of the
singular fields and at a some order in 7 and then
attenuate them in some appropriate way away from the

worldline. This defines puncture fields hﬁf, which locally
agree with hﬁg, and residual fields h®" := h, — hﬁf,

which locally agree with hf}g. If the truncation of hﬁﬁ is
of sufficiently high order in r, then we can replace hﬁ“ﬁ
with hZfl," in the equation of motion without introducing
any error. We can also rewrite the field equations
and as equations for the first- and second-order resid-
ual fields[f]

By W™ = — By [h7),
By W72 = 20° R, (1]

The coupled system of equations , , and ,
with the punctures moving on the worldline determined
by , provides a way of finding the physical fields
hy, = hZfV” + hfj globally and the effective fields and
B hRn B h’Rn

Qp v Ap v |y

(144)

-~ BN (145)

their derivatives O,,. , = Oa,. on the

8 Typically a point-particle stress-energy tensor would be included
on the right-hand side of Eq. (I44), but here I follow Ref. [26]
by defining the right-hand sides of these equations pointwise off
7. They can then be defined on v by continuity.



worldline (up to a maximum p corresponding to the
power of r at which the singular field was truncated).
By construction, the metric g,,, + €h},, + €h2,, obtained
in this way is guaranteed to agree locally, near ~, with
the physical metric outside a compact object. Practical,
covariant forms of the singular fields hﬁﬁ are available in
Ref. [46] for use in such a scheme.

A. Self-force computations in a highly regular
gauge

The above results were previously derived in the
Lorenz gauge [25] and smoothly related gauges [40]. In
the present paper, I derived a promising extension to a
class of highly regular gauges, in which the singular field
is given by Egs. (137) and , and the gauge of the
regular field is freely specified. We can formulate a punc-
ture scheme in these gauges by truncating and attenu-
ating the singular fields, as described above, and then,
rather than imposing a gauge condition on the exact reg-
ular field, imposing it on the residual field. There are
some subtleties in imposing gauge conditions in the self-
consistent context [6], but there should be no obstacle
to imposing the Lorenz gauge condition, for example, on
the total residual field )" e”hﬁ,}‘. We can then write the
field equations as

(146)

B [h™Y) = —0R,., [h7),
R (147)

By [1R2) = 26° Ry, (1] — 6B, (177,

coupled, as above, to the equation of motion (100)).

Directly specifying the gauge of the residual field in
this way, while leaving the puncture in any convenient
gauge, was previously advocated by Gralla [26]. Along
the same lines, we could use the Lorenz-gauge puncture
to compute a residual field that satisfies a gauge condition
more convenient for black-hole perturbation theory, such
as the radiation gauge condition that has been critical for
self-force computations in a Kerr background [12]. How-
ever, the highly regular puncture in Egs. and
should provide significant advantages over the puncture
in the Lorenz gauge (or in any gauge with a generic, 1/r2
divergence in /. ,, including Gralla’s).

The most obvious benefit of this gauge is simply that
with its weaker divergences, the numerical cancellations
between the two source terms in Eq. will be less del-
icate. But it has many other merits. To see this, consider
the source 62R,,, [h'] = 62R,,, [h5] + 62R,,, [R5t h®Y] +
§2R,, [WRL RS + 82R,,, [WRY] in Eq. (147). With a
first-order singular field given by Eq. (137]), the source
62R,,, [h51] diverges as 1/r2. We can see this from the

fact that 02R,,[hS!] is the source for the hig term in
h2,, described below Eq. (139): since hﬁls, ~ 70 we
have 62R,,,[h51] = —0R,,[h5S] ~ 1/r2. In a generic

gauge, 02 R,,,[h5!] is far more singular, behaving as 1/r4,
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and worse, it is not well defined as a distribution’] But
1/r? is integrable, meaning §2R,,,, [h5!] in the highly reg-
ular gauge is a well-defined distribution. Also, although
the “singular times regular” source 52Rw[h81,hm] +
62 R, [WRL, hS1] diverges as 1/r3, it too is a well-defined
distribution because it is a linear operator acting on
the integrable function h,% (This is true in a generic
gauge, not only the highly regular gauge.) Therefore in
the highly regular gauge we can write down a distribu-
tional equation for the second-order field hfw. The equa-
tion will likely contain a ¢ function source in addition
to 0%2R,,, [h']; the correct source should be found by an-
alyzing 0R,,,[h5?] as a distribution, in the same manner
that the point-particle stress-energy tensor is obtained
from §R,,, [hS] [8]. Once the correct source is found, we
can develop numerical schemes to solve for hfw directly,
rather than via the puncture scheme . In that case,
the regular field could be extracted after the fact, by sub-
tracting hﬁ% from hfw using, for example, mode-sum reg-
ularization [7, [T1]. Having a distributionally well-defined
equation for hfw would also allow us to straightforwardly
write down solutions in terms of Green’s functions. From
them, we will be able to define quasilocal singular and
regular fields analogous to the Detweiler-Whiting defini-
tions at first order (while ensuring, of course, that these
definitions reduce to the purely local ones used here).
These Green’s function representations would provide yet
another way of computing both the full field hfw and the
regular field [61]. Working in the highly regular gauge
should also reduce a computational difficulty that arises
in generic gauges. If one uses a spherical-harmonic de-
composition to solve the field equations, then computing
any given mode of 62R,,,, [h'] near the worldline becomes
laborious [62]. The diminished singularity in the highly
regular gauge should ameliorate the problem.

Considerable effort will be required to bring the highly
regular gauge to the same state of development as the
Lorenz gauge. Since a puncture scheme capable of com-
puting the self-force requires a puncture through order
r (such that first derivatives of A2 can be computed),
a first concrete step would be to calculate the singular
field to order r. This would require continuing
the expansion of Eq. to that order. As discussed
in Sec. [VIB3] additional gauge refinements may also be
necessary if secularly growing terms arise in the punc-
ture. Once that step is complete, the puncture can be
written in covariant form using the methods of Ref. [46]
and then expanded in harmonic modes for use in a mode
decomposition of the field equations (147 [63].

9 Though once hiﬁ is known in a given gauge, we might be able
to define 62 R, [hS1] distributionally as —§R,., [hSS], which as a
linear operator acting on an integrable function, is well defined

as a distribution.



B. Rest gauges and effective metrics

Regardless of which of the two classes of gauges one
uses, the underlying method of derivation was the same.
It begins with the construction of a local metric in a
gauge in which (a) the object is centered on some world-
line v and (b) the regular field and its first derivatives
vanish on that worldline. If the object is nonspinning
and spherical, then in this gauge it appears to be man-
ifestly at rest on ~y, perturbed only by tidal fields. The
existence of this gauge implies that for the nonspinning,
spherical object, the worldline is a geodesic in some effec-
tive metric, and the heart of the derivation then becomes
a matter of transforming to a more practical gauge and
determining which piece of the full metric, in the practi-
cal gauge, constitutes that effective metric.

As alluded to in the Introduction, this method is
closely related to many others, both at first and second
order. In particular, the basic form of the rest-gauge
metric recurs throughout the literature on equations of
motion. It was used in derivations of the first-order self-
forced equation of motion [20, 35, 64, [65]. At second
order, it has appeared as Gralla’s “P gauge” [26], Rosen-
thal’s “Fermi gauge” [22], and the gauge that Detweiler
uses in his Eq. (21) to define his singular field [24]. Even
before any derivations of the gravitational self-force, a
rest-gauge metric was used by Thorne and Hartle [34] in
their derivation of equations of motion for compact ob-
jects immersed in some external gravitational field. In-
deed, the self-force problem of “determining which piece
of the full metric constitutes the effective metric” could
be phrased as “finding the ‘external’ metric in which
Thorne and Hartle’s equations of motion are valid,” a
point discussed at length in Ref. [6] (and in a different
way by Detweiler [20, [65]).

However, any description of finding “the” effective
metric is only heuristic. In fact, there is no one unique ef-
fective metric. Various choices of g, + h}j‘y would lead to
the same generalized equivalence principle and could be
used in an equally practical puncture scheme. An illus-
tration of this is provided by my derivations in the Lorenz
gauge and in the highly regular gauge: I utilized two dif-
ferent regular fields, which differ at order 2, but which
possess all the same essential “physical” properties. We
might think that one cannot choose an alternative reg-
ular field at order r° and r, since the self-force involves
those orders. But the equation of motion only in-
volves specific components of hf}u and its derivatives on
the worldline, and one could easily move portions of hffy
into hﬁw thereby defining new singular and regular fields,
while leaving Eq. intact. Hence, there is always a
potential danger of ascribing too much physical meaning
(or too specific an interpretation) to any one choice of
effective metric.
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Appendix A: STF decompositions

This appendix reproduces standard formulas from
Ref. [44].
Any Cartesian tensor T (¢, 7,6, #) can be expanded as

Ts(tv T, 9, ¢) = Z TS<L> (ta r)’ﬁ‘L7
£>0

(A1)

with coefficients given by

I
75wy = HED (s g palao,  (A2)
470!
where z!l = z(x —2)--- 1.

For s = 1 and 2 the coefficients can be put in irre-
ducible form using

Ta(L} _ T(aJrL) + Eja(igj-\(%)—nj + 5a<igT(I;—)l>’ (A3)
where
T/ =T, (Ada)
. / iy
TG = meL Lo o, (A4b)
ar_ 20 —1__ ..
T({)l = mTjﬂL 1 (Adc)
and

Tupiry = 0ab Kp + 457
+ S%F SE)F (ep WT,)(;;L + 5aufb(g)4

o Gain iy T + B0, TL7Y), (AB)

where
T =T, Ao
1y 2
Ty = (+2 SLFErB;(T@iz)quleiulpq)v (A6b)
. 60(20 -1 j
0) = ( ) STF(T iy 1), (AGe)

(+0)(20+3) "1

- 2610 1) L g
L S D) 1 ana i,
(AGd)
23
12 = gy w12 (A6e)
KL = %Tij. (Aﬁf)



Appendix B: Decomposition of the regular field
1. STF decomposition

In Sec.[[T} I decompose the regular field into irreducible
STF pieces. Specifically, according to Eq. , the func-

tions ihf}f (= hfﬁllL) have the following irreducible de-
compositions:

h(" 0= A0, (Bla)

hi® = om0, (B1b)

R0 — 5, K0 4 gm0 (Blc)
hgg ) = A", (B2a)
hitt) = C0Y 4 ey DY + 8, 80D, (B2b)
it =6 KMV + B + e o 1Y

+ 0l Y, (B2c)

and

hi? = AU, (B3a)
D = U+ DY 0, B0, (b
WG = 60K + B2 4 STF (e ( Wl

+ 6i<aﬁb(>nj,2) + 5i<a€cb>jégn,2)
+ 5i(a5b>jEA|(n72)) .

We can invert these relationships using Eqgs. (A4)) and
(AG) to express the STF tensors in terms of Ay, :

(B3c)

A0 = pit, (Bda)
(0 = h, (B4b)
15,0 = hi (B4c)
K10 — 5” h%l, (B4d)
and
A(Y = i (B5a)
B(l 1) gtha,Cﬁ <B5b)
1,1
Clgb = ht(a bys (B5c¢)
DO = Le et (B5d)
ELD = 5bChF;1b> (B5e)
Hf(ticl = h’ (ab,c) (B5f)
I(l b= thC d€b)cd7 (B5g)
R = ghsw,a, (351
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where hR,} and 0 hRj are evaluated on . I forgo writing

the sumlar but lengthler relationships for the pieces of
Py

At second order, the decompositions (Bl . can be
inverted to express the STF tensors in terms of h i
precise analogy with Eqs. .

As mentioned in Sec. E[, the regular field used here
differs from the regular field " defined in Ref. [27];
the two are not simply the trace reversal of one another.
This difference can be determined by taking the trace
reverse of h2 , decomposing the result into coefficients

h(%j’i), and picking out the particular coefficients A ’p )

that determine the regular field. After further decom—
posing those coefficients into irreducible pieces, one finds

pv

A ) 1-
ACO = ——SmPaga® 4 SR+ ShEY, (Boa)
At(zg = _h2 as (B6b)
- 5
(ﬁ’o) §m25ab +hl (B6c)
. 31 1- 1-
K(QVO) = _Em2aa éhQRaa + §h2Rtta (B6d)
and
P 1- 317
AR = hz b+ §h2Rttva - EmZgabab
- @mQa apa® + aghR, 4 2a,h3 (BT7a)
90 =~ et allz b 2lally
A(211) E_Rt(l 72 a1 Rt g 2 a-
B h2 = 3a hy'a + g™ 0" a (B7b)
~ 1 6 .
Cii b= - _th<(l b) + T0m2gab + EmQB(adGb)cda
_ 1 .
— 2a<ah§tb> + Emza@am, (B7¢)
~ 1-Rripe 47 ,
Dz(12,1) = _§h§tb) €abc T BmQBaba + eabcabh‘gtc
1
+ gm%abca”ac, (B7d)
2 7
FaSQ’l) = 5h2 ab — 5h2 ba — %m25abab, (B7e)
7
Héicl) hR 2(ab,c) éngabc + §m2a<a8bc>7 (B?f)
. . 9.
Iéiyl) = _7m26ab + *hQR(aC’dq))cd
319
135m “Ea"eean’, (BTg)
- - 437
Kc(f’l) h2 ba *tht - ﬁm?gaba
+ 1—8m2aaaba + aatht. (B7h)

The fact that the two regular fields are not simple trace
reversals of one another is manifested by the explicit pres-
ence of m in these relationships.



2. Acceleration terms

Equation involves the terms in the first-order reg-
ular field that are linear in the acceleration. If we assume
that the full metric satisfies retarded boundary condi-
tions, then these acceleration terms can be obtained from
the analytical form of the retarded field [5],

hy, = 4m/(¥w#/y/u“,u”/dt’, (B8)
2!

where G, is the retarded Green’s function, and
primed indices refer to the point ¥(¢'). By expanding
this integral near the worldline using standard methods
reviewed in Ref. [5], one can read off the various STF
tensors appearing in the regular field.

The results, taken from Ref. [49] (and reproduced in

Ref. [5]), ard™|

AL0) — plail (B9a)
(10 = plail 4 dma, (B9b)
P(1,0) _ %éﬂbhfﬁ)ﬂ’ (B9c)
a5 = hig, (B9d)
and
ALY = pail g ooptaila, + 2ma,, (B10a)
BOD = Lpailgis 4 1ptailgi (B10b)
CLyP = by + 2mEu + ey, (BIOC)
DD dea(aigh + o), (B104)
AL~ (109
B = 35iipai (B10F)
PGV = 28TF (e 9h ), (B10g)
RO = Z5%Riel + 2ma, (B10b)
Here I have defined the tail integrals
-
Bl (t) = 4m / G u? dt’ (B11)
,tof
h/tﬁjlp(t) = 4m/VpC_JWM/,,,u“/u”/dt’7 (B12)
—o0
which are tensors on the worldline. ¢~ = ¢ — 0% indi-

cates that the integral covers the past history ¢’ < ¢ but
excludes ¢’ = t.

10 Table T in Ref. [49] and Table IT in Ref. [5] are missing a factor
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The terms linear in a; in Eq. constitute the term

1h,(fy’0) in Eq. (46), and those in Eq. (BI0) constitute the
1p(1,1)
term h;m .
Appendix C: Radial functions in tidally perturbed
black hole metric

In this appendix I list the functions e; and by appear-

ing in Eqs. and . With ¢ :==2m/fand f =1-(,

er = f? (Cla)
eg = f[l + ig(5 —12In¢) — %@ (9 —4In¢)
7.4 3
+ 26+ 3¢ (C1b)
(=12 (1-56). (C1o)
e = f, (C1d)
s = 1|1+ e 12m0) - 5 -3¢0 - 3¢t
(Cle)
e = f (1 - gc) , (C1f)
er=1- 3, (C1g)
142 ame 22 L ey
es =1+ =C(4—=3I¢) ~ =¢* — 2* (7~ 3In()
+ %g“, (C1h)
eg = f+ %giﬂ (C1i)
and
by = f, (C2a)
_ Leor_tomey 321l Lo
b= £[14 G007 = 12m0) - §¢2 = 3¢ - 5t (o)
b6 = f (1 — §C> 5 (CQC)
br=1- 50, (C24)
bg =1+ 14(5 —6In¢) — 9g2 - 143 (2—-31In¢)
s 5 5° 5
+ %44, (C2e)
1
by = f — ECB' (C2f)

of 4 from the mag term in C’él’o). The factor appears correctly
in Eq. (E.9) of the former reference and (23.10) of the latter.
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Appendix D: Gauge transformation

The transformation from the rest gauge to the Lorenz gauge, described in Sec.[[V] is given by the following expansion
for small r:

& = /th(1 0 4 CB0pa { L9 A0 4 %( a.H" — 2mEab — Eab /th(l,O) - Cﬁ)’l))ﬁab}

[ mée — (3057 — 2By dtD,(f’”+?,O,i“’)&ﬁréqueq”iI?TEL’o))ﬁ”k} +0(r), (Dla)

55 = r(%f((l’o)ﬁa + €ap” /dtﬁgl’l)ﬁb + %f[é}i’o)ﬁd) —r? (%IA((SM) — 1% Aél’ ) + mc‘f n — 7H(1 1) di
+ %Fél’l)ﬁad - %Kgl’l)ﬁad - %Eabcjc(;l)ﬁbd — Im&yina™ + 1B eqpe /dtfl(l’o)ﬁbd)
-7’ |:(1108bdé(170)b6acd — B epaCHO — LEMe, /dtf)l(,l’l))ﬁc + EmBescain® + mé gpen®
_ %(gcd /dtf)él 1) 4Bcdc(1 0) )6 s 4 5b[c {E]ldO)nbcd _ %<gcd /dt[)(l,l)b +Bcdé(1,0)b> Cociinas
lHéiji) abed | (%mecdeabi 00D,y Lo, bef(1 i _ Lgedc bi /dtD,()l’l) _ipgbede i /th(Lo))ﬁCM
;jmgbcdﬁabcd T (%gbck(l,o) _ %A(lﬂ)bc _ %F(Lz)bc B ié"bc /th(l,O) T %5@4(170))%})6 B ggbcﬁé;,O)ﬁacd

+ (AT Ew — g0+ FmEa — EALL + HEWK MY + iy [dtAT) — ey d, DY

— $ORAL )it + (0G50 — SO Jage + (EEHLY - ;oa?k<l~°>)m} +00), (D1b)
and
i=1 /(A@’O) + ifi“@)fi(lvo)) dt + %AU’O)/A(LO)dt +mCM0a +r R;m(ﬁ(l’l)bc + %mszc)ﬁbc
_ (ié(l,o)blﬁ[(i@) _ %@é(l,o)a/;l(l,o)dt _ %A(l,O)CvC(Ll,O) — 620 4 ié (1.0) (1,0
- %é(l’o)beabc/ﬁgl’l)dt) ne — %m@tfl(l’o) - ;matf(“ﬁ)} +O(r*In7), (D2a)
2m?h, P - - ; p
52 _ mrn 4 %mA(l’O)ﬁa + %mK(l’O)ﬁa . mHéi,o)ﬁb - %mzrlnr&lml . r{émAfll’l) _ % (1 O)C(l 0) » AP

+ mH( i ¢+ (%ebd( H()d )/D(1 b dt + €, CA(2 D)ff (11mA(1 1) +9m K(1 1))n + mZEanabC

+ (2m2Bye — dmILD )eufai + FmACI0 i, + (JROVKOO — LREO — Lo KO0 [4004t)7,

+ (iﬁy,o)cﬁéiﬁ) 178 m2Ey %ﬁéi,O) + %ﬁ((zi,O)X(l’O) _ éatﬁéi’o)//l(l’o)dOﬁb _ ématéél’o):|

+O(r*Inr). (D2b)
Here A(2 D is an unknown function of time that would be fixed by the ta component of the order-e?r matching
condltlon For the sake of visual clarity, I have omitted superscript 0’s and {’s. To accord with the notation of

Sec. in the above expressions all uppercase Latin tensors with n =1 (e.g., AQ O)) should have a left-superscript
0, and all those with n =2 (e.g., A0 ) should have a superscript T.

(

Appendix E: Supertranslations dition ([13]). This is a restriction on ordinary translations
x® — x® — T*(t). Yet “supertranslations” of the form

An interesting consequence of the calculation in Sec.[[V]
is that I only have to impose the worldline-preserving con-



% — 2 — Wb(t)a%, also generate mass dipole moments,
given by —%m‘i/“ (as compared to —mfa). We may have
surmised that first-order supertranslations, like ordinary
translations, would only be ruled out once we impose the
condition M® = 0. But in fact, they are found to be
zero simply from the transformation equation (85)). In
the same way, second-order supertranslations are ruled
out by Eq. alone.

Consider the first-order case for simplicity. A nonzero
supertranslation would be required in one particular sce-
nario: if the rest gauge were parity regular in the sense
of Gralla [39], and the target gauge were parity irreg-
ular, or vice versa. For example, this would be the

case if hl, = 2%t 4 O(r%) in the rest gauge and
2mdabtcabin’ +dapijrn'7*
Rl = = ptcanit Fhavisk — 4 O(10), for some Cqp; and

dabiji, in the tarfget gauge. But even in that situation,
the first-order metric would dictate the supertranslation.
No worldline-preserving condition would need to be im-
posed to constrain it.

On the other hand, if one were to transform away from
the rest gauge with no specified target gauge in mind,
then the supertranslation would be arbitrary. Consider
starting from the field and performing a transforma-
tion generated by &§ = Ui, plus an arbitrary smooth
vector. In the new gauge, the field’s leading behavior is

(2m + %\Ifmi)éab + %\I/(anb) — 4\I’i’flabi
T
+0(r?), (E1)

1 _
hab_
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with the ¢t and ta components unchanged at this order.
If we continue to define h}j‘l} according to Eq. in this
new gauge, then a short calculation shows that Eq.
is unchanged except for the addition of a term —%EM-\I!’
to the right-hand side. If we also impose the condition

M = 0 in this new gauge, then instead of T{""

have the relation T,(ll’o) = —%\i/a. Rearranging the new
version of Eq. to solve for f{ yields

=0, we

1 N N
fl= §aah§1 + Ohyt — 20, — 26,0, (E2)

a self-force that depends on the supertranslation in ad-
dition to the regular field. Since ¥, forms a part of the
singular field in this gauge, there is a sense in which the
self-force depends on both the singular and regular fields.
One might still be able to preserve the generalized equiv-
alence principle, but to do so, one would have to adopt a
less natural definition of h}}l} in this gauge [by adding ap-
propriate terms to 9, hi* " for example, and subtracting

them from A5}, meaning that in the expansion (26), hS!

nuvo nv

would include some of the smooth term rhf},j’il )ni].
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