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Abstract Much of the success of gravitational-wave astronomy rests on perturbation
theory. Historically, perturbative analysis of gravitational-wave sources has largely
focused on post-Newtonian theory. However, strong-field perturbation theory is es-
sential in many cases such as the quasinormal ringdown following the merger of
a binary system, tidally perturbed compact objects, and extreme-mass-ratio inspi-
rals. In this review, motivated primarily by small-mass-ratio binaries but not limited
to them, we provide an overview of essential methods in (i) black hole perturbation
theory, (ii) orbital mechanics in Kerr spacetime, and (iii) gravitational self-force the-
ory. Our treatment of black hole perturbation theory covers most common methods,
including the Teukolsky and Regge-Wheeler-Zerilli equations, methods of metric
reconstruction, and Lorenz-gauge formulations, casting them in a unified notation.
Our treatment of orbital mechanics covers quasi-Keplerian and action-angle descrip-
tions of bound geodesics and accelerated orbits, osculating geodesics, near-identity
averaging transformations, multiscale expansions, and orbital resonances. Our sum-
mary of self-force theory’s foundations is brief, covering the main ideas and results
of matched asymptotic expansions, local expansion methods, puncture schemes,
and point particle descriptions. We conclude by combining the above methods in
a multiscale expansion of the perturbative Einstein equations, leading to adiabatic
and post-adiabatic evolution and waveform-generation schemes. Our presentation
includes some new results but is intended primarily as a reference for practitioners.
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1 Introduction

Black hole perturbation theory has a long and rich history, dating back at least as far
as Regge and Wheeler’s study of odd-parity perturbations of Schwarzschild space-
time in the late 1950s [168]. This was followed up in 1970 by Zerilli’s study of
even-parity perturbations [214, ]. Soon afterwards, Vishveshwara [198] identi-
fied quasinormal modes in perturbations of Schwarzschild spacetime, Press [165]
studied the associated quasinormal mode frequencies, and Chandrasekhar and De-
tweiler [36] numerically computed the frequencies. Teukolsky’s success in deriving
decoupled and separable equations for perturbations of Kerr spacetime [188, ]
paved the way for similar progress in the Kerr case.

The idea of a self-force has an even longer history, having been studied by Dirac
in 1938 in his relativistic generalization of the Abraham—Lorentz self-force to the
context of an electric charge undergoing acceleration in flat spacetime [52]. In the
1960s this was extended by DeWitt and Brehme to the curved spacetime case [51].
The gravitational self-force acting on a point mass was studied in the late 1990s
by Mino, Sasaki and Tanaka [131] and by Quinn and Wald [167], leading to the
MiSaTaQuWa equation that is named after the authors of those first papers. Subse-
quent work has put gravitational self-force theory on a very strong theoretical foot-
ing [81, , ] and has extended the formalism to second order in perturbation
theory [172, 45, , 80].

The last 20 years have seen increasingly intense focus on the study of gravita-
tional self-force in perturbations of black hole spacetimes. This has been motivated
to a large extent by the European Space Agency’s LISA mission, which is sched-
uled for launch in the 2030s [115] and which will observe gravitational waves in
the millihertz frequency band. One of the key sources for LISA will be extreme-
mass-ratio inspirals (EMRIs), binary systems consisting of a compact solar-mass
object orbiting a massive black hole. The presence of a small parameter (the mass
ratio, which is expected to be in the region of 10~%) makes black hole perturbation
theory an ideal tool for the development of theoretical models of the gravitational
waveforms from EMRIs. Over the several year timescale that the LISA mission
is expected to run, the smaller body in an EMRI will execute ~ 10*-~10° intricate
orbits in the strong-field regime around the central black hole, acting as a precise
probe and enabling high-precision measurements of the black hole’s parameters,
tests of its Kerr nature, and tests of general relativity. Radiation reaction will cause
the orbit to significantly evolve and possibly plunge into the black hole in that time,
meaning that self-force effects will be important to include in waveform models. In-
deed, in order to extract the maximum information from the observation of EMRIs
by LISA it has been established that it will be necessary to incorporate information
at second order in perturbation theory by computing the second order gravitational
self-force [89, , 31]. Aside from EMRIs, gravitational self-force is also poten-
tially highly accurate for intermediate-mass-ratio inspirals (IMRIs) [123], in which
the mass ratio may be as large as ~ 10~2. This makes black hole perturbation theory
and self-force also relevant for the current generation of ground-based gravitational
wave detectors including LIGO [ ! 14], Virgo [197] and Kagra [103].
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There are already numerous reviews of these topics in the literature. The clas-
sic text by Chandrasekhar [35] provides a comprehensive introduction to black hole
physics, linear black hole perturbation theory, and geodesic motion in black hole
spacetimes. Ref. [ 1 78] reviews linear black hole perturbation theory with an empha-
sis on analytical post-Newtonian expansions of the perturbation equations. Ref. [19]
provides a thorough introduction to quasinormal modes of black holes. Ref. [11]
offers a broad introduction to self-force calculations for non-experts, including a

survey of concrete physical results through 2018. Refs. [149, ] cover the foun-
dations of self-force theory, and Ref. [86] provides a complementary view of the
foundations from a fully nonlinear perspective. Finally, Refs. [6, ] provide de-

tailed introductions to methods of computing the self-force.

Our aim is to complement rather than reiterate these existing reviews. We keep
our description of self-force theory brief, only summarizing the key ideas and meth-
ods, and we forgo a survey of physical results. Instead, we focus on detailing the
main perturbative methods required to model waveforms from small-mass-ratio bi-
naries, leading ultimately to a multiscale expansion of the Einstein equations with
a small-body source. At the same time, we keep much of the material sufficiently
general to apply to other scenarios of interest.

Our aim is also not to provide detailed descriptions of the numerical approaches
to solving the many equations detailed in this review. Open source codes implement-
ing state-of-the-art numerical algorithms for solving the equations of black hole
perturbation theory and self-force are available through the Black Hole Perturbation
Toolkit [24]. The Black Hole Perturbation Toolkit also acts as a repository for col-
lating data (typically in the form of numerical tables or analytical post-Newtonian
series expansions) produced by the research community.

Our review is divided into three distinct parts. Sections 2 and 3 briefly introduce
relevant background material on perturbation theory in general relativity and the
Kerr spacetime. Sections 4, 5, and 6 review three disjoint topics: black hole pertur-
bation theory; geodesics and accelerated orbits in Kerr spacetime; and the founda-
tions of the “local problem” in self-force theory. These three sections are written
to be largely independent of one another, and they can be read in any order. Fi-
nally, in Section 7 we bring together all three topics in a description of black hole
perturbation theory with a (skeletal) small-body source, focusing on the multiscale
formulation and the waveform-generation scheme that comes along with it.

2 Perturbation theory in General Relativity

The overarching framework for our review is perturbation theory in general relativ-
ity. In self-force calculations, this is typically applied to the specific case of a small
object in the spacetime of a Kerr black hole, and in much of the review we specialize
to that scenario. But to allow for generality in some sections, we first consider the
more generic case of smooth perturbations of an arbitrary vacuum spacetime. We
assume the metric can be expanded in powers of a small parameter &,



ot = gy + ehyly + 2hiy + O(), ()
where g,y is a vacuum metric, and that the stress-energy can be similarly expanded
as
Ty = €T\ + €740 + 0(e?). @)
For later convenience, we define the total metric perturbation s,y = Y,<0 e"hffa.
We also warn the reader that we will later treat € as a formal counting parameter
that can be set equal to 1.

To expand the Einstein equations Gy [g + h] = 8T}y in powers of €, we first
note that the Einstein tensor of a metric g,y + /v can be expanded in powers of the
exact perturbation hyy: Guy(g+h] = Guvg] + GS‘Z [A] + GL23 [h,h] + O(|h|?). The
quantities GL”‘} are easily obtained from the exact Riemann tensor (see, e.g., Ch. 7.5
of Ref. [201]). For a vacuum background, the first two terms are

G/(,tl\z[h] = (guagvﬁ - %guvgaﬁ> RSZ}: (3)
Gilza[hah] = (&iagvﬁ - %guvgaﬁ) Rgng _% (h,uvgaﬁ _guvhaﬁ) RS/;7 4)

where the linear and quadratic terms in the Ricci tensor are

1 I
RO = —% (Dhap +2Ra" g huy — 2hy(a™p)) ©
2 ; h

REx[)i [h,h] = %h"v;ahuv;ﬁ + %huﬁ’v (hua;v - hva;/.t) - %h“v;v (Zhu(a;ﬁ) - ho‘ﬁ;“)

— 3" (Zhu(a:ﬁ)v ~hapuy —huvap) ©

Here we have defined the trace-reversed perturbation i_zuv =hyy— % 8uv go‘ﬁ he, B and
the d’Alembertian [J := g"VV,,V,,. A semicolon and V both denote the covariant
derivative compatible with g;y.

So, substituting the expansions (1) and (2) into the Einstein equations and equat-
ing powers of €, we obtain

GivlhV] = 82T, ™
G A = 8aT) — G AW AV, ®)

This perturbative expansion comes with the freedom to perform gauge transfor-
mations

Iyt — hiy + £, 8uv, ©
2 2 1
hity = hipy + £z, guv + 1€ 8uv +£e, B, (10)

where £¢ is a Lie derivative, and 5(‘2) are freely chosen vector fields. In self-force
theory, this freedom is commonly used to impose the Lorenz gauge condition,



Vo h® =0, an

in which case the linearized Einstein tensor simplifies to
G = -1 (Diz +2R, PR ) 12
pvltl =73 v wov Rap |- (12)

A perturbed metric will come hand in hand with a perturbed equation of motion
for objects in the spacetime:

D7 T 3

Here z#(7) is a perturbed worldline, 7 is its proper time as measured in the back-
2. U v o .. . . .
ZTZZ = ’%Vv ‘% := at is its covariant acceleration with respect to gy,

and f(’; ) is the nth-order covariant force (per unit mass) driving the acceleration. In

ground gy,

our review, we will consider the general case including a zeroth-order force, but we
will focus primarily on cases with f{é) = 0. The forces f(’:l ) will arise from (parts

of) the metric perturbations hg@ as well as from coupling of g,y to the matter that

creates those perturbations.

Here we have limited the treatment to first- and second-order perturbations,
which are expected to be necessary and sufficient for modelling small-mass-ratio
binaries. In some sections we will restrict the context to first, linearized order.

3 Isolated, stationary black hole spacetimes

In most of our review, we take the background spacetime to be that of an isolated,
stationary black hole. In this section we provide an overview of the properties of
these spacetimes.

3.1 Metric

The Schwarzschild spacetime is a static, spherically symmetric solution of the vac-
uum Einstein equations representing a non-rotating black hole with mass M. It has
a line element given by

ds* = —f(r)dr* + f(r)”'dr* + 17 (d6” +sin® 6d9?), (14

where f(r) :=1— 27M The Schwarzschild spacetime may be generalized to allow
the black hole to have a charge per unit mass, Q, resulting in the Reissner-Nordstrém

solution of the Einstein-Maxwell equations, with line element



oM QP v g2\
ds2:—<1—r+%>dt2+(1—r+%> dr* +1r*(d6* +sin? 0d¢?).

5)
The spacetime of a spinning black hole is given by the Kerr metric with angular
momentum per unit mass a. In Boyer-Lindquist coordinates, its line-element is

2M 4aMrsin® 0 b3
ds? = — |1- 220 a2 - TN Y rdg o+ 2 an
b3 A
2Mr(r2+a2)
+7

Tdo’+ |A
+ + 5

sin? 0d¢>, (16)

where X :=r2 +a?cos’ 0 and A := 1> —2Mr+a* = (r—ry)(r—r_) with ry :=
M + V/M? — a2 the locations of the inner and outer horizons. As was the case
with Schwarzschild spacetime, the Kerr spacetime may be generalized to allow the
black hole to have a charge per unit mass, Q, giving the Kerr-Newman solution of
the Einstein-Maxwell equations. In Boyer-Lindquist coordinates, the Kerr-Newman
metric is:

dr?

drtd¢ +

ds? = — 11— M dr? — 2(2Mr—Q2)asin29
z z

(2Mr — 02)(@+ )
X

A+Q?

+Xdo*+ [A+Q2+ sin?0d¢?.  (17)

In astrophysical scenarios, a charged black hole will quickly be neutralized. For
that reason, in later sections we will restrict our attention to the Kerr spacetime. We
will also later use Q to denote the Carter constant, associated with the Kerr metric’s
third, hidden symmetry discussed below. However, we include the charged black
hole metrics here for completeness.

3.2 Null tetrads

The black hole spacetimes above are all of Petrov type D and thus have two non-
degenerate principal null directions. This gives us a natural way to define a complex
null tetrad by having two of the tetrad legs aligned with the principal null directions.
Choosing [* := eE"l) to align with the outward null direction and n% := ef}, to align
with the inward null direction, there is still residual freedom in the choice of scaling
of each tetrad leg, and also in the relative orientation of the remaining two tetrad
legs, m* := e%) and m%* := e&). The two most common choices in Kerr spacetime

are Carter’s canonical tetrad [34]",

! Carter’s original tetrad had interchanged /* <+ n* and m* + /a#. Carter also worked in different
coordinates (f =t —a@,r,q = acos6,¢ = ¢ /a) which more fully reflect the inherent symmetries



1 1
o — ZAE[r2+a2,A7O,a}, n% = 2A2[r2+a2,—A,07a],

1 i 1 i
o _ o S0 —igsi _
m —\/i[zasme,o,l,sine}, m \/ﬁ[ iasin6,0,1, sine}’ (18)

and the Kinnersley tetrad [108], which is related to Carter’s canonical tetrad by

a simple rescaling: (% = /& 1%, n® = /2= n%, m* = \%m% and m%* = %m%,
where
{:=r—iacos0 (19)

is an important quantity that we will encounter again later (note that £ = {). The
Carter tetrad transforms as [ <> —n, m <> m under {¢,¢} — {—7,—¢}. Although
the Kinnersley tetrad formed a crucial part of Teukolsky’s separability result for
perturbations of the Weyl tensor [188] it has two unfortunate features that make
it less than ideal for elucidating the symmetric structure of Kerr spacetime: (i) it
violates the {¢,¢} — {—t,—¢} symmetry; and (ii) it destroys a symmetry in {r, 6 }.
Carter’s canonical tetrad does not suffer from either of these deficiencies and is
slightly preferable from that point of view. Note, however, that all of the results that
follow can be derived using either tetrad.

3.3 Symmetries

Much of the success in studying Kerr spacetime has arisen from the inherent sym-
metries it possesses. Two of these are associated with the existence of two Killing
vectors, % and n%, which satisfy Killing’s equation,’

Eap) = 0= T(ap): (20)
In Kerr spacetime these are related to the timelike and axial symmetries,

% =80, 0% =8¢ =a(5§ +ad?). @

The spacetime also admits a conformal Killing-Yano tensor,

fap = (§+Onglg — (§ = E)mygmp), (22)

which satisfies
Ja(py) = 8BySa — 8a(pSy)- (23)

of Kerr. We deviate from that here and keep with the convention of having [* point outwards and
working in the more common Boyer-Lindquist coordinates.

2 Note that the Killing vector o5 = én“ —ad” is often used in place of N* when working in
Boyer-Lindquist coordinates.
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Here, we have introduced the Killing spinor coefficient, {, which we previously
encountered as a coordinate expression in Sec. 3.2. Its appearance here can be con-
sidered more fundamental, and does not depend on any particular coordinate choice.
The divergence of this conformal Killing-Yano tensor is a Killing vector,

Eu =L fup?P, (24)

and its Hodge dual,

*fap = 3€ap™ fys = i(5 — O)niglgy — i(§ + E)imygmp), (25)

is a Killing-Yano tensor satisfying

*fa(Biy) = 0- (26)

The products of these Killing-Yano tensors generate two conformal Killing tensors,

Kap = farfp" = 3(§+ O nialp) — 5(§ = §)inggmp). @7
Izaﬁ = foy* f7 = 3i(5* = E%) (n(olp) + miamp)), (28)

which satisfy
Kiap = 8epKys Kiapiy = 8apKy, (29)

* * *
where Ko = é(ZKﬁa;ﬁ JrKﬁﬁ;a) and Ko = é(ZKBa;ﬁ +Kﬁﬁ;a). They also generate
a Killing tensor,

*x

Kap ="fay" fp" = =5(§ = E)*nalp) + 3 (C + 0)*inggmp), 30)
satisfying
K(ap:y =0 Gh

This Killing tensor gives a relationship between the two Killing vectors,

n% = K&, 32)

4 Black hole perturbation theory

We now consider perturbations of the isolated black hole spacetimes. We de-
scribe, in a unified notation, how to calculate metric perturbations in the most
commonly used gauges: radiation gauges, Regge-Wheeler-Zerilli gauges, and the
Lorenz gauge. Our focus is particularly on reconstruction methods, in which most
or all of the metric perturbation is reconstructed from decoupled scalar variables.
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Since the left-hand sides of the perturbative Einstein equations (7) and (8) are
the same at every order, we specialize to the first-order case. We refer the reader
to Refs. [32, 30] for general discussions of second-order perturbation theory in
Schwarzschild and Kerr spacetimes.

4.1 The Teukolsky formalism and radiation gauge

Teukolsky [ 88] showed that the equations governing perturbations of rotating black
hole spacetimes can be recast into a form where they are given by decoupled equa-
tions. These equations further have the remarkable property of being separable, re-
ducing the problem to the solution of a set of uncoupled ordinary differential equa-
tions. In the case of metric perturbations, Teukolsky’s results yield solutions for the
spin-weight £2 components of the perturbed Weyl tensor, but do not give a method
for obtaining a corresponding metric perturbation. Subsequent results (and their
equivalents for electromagnetic perturbations) [37, s s s s ,82,91]
derived a method for reconstructing a metric perturbation from a Hertz potential,
which in turn can be obtained from the spin-weight £2 components of the Weyl
tensor.

4.1.1 Geroch-Held-Penrose formalism

Our exposition makes use of the formalism of Geroch, Held and Penrose (GHP)
[77], which is a simplified and more explicitly covariant version of the Newman-
Penrose (NP) [133] formalism originally used by Teukolsky. Here we provide a
concise review of the key features of the formalism needed to understand metric
perturbations of black hole spacetimes; see Refs. [166, 4, ] for more thorough
treatments.

The GHP formalism prioritises the concepts of spin- and boost-weights; within
the formalism, everything has a well-defined type {p, g}, which is related to its spin-
weight s = (p — ¢)/2 and its boost-weight b = (p + ¢) /2. Only objects of the same
type can be added together, providing a useful consistency check on any equations.
Multiplication of two quantities yields a resulting object with type given by the sum
of the types of its constituents.

We first introduce a null tetrad {e?‘a)} = {I%n% m* m*} with normalisation

1% = —1, m%ig =1, (33)

and with all other inner products vanishing. In terms of the tetrad vectors, the metric
may be written as
8ap = ~2l(anp) + 2m(arlp). 34

There are three discrete transformations that reflect the inherent symmetry in the
GHP formalism, corresponding to simultaneous interchange of the tetrad vectors:
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1. "2 1%+ n® and m* < m*, {p,q} = {—p,—q};
2. m* o m% {p.q} > {q,p}
3. % 1% > m*, n%* - —m% m* - —I1% m* — n%.

We next introduce the spin coefficients, defined to be the 12 directional derivatives
of the tetrad vectors. Of these, the 8 with well-defined GHP type are

K=—"m"Vyuly, o=—-mtm"Vyl,, p=—-m'm"Vyl,, t=—-n*m"V,l,,
(35)

along with their primed variants, ¥/, 6/, p’ and 7’. These have GHP type given by

k:{3,1}, o:{3,-1}, p:{1,1}, =:{1,—1}.

The remaining 4 spin coefficients are used to define the GHP derivative operators
(that depend on the GHP type of the object on which they are acting),
P := (I*Vq — pe —q&), P’ := (n*Vy + pe' +q&),
d:=(m"Vo—pB+4qB'), 3 :=(m"Vo-+pB'—aqp), (36)
where
B = %(m“mvvumv —mtn'Vly), £= %(l“mvvymv —Hn¥Vuly),  (37)

along with their primed variants, B’ and €’. These spin coefficients have no well-
defined GHP type and never appear explicitly in covariant equations. The action of
a GHP derivative causes the type to change by an amount {p,q} — {p+r,g+s}
where {r,s} for each of the operators is given by

b:{1,1}, P':{-1,—-1}, &:{1,-1}, & :{-1,1}.

In this sense we interpret P and P’ as boost raising and lowering operators, respec-
tively, while we interpret & and &' as spin raising and lowering operators, respec-
tively. The adjoints of the GHP operators are given by

pli=—(P-p-p), PTi=—(P'—p'-p),
O :=—@-1-7), 3":=—0-7-7), (38)
or, alternatively,
D' =—(BB) (W), De (PP 3,0} (39)

In vacuum spacetimes, the only non-zero components of the Riemann tensor are
given by the tetrad components of the Weyl tensor, which can be represented by five
complex Weyl scalars,
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¥ = Cimim: Y1 = Ciim, Yo = Cimimn, V5 = Ciwin, s = Com,  (40)
with types inherited from the tetrad vectors that appear in their definition,
¥ :{4,0}, ¥ :{2,0}, ¥%:{0,0}, ¥:{-2,0}, ¥ :{-4,0}.

Many of the results that follow will be specialised to type-D spacetimes with
[* and n* aligned to the two principal null directions, in which case the Goldberg-
Sachs theorem implies that 4 of the of the spin coefficients vanish,

K=Kk =0=0 =0, 41)
and also that most of the Weyl scalars vanish
H=t=%="=0. (42)

The GHP equations give relations between the Weyl scalars and the directional
derivatives of the spin coefficients. For type-D spacetimes they are given by

bp =p?, Pt=p(1-7),
3t =17, dp =1(p—p),
Pp=pp —17 ¥+, (43)

along with the Bianchi identity,
P¥ =3p%¥, 3V =31¥, (44)

and the conjugate, prime, and prime conjugate of these equations. Similarly the
commutator of any pair of directional derivatives can be written in terms of a linear
combination of spin coefficients multiplying single directional derivatives. Again
for type-D, they are given by

[P, P =(T-1)0+(t—7)d — p(¥ —17) —q(P — 77, (452)
[P,d] =pd—TP+¢pT, (45b)
0,01=(p'—p")P+(p—p)P' + p(B+pp') —q(pp' +), (45¢)

along with the conjugate, prime, and prime conjugate of these.

*k
If we further restrict to spacetimes that admit a Killing tensor, K, B> the associated
symmetries lead to additional identities relating the spin coefficients,

71/3 yl/3
oot T M'BY

¢

—_ —_ - - - 9 (46)
/ / 1/3 \5,1/3
p T T MY lpz/ ¢

kel



14

for some complex function M that is annihilated by P .3 Here, we have used the fact
that the Killing spinor coefficient is related to ¥5 by

E=-—M"Py (47)

These identities can be used along with the GHP equations to obtain a complemen-
tary set of identities,

bt =2p7 =8, (48a)
Iy l o = _1 _é—
Pp=pp'+7(c—7)— 5% ZC%’ (48b)
1 o
6’Tff’+p(p’ﬁ’)+2%2%%, (48c)

along with the conjugate, prime, and prime conjugate of these equations. A conse-
quence of these additional relations is that there is an operator

£ =—C(—p'P+pP +70-10)-Low 100, (49)
associated with the Killing vector
E¥= L (—p'1% +pn®* + T'm* — tm®). (50)
There is a second operator
£y =—5[(C-02(p'P—pP) = (+ 0P (D— 1) +pnhi +qnhn (51
where
nhi = g0+ )W — 1B+ 3pp () +3e0 P (C+E). (52
This is associated with the second Killing vector
N =—5[( =07 (1" —pn®) ~(C+ P (Im® —m®)].  (53)

Both £ and £, commute with all of the GHP operators and annihilate all of the spin
coefficients and ¥.

4.1.2 Teukolsky equations
We now consider perturbations of vacuum type-D spacetimes. Teukolsky [188]

showed that the perturbations to ¥ and ¥ (which we will denote by v and yy) are
gauge invariant and satisfy decoupled and fully separable second order equations.

3 In the case of Kerr spacetime, M is the mass of the spacetime as one might anticipate.
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These perturbations may be written in GHP form as
Chmnnlh] = Tah, (54)

1
llf() = Cl<m>lm h = %h7 II/4 nmnm

(7]

where the operators .77 are given by

Toh= 3 [©~ )@~ )+ (P~ p)(P—p)
(55a)

— (P p)@—27) + B~ ¥)(P—20)) )|

Tih= 1 [(6’ (D — Bl + (B — §') (P — )
—((P'=p") (@ —27) + (8 = 7)(P" —2p)) hu (55b)
We will later also need the adjoints of these, which are given by
(75 %) = 5 [lal @~ 1)@~ 1) + mamg (P — p)(P —p)
lomp) (B —T+7)(P—p)+(P—p+p)(d r))}lp, (56a)
!

(T W)ap = 5 [nanp (3~ )@ — ) + g (B — p') (B~ p')
(amﬁ>((6'—f’+f)(l°'—p’)+(P’—p’+ﬁ’)(6’—f’))}‘f’~ (56b)

The scalars yy and y; satisfy the Teukolsky equations
ﬁl]lo = SﬂyoT, ﬁ)/l[l4 = 8717«5”47", &)

where
) 4 [(6s—2) —as’] s
(58)

— (P—25p—p)(P' —p')— (d-257—7) (3
is the spin-weight s Teukolsky operator.” The decoupling operators
ST =10-7—41)[(P-2p —(0-17)1]

+3(P—4p—p)[(d- ) ~ (P~ p)Tm], (592)
SZVIER G = 41)[( 2p")T; ->—(6 — 1) T
+3(P'—4p"—p )[(6 —Zf)nn@—(P’—ﬁ’)TmL

(59b)

o8ty and Oy = 1O .
]) define & to be the operator with s = +2. Then, the operator for the

4 Note that 0" yy =

3 Some authors (e.g. [
negative s fields is its adjoint &'



16

allow the sources for the Teukolsky equations to be constructed from the stress-
energy tensor. We will later also need the adjoints of these, which are given by
(S5 W)ap = —alg(®— 1) +30)¥ — Lmamy (P — p)(P+3p)¥
+ 31qmg) [(P—p+p)(B+37)+ (B—1+T)(P+3p)]¥, (60a)
(S4P)ap = —Lnang(d — ) (@ +370)¥ — Liniging (P' — p') (P’ +3p")¥

+ (g [(P = p'+p) (8 +37) + (8" — 7'+ 7) (P’ +3p")|¥
(60b)

Introducing the index-free linearised Einstein operator (£h)qp := Ggg [h], we
see that Teukolsky’s result for decoupling the equations are a consequence of the
operator identities

SE =0%, S =0, 61)

In vacuum Kerr-NUT spacetimes, the Teukolsky operator may be written in man-
ifestly separable form by rewriting it in terms of the commuting operators [4]

= N N 2b—1 =
R = (P —p—p)(P =20p") + —— (L + 0L, (62)
and
z =1\ x/ / 25—1 z
§:=8L0@—1—-7)(0 —2s7") + (§—0)te. (63)
Then, Teukolsky operator is given by
(Eo=%-8. (64)

The symmetry operators satisfy the commutation relations [9%,8} = 0 when act-
ing on a type {p,0} object. We will see later that when written as a coordinate
expression in Boyer-Lindquist coordinates in Kerr spacetime the operators R and
§ reduce to the radial Teukolsky and spin-weighted spheroidal operators (with a
common eigenvalue).

4.1.3 Teukolsky-Starobinsky identities

In regions where they satisfy the homogeneous Teukolsky equations, the scalars yy
and yy are not independent. Instead, they are related by the Teukolsky-Starobinsky
identities, which are given in GHP form by

D¢ty = 8" ¢ty — 3M£: (65a)
PGy = 8% yu + 3M£: i, (65b)
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where we recall that M = —{3y». From these, we can also derive eighth-order
Teukolsky-Starobinsky identities that do not mix the scalars

PPty = 0140 o — IMP £ v, (66a)
PPty = 314y — oM Ly (66b)

4.1.4 Reconstruction of a metric perturbation in radiation gauge

Solutions of the Teukolsky equations can be related back to solutions for the metric
perturbation haﬁ by use of a Hertz potential [200, 37, s s ]. In fact, there

are two different Hertz potentials: yRG

the ingoing radiation gauge; and yORC
outgoing radiation gauge.

In the ingoing radiation gauge (IRG), the metric perturbation may be recon-
structed by applying a second-order differential operator to a scalar Hertz potential
WRG of type {—4,0} (i.e. the same type as yy). In terms of this Hertz potential, the

IRG metric perturbation is given explicitly by

, which produces a metric perturbation in
, which produces a metric perturbation in the

Hag = 2R [(A W) ap]- (67)

where YOT is the operator given in Eq. (60a). The IRG Hertz potential satisfies
OyRS = RS, where n'RC satisfies 2R (7, n'RG) 45 = 87T,p. In other words,
yRG ig a solution of the equation satisfied by {*yy (equivalently, the adjoint of the
equation satisfied by yp), but with a different source.

The IRG Hertz potential manifestly satisfies the gauge conditions [*/,5 = 0 and
h =0 and it necessarily requires that (€h'®RS);, = 0 = T;;. Computing the perturbed
Weyl scalars from it, we find

1 -
Yo = 4 PHymRa (682)
L y—me 3 . ._
v = ZL6/4WIRG_ ZMC 4£‘: I[IIRG,
1
+ 6708 20 e —2(d T —plp — ) . (68b)

The IRG Hertz potential may therefore be obtained either by solving the sourced
(adjoint) Teukolsky equation or by solving either of the fourth-order equations
sourced by the perturbed Weyl scalars. The equations involving yy and y; are often
referred to as the “radial” and “angular” inversion equations, respectively. Acting on
the perturbed Weyl scalars with the Teukolsky operator and commuting operators,
we find
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Oy = %(P —p—p)*nRG (692)
Oy = %(6' — 7 —7)*nIRG %MC*4£5111RG7
+%ﬁ’ [§’26C2+2§"£5 —2(r’r—p’p—%)}nIRG. (69b)

Thus, in regions where the Hertz potential satisfies the homogenous equation
Oy™G = the second line of Eq. (68b) vanishes and the perturbed Weyl scalars
satisfy the homogeneous Teukolsky equations.

A similar procedure also works in the outgoing radiation gauge (ORG), the prime
of the IRG. There, we have®

hggG =2R[(L vORY) 4], (70)

where the ORG Hertz potential, wORY, is of type {4,0} (i.e. the same as y). The
ORG Hertz potential satisfies &’ yORG = nORG where nORC satisfies ZW(Z-{'nORG)aB =
87Ty In other words, wORG s a solution of the equation satisfied by £* g (equiv-
alently, the adjoint of the equation satisfied by yu), but with a different source.

The ORG Hertz potential manifestly satisfies the gauge conditions n%hgg = 0
and h = 0, and it necessarily requires that (& hIRG),m = 0 = T, Computing the
perturbed Weyl scalars from it, we find

. 4—ne 3., .
W02164W0RG+ZM§ 4£§WORG

1 _ _
+5 o2 e (T plp - w) [0 (1w
v = %p"‘wORG, (71b)

The ORG Hertz potential may therefore be obtained either by solving the sourced
(adjoint) Teukolsky equation or by solving either of the fourth-order equations
sourced by the perturbed Weyl scalars. The equations involving yy and yy are often
referred to as the “angular” and “radial” inversion equations, respectively. Acting on
the perturbed Weyl scalars with the Teukolsky operator and commuting operators,
we find

Oy = %(6 — 17— 7')*nORG %MC—“fénORG
1
+50(820¢72 207 —2(Te—p'p — ) | OC (72a)

0wy = %(P’ —p'—p')*nORG. (72b)

6 Some authors [124] define a slightly different ORG Hertz potential related to the one here by

WYORG — ¢—4yORG apq (5;’47)05/3 = (5”4;r 4 4)a,3. Both conventions yield the same metric perturba-

tion, (leIAfORG)a[} _ (yIWORG)aﬁ)
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Thus, in regions where the Hertz potential satisfies the homogenous equation
0"yORG = ( the second line of Eq. (71a) vanishes and the perturbed Weyl scalars
satisfy the homogeneous Teukolsky equations.

As with the Weyl scalars, the IRG and ORG Hertz potentials are not independent
in the homogeneous case. By demanding that they produce the same yp and Yy we

obtain Teukolsky-Starobinsky identities relating them,

p4 lI,IRG _ 6/4 lVORG + 3W (73)
I)/4 II/ORG — 64 lIIIRG _ 3W (74)

The fact that the Hertz potentials yield solutions of the homogeneous linearised
Einstein equations was succinctly summarised by Wald [200] using the method of
adjoints: since the operators satisfy the identity .”& = .7, by taking the adjoint
and using the fact that & is self-adjoint we find that &7 = 77607 so we have a
homogeneous solution of the linearised Einstein equations provided the Hertz po-
tential satisfies the (adjoint) homogeneous Teukolsky equation.

Finally, we note that in addition to imposing conditions on the stress-energy, the
standard radiation gauge reconstruction procedure fails to reproduce certain “com-
pletion” portions of the metric perturbation associated with small shifts in the central
mass and angular momentum, and gauge. A more generally valid metric perturba-
tion may be obtained by supplementing the reconstructed piece described here with
completion pieces and with a “corrector” tensor x4 that is designed to eliminated
any restrictions on the stress-energy,

haﬁ = 29{(5/*‘{’)0‘[3 +Xop +8ap+ (£Xg)aﬁ- (75)

The interested reader may refer to [200, , 37] for the original derivations of the
reconstruction procedure, to [8] for an analysis of the sourced equation satisfied by
the Hertz potential, to [125, 43] for details of metric completion, and to [82, 91] for
a thorough explanation of the corrector tensor approach.

4.1.5 Gravitational waves

In order to determine gravitational wave strain, we require the metric perturbation
far from the source. If we consider the metric perturbation reconstructed in radiation
gauge, then to leading order in a large-distance expansion from the source the com-
ponents A, and h;; dominate, with both falling of as (distance)_l. It is common
to write these in terms of the two gravitational wave polarizations,

B = hs +ihy, B = s — ihy. (76)

Furthermore, at large radius the operator .7 of Eq. (55b) reduces to a second deriva-
tive along the [* null direction, leading to a simple relationship between yy and the
second time derivative of the strain,
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1..
Yy ~ _Eh'm' )

This gives us a straightforward way to determine the strain by computing two time
integrals of yy. Further mathematical details on the relationship between yy and

outgoing gravitational radiation are given in Refs. [ 133, 134, 186], on the equivalent
relationship between yp and incoming radiation are given in Ref. [202], and on
numerical implementation considerations in Refs. [169, ].

4.1.6 GHP formalism in Kerr spacetime

We now give explicit expressions for the various quantities defined in the previous
sections specialized to Kerr spacetime. The spin coefficients are tetrad dependent.
When working with the Carter tetrad, the non-zero spin coefficients have a particu-
larly symmetric form given by

=LA r— g —_lasinb
pP==P="%\2x £V2r
B_p - _iafircos@ == Mr—ad* 7ia(}’fM)COSG’ (78)
{ 2sin6v2% 26V2ZA
while for the Kinnersley tetrad they are given by
p 1 ol A . iasin @ < iasin @
K — — %> = T ohz> K= —"""—"—"F7=_%> = TV
&g vacl v
cotO , cot@  iasinf , A r—m
= —, =—————, &=0, &=—=-— —. (79
=y P Tam e T ST
The commuting GHP operators have the same form in both tetrads,
£e =0, £n=a"0+ad,. (80)

4.1.7 Mode decomposed equations in Kerr spacetime

In additional to decoupling the equations, Teukolsky further showed that the Teukol-
sky equations are fully separable using a mode ansatz. The specific form of the
ansatz depends on the choice of null tetrad. Teukolsky worked with the Kinnersley
tetrad [108], in which case the Teukolsky equations are separable using the ansatz’

7 A similar separability result also holds when working with the Carter tetrad by replacing the left
hand sides as follows:

Yo — C2A71W07 §4IV4 — CZAIIM, (y()T) — C2A71(y()T)7 C4(._74T) — CzA(y4T).



21

o o/ ‘
vo = / Y Y Wima(r)2Sim (6,0;:a0)e @ do, @81)
—U=2m=—1
oo 0 4
Chyy = / Y Y oWimolr) 2Sim (8, 0:a0)e @ da, (82)
—®Y=2m=—1

with the functions W, o (r) and ;Sp, (0, 9; a®) satisfying the spin-weighted spheroidal
harmonic and Teukolsky radial equations, respectively,

A4\, 2o (mEsy)? _
[dx ((1 x )dx> +a oy T 2as0) +s+A|Spm =0,  (83)

and

. d d K> —2is(r—M)K .
|:A Sdr<As+1dr>+ i ) +415wr‘ylfm:|sl//2mwx’r€mwa (84)

where x :=cos 0, A 1= sAppm +2amo — a*@? and K := (r2 —|—a2)a) — am, and where
the eigenvalue Ay, depends on the value of a®. As with the standard spherical har-

monics, the dependence of the spin-weighted spheroidal harmonics on the azimuthal
coordinate is exclusively through an overall complex exponential factor,

St (6,03a0) = St (8,0:a0)e™?. (85)
The spin-weighted spheroidal harmonics satisfy the symmetry identities

Sem (8,0;a0) = (—1)F™ _Sp (1 —6,9;a0), (86a)
Stm (0,0;a0) = (=18, (1—6,¢;—ao) (86b)

which can be combined to obtain the useful identity
Sem (8,0;a0) = (—1)" " S, (6,0:—aw), (87)

which relates an (s,¢,7,a®) harmonic to the conjugate of an (—s,{,—m,—a®)
harmonic. Similarly, the eigenvalue satisfies the identities

slfm (a(l)) = 7SA€m (aCO) —2s, (88a)
shem (a0) = Ay, (—aw) (88b)

which can be combined to obtain
sAtm (a®) = _Ay_p (—aw) — 2s. (89)

The sources for the radial Teukolsky equation are defined by

The factors of A here are not required for separability, but are included so that the radial functions
are consistent with Teukolsky’s original radial functions.
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Sn(ﬂonz—— Z Z 2Trma(r)2Sim (6, 9:aw)e™'do,  (90a)
—U=2m

st (AT =55 [ ¥ Z ~2Timo(r)-2Sim (6. gia@)e "*'da. G0
CA=2m=

Finally, when acting on a single mode of the mode-decomposed Weyl scalars the
symmetry operators yield

1 1 7
S¥o=—5pkem Vo, RYo = —Fpbem Yo+ EEAT,

1 1 7
'Y= 2 dem Y, R'Ya= Ao Vs +EE, On

where | At o = sArme + 5| + 5 is independent of the sign of 5.8

Solutions to the radial Teukolsky equation may be written in terms of a pair of
homogeneous mode basis functions chosen according to their asymptotic behavior
at the four null boundaries to the spacetime. For radiative (@ # 0) modes, the four
common choices are denoted

e “in”: representing waves coming in from .# ~ then partially falling into the hori-
zon and partially scattering back out to .#; these modes are purely ingoing into
the horizon;

e “‘up”: representing waves coming up from .7~ then partially travelling out to
# 7T and partially scattering back into #*; these modes are purely outgoing at
infinity;

 “out”: representing waves coming from .# ~ and .~ then travelling out to .# *;
these modes are purely outgoing from the horizon;

* “down”: representing waves coming from .# ~ and ¢~ then travelling down to
A these modes are purely incoming at infinity;

These have asymptotic behaviour given by

R ( ) { 0 + Rlé[;rtbrz)nsAfy —ikry r—ry (92 )
tmao\l) ™ inref | —1-25 ,+icr mn.inc, —1 ,—ior, a
Ry o et + R T 7 — o
up inc e tikr + ngnrz)fAﬂeﬂkr* r—ry (92b)
éma) Efnﬁaf;m 71 2s ptiore 4 0 7 — oo
ot { Roul trans ,tikr, + 0 rosry 020
éma) ~ outmc 71 25 ,+ior, out,ref 1 p—ir.
R T e + R, T e 7 — o0
down,ref tikr, down,inc 4 — ok
dOWn ~ Rzmw —H T+ R/mw A tKr: r—ry (92d)
éma) 0 + R?;\:/:)transrf] —iors F—> o0

8 This is distinct from Chandrasekhar’s eigenvalue which is given in Eq. (104).
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“ncup”. ¢

Fig. 1 Left to right: boundary conditions satisfied by the up”, “out” and “down” solutions.

where k := @ —mQ,; with Q, = ﬁ the angular velocity of the horizon, and

rr,

with k4 = %Jr the surface gravity on
2(ri+a?)

the outer/inner horizon. This behav10ur is depicted graphically in Fig. 1.
Inhomogeneous solutions of the radial Teukolsky equation can then be written in
terms of a linear combination of the basis functions,

where 7, ::r—|—ilnr Tt —|—2K In

2'~Vémw(r) = 2C}2nw(r)2Rilgnw(r) +2C?Smw(r) lel'fnw(r) 93)
—ZWme(r) = —2Cé2nw(r>—2Ri€r‘]mw(r) + —2C;1pna)( ) 2R€mw< ) (94)

where the weighting coefficients are determined by variation of parameters,

* SRlélfna)(r/) ! /
CEm(o( )= WsTimw(” )ar', (95a)
s }’I}nw(r/) / /
Crma(r) = Wﬂ?mw(’” )dr', (95b)
. r+

: up up . .
with W(r) SR (MR ()] — RE ()0 [sRE, ,(r)] the Wronskian [in
practice, it is convenient to use the fact that AS*!W (r) = const].

If one computes the “in” and “up” mode functions with normalisation such that
transmission coefficients are unity, R Rinuans o RUPIANS epon the gravitational

. ° . Imo {mo :
wave strain can be determined directly from vy using Eq. (77) to give

é C )
lim r(hy —ihy ) =2 / —mo g, .(0,0;a0)e """ dw, (96)
r—yo0 oo ?
é 2m——é

where the weighting coefficient ,2C;£® o 18 to be evaluated in the limit r — oo.
Similarly, the time averaged flux of energy carried by gravitational waves’ passing
through infinity and the horizon can be computed from the “in” and “up” normal-
ization coefficients [96],

9 Strictly speaking, the horizon fluxes given here have been derived from the rates of change of
the black hole parameters due to shear of the horizon generators [189]. It is generally assumed that
these are equivalent to the gravitational wave fluxes, although this has not, to our knowledge, been
shown explicitly.
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o . 2moy i
7= Jim X = Gl ©7)
Titmo

2n
F¢ =lim ¥ 2|,

o mo
= lm o @

2, (98)

5 2 2 2 2 3
where ¢ 1= 220@Mre KK e )T 16E)07 i 6 :— /M2 — a2 /(4Mr,). Simi-

[€mol?
larly, the flux of angular momentum is given by

2T Oy,

F7 =i Sotme) o 12, 99
L. ,ggh;w o 2Cl (99)
. 2nm
FiL =lim Y, T a0, (100)
rﬁwémw o

Similar expressions can be obtained in terms of the modes 2 Yy, » of Yo by using the
Teukolsky-Starobinsky identities to relate _»C,> t0,C,> . The necessary details
of how these asymptotic amplitudes are related can be found in Refs. [135, ].

When decomposed into modes, each of the Teukolsky-Starobinsky identities sep-
arate to yield identities relating the positive spin-weight spheroidal and radial func-
tions to the negative spin-weight ones,

75 (2Vimo) = §Gimo 2 Vima, (101a)
A2 (A% 2Weme) = 4Cimo 2 Vimo, (101b)
L1 LANL(2Sime) =D 2Simes (101c)
LNL LA LY (2Sime) = DaSimo, (101d)
where
iK _r—M . iK _r—M
@n::ar—Zun 1 7 ::&,+Z+zn 1 (102a)
%, =09+ Q+ncot, L =0 — Q+ncot b, (102b)
(with K defined above and Q := —a®sin 0 4+ mcsc 0) are essentially mode versions

of the GHP differential operators. The constants of proportionality are given by

Cimo =D+ (=1 2iMo, (103a)
D? = (i) (A — 2) + 8aw(m — aw) (Afp —2)(5Aim —4)
+48(am)? [2(A50 —2) +3(m—aw)?], (103b)

where
AR = shima + 57+ (104)
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is the eigenvalue used by Chandrasekhar [35]. This particular choice of %, 4 en-
sures that the s = +2 and s = —2 modes represent the same physical perturbation. '

Finally, when written in terms of modes the homogeneous radiation gauge angu-
lar inversion equations can be algebraically inverted to give the modes of the Hertz
potentials in terms of the modes of the Weyl scalar,

0RG _ 16 (=1)"D2V-or—m + 12IMO2Yime

WZma) - |(gémw|2 ) (105)
RG 1. (=1)"D oW gy — 12iM® 2 Wi
Vime = 16 Comal? . (106)

where the separability ansatz for the Hertz potentials differs by a factor of £ ~* from
that of the Weyl scalars,

w0 o L .
{0 = / Y Y vira(r)2Sum (6, 9:a0)e do, (107)
—U=2m=—(
o 00 14
y'RG — / Y XY wine () 2Sim (6, 0:a0)e " dw. (108)
—U=2m=—(

Alternatively, one can use the radial inversion equations to relate the asymptotic am-
plitudes of YRS ' to the asymptotic amplitudes of W, and to relate the asymp-
totic amplitudes of y/?ﬂ%g to the asymptotic amplitudes of _, Wy, . Further details
are given in [135] for the IRG case and in [124] for the ORG case.

Note that in order to transform back to the time-domain solution, as a final step
we must perform an inverse Fourier transform. This poses a challenge in gravita-
tional self-force calculations, where non-smoothness of the solutions in the vicinity
of the worldline lead to the Gibbs phenomenon of non-convergence of the inverse
Fourier transform. Resolutions to this problem typically rely on avoiding directly
transforming the inhomogeneous solution by using the methods of extended homo-
geneous or extended particular solutions. For further details, see [92, 93].

4.1.8 Sasaki-Nakamura transformation

In numerical implementations, the Teukolsky equation can be problematic to work
with due to the presence of a long-ranged potential. One approach to this problem
is to transform to an alternative master function that satisfies an equation with a
more short-ranged potential. The Sasaki-Nakamura transformation is designed to
do exactly this. It introduces a new function of the form

10 An alternative proportionality constant can be derived such that the s = 42 and s = —2 modes
have the same transmission coefficient; see [135] for details.
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2L 2\122p'p L s
2> (r"+a r*P'P 5
X~ sz( 21)22 l4,z§ v ’ (109)
(r Jra)/rppr—zC Wy

where the factors of { ensure that these are purely radial operators.'' There is con-
siderable freedom to rescale these expressions by inserting appropriate functions
of r, for more details see Ref. [95] in which case the X given here corresponds to
V2 +a*r*]_J_5Rinthe s = —2 case and to ;vr? +a>r? ], J, é—;R in the s = 4+2
case.

4.2 Metric perturbations of Schwarzschild spacetime

On a Schwarzschild background spacetime, separability is readily achieved without
having to rely on the Teukolsky formalism. Writing the metric perturbation in terms
of its null tetrad components, they have GHP type

s=0: hyy, - {0,0}, R+ {0,0}, hy{2,2}, hn 2 {—2,-2}
s=£1: {20}, hm:{0.2Y.  Bw:{0,—2), A {—2,0}
s=+2: P = {2, =2}, hgm : {—2,2}.

Here we have gathered the components into scalar (s = 0), vector (s = 1) and
tensor (s = £2) sectors.

In some instances, it is convenient to work with the trace-reversed metric pertur-
bation, i_zaﬁ = hgp — %h 8op- In terms of null tetrad components, the trace is given
by h = —2(hy, — hyn) S0 a trace reversal simply corresponds to the interchange
hin < By By = P and By = hy,, with all other components unchanged.

The tetrad components may be decomposed into a basis of spin-weighted spher-

ical harmonics

) 4
hay =Y, Y, hep (8,7) Yo (6,9) (110)

(=|s|m=—¢

where s = O for hy;,, hys, by and hy,y,; s = +1 for hy,, and hy,,,,; s = —1 for hy; and hy,;z;;
s = 42 for hy,; and s = —2 for hyy. Here, we have introduced the spin-weighted
spherical harmonics ¥y, (0,0) = sSime(0,9;0) with the associated eigenvalue
A = A (a@ =0) =L(L+ 1) —s(s+ 1).

In the Schwarzschild case the GHP derivative operators split into operators that
(up to an overall factor of }) act only on the two-sphere,

dg +icsc0dy —scotB), o dg —icscBdy +scotf).  (111)

_ 1 _ 1
5= = £

! This expression is appropriate when working with the Kinnersley tetrad; for the Carter tetrad

both definitions for X need to be scaled by a common factor of % to obtain a radial operator.
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and operators that act only in the r — r subspace'”
1 bM 1 bM
bP=—]9 0y — — P =——\|0—fo——|. 113
et Ve gpla-as] an

The two-sphere operators act as spin-raising and lowering operators to relate spin-
weighted spherical harmonics of different spin-weight

V2rd[ Yo (6,)] = —[6(0+1) = s(s+1)]* 11 1Ym (6,0), (114a)
V2rd [V (8,0)] = [(6+1) —s(s—1)] > Y0 (6,9). (114b)

In particular, this provides a relationship between the spin-weighted spherical har-
monics and the scalar spherical harmonics.

It is convenient to split the six vector and tensor sector components of the metric
perturbation into real (even parity) and imaginary (odd parity) parts, representing
whether they are even or odd under the transformation (6,9) — (71— 6,¢ + 7):

tm __ plm -1 lm lm __ lm -1 lm
hlm - hl,even + lhl,odd’ hlrh - 7hl,even + lhl,odd’
m __ plm -1 lm lm lm -1 lm
hnm - hn,even + lhn,odd’ hnrh - _hn,even + lhn,odd’
m _ plm - lm m _ plm - lm
hmm - h2,even + th,odd7 hn’uﬂ - h2,even - th,odd'

The four scalar sector components are necessarily even parity, so we therefore have
seven fields in the even-parity sector and three in the odd-parity sector. The even and
odd parity sectors decouple, meaning that they can be solved for independently. In
instances where there is symmetry under reflection about the equatorial plane this
decoupling is explicit in that the even parity sector only contributes for £ + 1 even
and the odd parity sector only contributes for £+ odd.

Finally, we can also optionally further decompose into the frequency domain,

B (1, r) = [ RO (1)e 1 deo (115)
in order to obtain functions of r only. This has the advantage of reducing the problem
of computing the metric perturbation to that of solving systems of 7 + 3 coupled
ordinary differential equations, one for each (¢,m , ).

12 These expressions are obtained when working with the Carter tetrad. The equivalent operators
for the Kinnersley tetrad are

P=f"19+0, P =10 -rd—26M/?). (112)
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4.2.1 Alternative tensor bases

There is some freedom in the specific choice of basis into which tensors are de-
composed. In particular, the relative scaling of the /* and n* tetrad vectors leads
to a slightly different basis if one works with the Kinnersley tetrad rather than the
Carter tetrad. It is also possible to work with alternative basis vectors spanning the
t — r space. In some instances it is convenient to work with coordinate basis vectors
8! and &} rather than null vectors. One can also choose to omit the factor of % in
the definition of m* and m*. The choice of basis does not have a fundamental im-
pact, but some choices lead to more straightforward or natural interpretations of the
resulting equations.

Additionally, as an alternative to a spin-weighted harmonic basis, one could
equivalently work with a basis of vector and tensor spherical harmonics, which are
related to the spin-weighted spherical harmonics by

1
lm . _ -1/2 tm T . —
Z6m = [0+ 1)) /2Day ﬂ(,lygmmA 1ngmA) (116a)
-2
Zﬁgb = |:2 E€+2§':| [DADB + %f(f-ﬁ- I)QAB] ytm

1 o
= Tﬁ(—zyémmAmB‘f'ZYmeAmB)- (116b)

for the even-parity sector and

i
Xim = [+ D] ey Dpy ' = - 2 (=1 Yemma 1Yo ia (1172)
1/2 :
tm . (672)' C tm _ 1 o P
Xap = {2(“_2)! €4 DpDcY™™ = NG (72YémmAmB zYemmAmB)-
(117b)

for the odd-parity sector. Here, my = \% [1,isin 6] and /4 form a complex orthonor-
mal basis on the two-sphere and are related to the two-sphere components of the
tetrad vectors mq and my by a factor of r. The differential operator D is the covari-
ant derivate on the two-sphere with metric Q45 = diag(1,sin’ 8).

For simplicity we opt to work with the Carter tetrad spin-weighted harmonic
basis exclusively for the remainder of this discussion, but point out that equivalent
results hold for a scalar-vector-tensor basis. In particular, the expressions that follow
can be transformed to the commonly-used Barack-Lousto-Sago basis [207] using
the relations
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him = % [, + i . (118a)
hlm = % (i, =163 ). (118b)
W = 5ol (1189
T 150
Rl = 4rfm (i, + ), =ik, + 1), (118e)
higy = ﬁ {h% +hyy, + (i), +hé23b):|’ (118)
i = 4M T+ [, —hi, =iy, —n)]. (1sg)
i = Wf—m [y = o+ ik, =), (118h)
P = = 1)z(le+ D(e+2) e = | (1181)
i = /(0= l)ﬂ(lu D(f+2) s (HSD

Note that a trace reversal in the Barack-Lousto-Sago basis corresponds to the in-
terchange hf) s h§ ﬂ)%, consistent with the trace reversal in the null tetrad basis
corresponding to the interchange hf,’zn e hfn% Other common choices of scalar-
vector-tensor basis are described in Refs. [117, ] and can be transformed to the

spin-weighted harmonic basis using similar relations.

4.3 Regge-Wheeler formalism and Regge-Wheeler gauge

The Regge-Wheeler formalism is based on the idea of constructing solutions to
the linearised Einstein equations from solutions to the scalar wave equation with a
potential. In the case of the Regge-Wheeler master function, it is a solution of

2Ms?
[D+ —r; } y =, (119)

S

where s is the spin of the field (s = O for scalar fields, s = 1 for electromagnetic
fields and s = 2 for gravitational fields).
Equation (119) is separable in Schwarzschild spacetime using the ansatz
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Z Z WSZm t,r OY(m(G ¢> (120)

—om=—1t "

with y&W (¢, 7) satisfying the Regge-Wheeler equation,

(. 0\ 19 [t(t+1) 2M1-)\] rw _
S (rg) - e (A2 |y s aon

In order to study metric perturbations of Schwarzschild spacetime, we consider
the s = 2 case. The Regge-Wheeler master function is then defined in terms of the
metric perturbation by '3

YR .:f[ i 0o }
2 Vi) 20— D+ (e+2) )

(122)

It satisfies the s = 2 Regge-Wheeler equation with source derived from the mode-
decomposed stress-energy tensor, '

(123)

f rodd r&r(szggéd) :|

S3om = 16”[ﬂ (+1) 20— )i+ 1)(f+2)

Rather than working with the Regge-Wheeler master function itself, it is of-
ten preferable to introduce two closely related functions: the Cunningham-Price-
Moncrief (CPM) master function defined by

272
ya = N l:athfzcbjd ahzodd+ hzodd] (124)

and the Zerilli-Moncrief (ZM) master function defined by

2r

M . __ glm g 270m lm
Vim = €(€+1) |:K +A(f hrr rfarK ) ) (125)

where A == ((—1)(£+2)+ ¥ and

13 To maintain contact with the existing literature, here and through the rest of this section we
make use of a coordinate basis based on §% and 8§ rather than the null tetrad basis. It is, however,
straightforward to translate between the —r based components and /-n based components using the
definition of the tetrad, e.g. A/™ = \/f/2(h{™ + hi™) and h{™ = 1//2f (h{™ — hi™) gives the
translation of the vector sector to Carter tetrad components. We do, however, continue to maintain
the factor of 1/r in the vectors m* and m* spanning the two-sphere so the expressions here may
differ from those given elsewhere by appropriate factors of r

14 Different conventions for the source exist in the literature. For example, the source given in
Ref. [92] differs from that given here by a factor of f; this is a consequence of the left hand side
of their Regge-Wheeler equation [Eq. (2.13) in Ref. [92]] also differing from our Eq. (121) by a
factor of f.
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_ rm
vam — h[m fhreven [f(f—i— ]) era’} h2,even

L , 126
i) /20 Dl D6+ 2) (1262
. 28 hfm a 28 heven
hfm — plm _ (r reven) ( ) (126b)

” VEIE+T) 20010+ 1)(+2)

are gauge invariant fields.
The CPM master function satisfies the same s = 2 Regge-Wheeler equation as
the Regge-Wheeler master function, but with a different source given by

2
SCPM??(Z—]) E(ér+1)(é+2) H(rThm) — 9, (r T/ 1) | (127)

The two master functions are related by a time derivative (plus source terms),
Tém

RW_lg CPM /r rodd
Vatm = 30 ¥em "+ (L= El+1)(L+2)

(128)

The ZM master function satisfies the Zerilli equation (the Regge-Wheeler equa-
tion with a different potential),

d d 14
[8}’ (far) e —VZM} Yl = Stm (129)
where " s
+1) 6M T2M*f  24M(r—3M
v = ( r2 = = + A214f E:r‘l )’ (139)

and where the ZM source is

4f  lém m 1672 m
SZM - 7Tr€even - r T2€even
((0+1) V=1 +1)(6+2)

+m{[%((€—l)(€+2)(lz+l— 4)+12(2+0—5)= +34M2>

_ 24M
—22 O\ (FT = T T + S ST 2 f T} (13D)

4.3.1 Regge-Wheeler formalism in the frequency domain

Transforming to the frequency domain, the Regge-Wheeler and Zerilli equations
become a set of ordinary differential equations, one for each (¢, ,®) mode. So-
lutions to these equations may be written in terms of a pair of homogeneous mode
basis functions chosen according to their asymptotic behavior at the four null bound-
aries to the spacetime. For radiative (@ # 0) modes, the four common choices are
denoted “in”, “up”, “out” and “down”, with the same interpretation as described in
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Sec. 4.1.7 for the Teukolsky equation. These have asymptotic behaviour given by

0 + thrdnseﬂa)r* r—>2M
X/mw( )N { inref tior pmfﬁc —iw (132a)
X/mwe "t Xémw o reree
up,inc +za)r up,ref ﬂwr
X o)~ e, T Kima ARGUGNNE>'S
m o th;bw +za)r* 4+ 0 7 — oo
out,trans .er*
X o)~ L 8 i Tt T s
me out,inc ,+icr —i0ry
Xémw st X/ma) ¢ r—re
ds f » down,inc _—iwr,
Xdown( ) -~ XZ%W(E re -er + X 'mo € ior, r—2M (132d)
SAMm o 0 + Xlg(;bwcg trans , —ir, 7 — oo

where r, = r+2MIn(53; — 1) is the Regge-Wheeler tortoise coordinate.
Inhomogeneous solutions of the Regge-Wheeler equation can then be written in
terms of a linear combination of the basis functions,

sWimo (1) = sClin o (s Ximo (1) +5Cob o (1) Xom (7)), (133)

where the weighting coefficients are determined by variation of parameters,

. XUP v

S () = i W.ngw(/)dr’, (134a)
up _ Xl}guo(r/) / /

“C({mco(r) /;M W( )f s [mw(’” )dr, (134b)

with W(r) = XI2,, (NOLXEE, (1) = X2 (1O, [X, ()] the Wronskian [in
practice, it is convenient to use the fact that F(r)W(r) = const].
4.3.2 Transformation between Regge-Wheeler and Zerilli solutions

Homogeneous solutions to the Zerilli equation can be obtained from homogeneous
solutions to the Regge-Wheeler equation by applying differential operators,

RW,up
ey | €= DU D(E4+2)+ Lo x 4301 f 2 me
X, = |
e (f—l)€(€+1)(€+2)+12,wM ,  (135a)
RW,in
[(ﬁ— DOE+1)(L+2)+ 72M f} vaé)n—i-?aMfde‘mm
X/ZMm_ (135b)
" DT 2 iom

The constant of proportionality here is such that the transmission coefficients of the
two Zerilli solutions is the same as that of the Regge-Wheeler solution.
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4.3.3 Transformation between Regge-Wheeler and Teukolsky formalism

The modes of the CPM master function are related to the modes of the Teukolsky
radial function by the Chandrasekhar transformation,

Wimo =152 D (rvime), (136a)
AVime = f%rzf 29 (rysi), (136b)

where D = /(€ —1)£(¢+1)(¢+2) FIXME: is it the square root here? is the
Schwarzschild limit of the constant that appears in the Teukolsky-Starobinsky iden-
tities, Eq. (103b). In the absence of sources this can be inverted to give

Vimo = D{@ P77 (% 2Vima), (137)
Vino = sogr 1 972 (12 Vo). (138)

where Gymeo = D — 12iM  is the Schwarzschild limit of the second constant that
appears in the Teukolsky-Starobinsky identities, Eq. (103a).

4.3.4 Gravitational waves

As in the radiation gauge case, the gravitational wave strain can be determined di-
rectly from M and w©™M, There is a slight subtlety in that the Regge-Wheeler-
Zerilli gauge in which the metric is typically reconstructed is not compatible with
the transverse-traceless gauge in which gravitational waves are normally defined (it
is easy to see this since &, = 0 = hy; in the Regge-Wheeler-Zerilli gauge). In-
stead, we can use the Chandrasekhar transformation in Eq. (136) to first transform
to Y4 and then compute the strain from that as we did in radiation gauge. Doing so
we have

(s — i Z Z (Wi = Wi ) -2Yem (6,9), (139)

2m77€
where it is understood that equality holds in the limit r — o (at fixed u =t — r").
If we work in the frequency domain and compute the “in” and “up” mode func-

tions with normalisation such that transmission coefficients are unity, X,}nmtrgm =

1= XD then y/M and yEPM

M and PN evaluated in the limit 7 — oo. Similarly, the time averaged flux
of energy carried by gravitational waves passing through infinity and the horizon

can be computed from the “in” and “up” weighting coefficients,

are given by the “up” weighting coefficients
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’ D2 . '
y% = li 7(02 CZM,IH 2 CCPM,m 2 140
E r—1>r2nM[mw647r |:| émwl +‘ tma | ) ( a)
. D?
7 =lim ¥ M“’Q[lcﬂ’cﬁplz+len?f;“p2} (140b)
" {m o T

Similarly, the flux of angular momentum through infinity and the horizon can be
computed from the “in” and “up” normalization coefficients,

) D? ) .
ag . ZM,in |2 CPM,in |2
=1 — 141
/Lz rl)IZIlM[ﬂZLw 64n.ma)|:Cme | + |C[ma) ‘ :|7 ( a)
g : D? ZM,up |2 CPM,up 2
Zi, = lim Y ean ™| Como | +1Cmo | |- (141b)
mao

4.3.5 Metric reconstruction in Regge-Wheeler gauge

Much like in the Teukolsky formalism, the CPM master function is gauge invariant
and may be used to reconstruct the metric perturbation in a chosen gauge. In the
Regge-Wheeler gauge, defined by the choice hifg,en = hg‘f’;’en = hg’}}dd =0, the odd
parity metric perturbation is given by

m VIV+1 _ 167r? -
l’lf,odd = 2\/%") (ar+f 1(9[) (TW/C,ISIM) + mTfodd’ (142)

im VIV —1 CPM 167 tm,
hn,odd - Zﬂr (ar—f a’) (rw(fm ) + (g_ 1)(5_,'_2) Tn,odd7 (143)

and the even parity metric perturbation is given by [92]

327r?
A [0(04+1
S R R R Y2
2f 2r f (144)
tm M o 6mr [ 2
hy" = 10,0, Wiy, + B O Wi, +7€(£+1) T, —fjgtﬂz ;
87tf lm

ht[tTn = fzhrr +

TZ even’
V2(0=1)e+1)(e+2) ~
1 3 4aM

A(r) = % L(z D)e(C+1)(0+2) + Z—Af((ef 1)(e+2)+r)} . (145)

B(r) := 2 {(6—1)(“2) (1 - 3M> - 3Mz} : (146)

2 r r?
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As in the Teukolsky case, in order to transform back to the time-domain solution,
as a final step we must perform an inverse Fourier transform. This poses a challenge
in gravitational self-force calculations, where non-smoothness of the solutions in
the vicinity of the worldline lead to the Gibbs phenomenon of non-convergence of
the inverse Fourier transform. Resolutions to this problem typically rely on avoiding
directly transforming the inhomogeneous solution by using the methods of extended
homogeneous or extended particular solutions. For further details, see [92, 93].

4.4 Lorenz gauge

In the case of perturbations of a Schwarzschild black hole, the equations for the met-
ric perturbation itself are separable. This makes it practical to work in the Lorenz
gauge and to directly solve the Lorenz gauge field equations for the metric pertur-
bation.

Rewriting the Lorenz gauge condition, Eq. (11), in terms of null tetrad compo-
nents we have four gauge equations,

(B'—2p" Yy + (P =20 ) by — 2P by — (D + & hypy) =0, (147a)
(P —2p)hun + (P = 20"V i — 29" hi — (D' M + Oh) = 0, (147b)
(P" =3 )y + (P —30) Ay — Sy, — & By = 0, (147¢)

(P" = 3p" Yy + (P —3p) i — &'y — Ol = 0. (147d)

These decouple into 3 even parity equations (the first two and the real part of ei-
ther the third or fourth) and 1 odd-parity equation (the imaginary part of either the
third or fourth equation). Similarly, the Lorenz gauge linearised Einstein equation,
Eq. (12), yields ten field equations (7 even and 3 odd) given by
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(A — hyn) = 87T, (148a)
(C1— 82 +80P") (i + ) + 40 n + 49" hy

+4p (Bhpn + O hym) +4p" (D + 8 i) = —167(Thp + Tum),  (148b)
(O +4pp" gy +4p* (b + i) +4p (Db + & hyp) = — 167 Ty, (148c)
(O +4pp" )V + 40" (M + i) + 40" (8 By + Ohp) = — 167 T, (148d)
(O — 6y +4pp") i + 40 By + 200 (i + i)

+20"8hy; + 20 By = — 167 T}y, (148e)
(B 6y +4pp Yy + 49 his + 28 (i + o)

+20"8 by 4 2pBhin = — 167 T, (148f)
(& — 6y +4pp Y + 40" iy + 20" S (i + hun)

+ 208Ny + 20" hyy = — 16T, (148g)
(O — 6y +4pp"Yhpm + 40" i + 20" (B + )

+ 208 hyy 429 By = — 167 Tz, (148h)
O + 4P Oy + 40 Dy = — 16T Ty, (148i)
Clti + 40 i + 49" Iy = — 16T T (148))

where the operators

[J:= —2PP'+2p'P +2pP' +289', [ := —2P'P +2pP’ +2p'P + 23’9,

O:= —2bDP +2p'P+2pP' +288, [ := —2P'P+2pP’ +2p'P +200,

all coincide with the scalar wave operator when acting on type {0,0} objects (but
differ when acting on objects of generic GHP type). Note that we have chosen here
to work with the non-trace-reversed metric perturbation; equivalent equations for
the trace-reversed perturbation can be obtained by noting that a trace-reversal cor-
responds to the interchange h;, <> hy7.

The Lorenz gauge equations can be decomposed into the same basis of spin-
weighted spherical harmonics as for the metric perturbation itself. The mode de-
composed equations follow immediately from the above GHP expressions along
with Eqgs. (114) and either (112) or (113) for the GHP derivative operators (the spe-
cific form for the mode decomposed equations depends on the choice of tetrad).

4.4.1 Lorenz gauge formalism in the frequency domain

Following a procedure much like in the Regge-Wheeler and Teukolsky cases, one
can construct solutions to the Lorenz gauge equations by working in the frequency
domain and solving ordinary differential equations [2, , ]. The only addi-
tional complexity is that for each (¢,m , ®) mode we must now work with a system
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of k coupled second order radial equations with 2k linearly independent homoge-
neous solutions.'> As we did in the Regge-Wheeler and Teukolsky cases, it is natu-
ral to divide these into k “in” solutions and k “up” solutions satisfying appropriate
boundary conditions at the horizon or radial infinity. Then, using variation of pa-
rameters the inhomogeneous solutions are given by

B o(r) = Climo (1) B0 (r) 4+ €, o (1) - by 0 (1) (149)
where i = 1,...,k represent the kK components of the metric perturbation and where
h}'z@lz}(r) are vectors of k linearly independent homogeneous solutions for a given i.
To compute the weighting coefficient vectors C%bug(r) we define a 2k x 2k matrix

of homogeneous solutions by

(i),in

—h

o= [—ne
—d/h,”

{m o

(8),up
h

tmo (150)
arh(l)vup

{mo

The vectors of weighting coefficients are then obtained with the standard variation
of parameters prescription:

(8‘;((;))) B /(p_l(’/) (T(Or/)) dr, (151)

where T(r’) represents the vector of k sources constructed from the components of
the stress energy tensor projected onto the basis and decomposed into modes. The
limits on the integral depend upon whether the “in” or “up” weighting coefficient are
being solved for, in the same way as for the Regge-Wheeler and Teukolsky cases.

As in the Regge-Wheeler and Teukolsky cases, in order to transform back to
the time-domain solution, as a final step we must perform an inverse Fourier trans-
form. This poses a challenge in gravitational self-force calculations, where non-
smoothness of the solutions in the vicinity of the worldline lead to the Gibbs phe-
nomenon of non-convergence of the inverse Fourier transform. Resolutions to this
problem typically rely on avoiding directly transforming the inhomogeneous solu-
tion by using the methods of extended homogeneous or extended particular solu-
tions. For further details, see [92, 93].

4.4.2 Lorenz gauge metric reconstruction from Regge-Wheeler master
functions

As an alternative to directly solving the 7+ 3 coupled Lorenz gauge field equations,
Berndtson [17] showed that the solutions could instead be reconstructed from par-

15 There are k = 7 even parity equations and k = 3 odd parity equations in general, although these
can be reduced to 4 + 2 equations using the 3 4 1 gauge conditions. The number of equations are
also further reduced in certain special cases such as static or low multipole modes.
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ticular solutions to the s =0, 1 and 2 Regge-Wheeler-Zerilli equations, along with
a fourth field obtained by solving the s = 0 Regge-Wheeler equation sourced by
the other s = 0 field. The explicit expressions are quite unwieldy, particularly when
sources are included. Focusing only on the relatively simple odd sector and ignoring
the special case such as low multipoles or @ = 0 modes, Berndtson’s expressions
may be written as

VEl+1) 24 87

hiha = \Fz(zw) { &4 (%ém) + go(rWZim):| + (ia){z (T8 — Troa)

(152)
VEEH+1) 21 8T

hir odd = fZ(zw) [ 29T<V’1/m) +*9T( ‘I’zfm)] - (ia;;;( lodd — Tnodd)

(153)
. (—D)((+1)(l+2 22 162f

hg,odd = VI gio())zrz)( ) [ Vit + f0r (”V;;Xz) + 7@% + %Tf,odm

(154)

where %, and 98; are the operators defined in Eq. (102) specialized to the Schwarzschild
(a = 0) case. Equivalent expressions for the even sector are significantly more com-
plicated and are given in Appendix A of Ref. [17], while expressions for low multi-
poles and @ = 0 modes are given elsewhere in the same reference.

4.4.3 Gravitational waves
As in the Regge-Wheeler-Zerilli and Teukolsky cases, the flux of gravitational wave
energy and angular momentum may be computed from the asymptotic values of

the fields. In the Lorenz gauge case where one solves for the metric perturbation
directly, the gravitational wave strain is simply given by #,,,, as in Eq. (76),

F(hy +ihy) _rhmm_): Z/ PR, (8,0)e O dw,  (155)

where it is understand that the equality holds in the limit » — oo. Similarly, the
energy fluxes are given explicitly by [12]
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(1)21’2
Fi =1im Y Rime |2, (156a)
mao

, 1
FE =i
£ Zﬂ;@ 2567M?(1+ 16M?w?)

\/(é_ 1)¢(6+ 1)(£+2)rfhflma)
—2\/(l=1)({+2)(1 +4iMw)r/fhT?
2

+2iMo(1 +4iMo)rhim™®| (156b)

and the angular momentum fluxes are given by

2
7 _ 1 mor lmaw|2
‘/Lz _}ggfﬂ;w e o | s (157a)
4 m
ﬂ"f = li X
L= 5 kﬂ;w 256xM20(1+ 16M>0?)

V=D E+ 1) 0+ 2)rfhme

—2\/(l—=1)({+2)(1 +4iMw)r/fRT?
2
+2iMo(1 +4iMo)rhim™®| (157b)

5 Small objects in General Relativity

In the previous section we reviewed black hole perturbation theory with a generic
source term. In this section, we consider how to formulate the source describing a
small object. This is the local problem in self-force theory: In a spacetime perturbed
by a small body, what are the sources in the field equations (7) and (8)? Moreover,
if the body’s bulk motion is described by an equation of motion (13), what are the
forces on the right-hand side?

The result of the analysis is (i) a skeletonization of the small body, in which
the body is reduced to a singularity equipped with the body’s multipole moments,
together with (ii) an equation of motion governing the singularity’s trajectory. The
setting here is very general: the background can be any vacuum spacetime. Our
coverage of the subject is terse, and we refer to Refs. [149, ] for detailed reviews
or to Ref. [ 1] for a non-expert introduction.
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5.1 Matched asymptotic expansions

For simplicity, we assume that outside of the small object, the spacetime is vacuum,
and that the perturbations are due solely to the object. Over most of the spacetime,
the metric is well described by the external background metric g,5. However, very
near the object, in a region comparable to the object’s own size, the object’s gravity
dominates. In this region, which we call the body zone, the approximation (1) breaks
down.

This problem is usually overcome in one of two ways: using effective field the-
ory [74] (common in post-Newtonian and post-Minkowskian theory [150]) or using
the method of matched asymptotic expansions (see, e.g., Refs. [61, ] for broad
introductions, Refs. [40, 70, ] for applications in post-Newtonian theory, and
Refs. [44, R s s , 47, , 48, 81, , 45, , 80, ] and the re-
views [ 149, 157] for the work most relevant here). Here we adopt the latter approach.
We let € = m/%, where m is the small object’s mass and & is a characteristic length
scale of the external universe; in a small-mass-ratio binary, &% will be the mass M of
the primary, while in a weak-field binary it can be the orbital separation. We then as-
sume Eq. (1), which we dub the outer expansion, is accurate outside the body zone.
Near the object, we assume the metric is well approximated by a second expansion,
called an inner expansion, that effectively zooms in on the body zone. To make this
“zooming in” precise, we first choose some measure, #, of radial distance from the
object, with + an order-1 function of the external coordinates x*. We then define the
scaled distance # := /€. The body zone corresponds to + ~ €%, but to # ~ %.
The outer expansion (1) is an approximation in the limit € — 0 at fixed coordinate
values and therefore at fixed #. The inner expansion is instead an approximation in
the limit € — 0 at fixed #,

g (7 8) = gl (7) + eHp (7) + €2 H) (7) + O(€?). (158)

(We suppress other coordinate dependence.) In the body zone, the coefficients gzt?;

and Hﬁ([i,) are order unity. The background metric gzbd represents the metric of the

small object’s spacetime as if it were isolated, and the perturbations Hﬁ([i,) arise from
the tidal fields of the external universe and nonlinear interactions between those tidal
fields and the body’s own gravity.

In our construction of the inner expansion, we have assumed that there is only
one scale that sets the size of the body zone: the object’s mass m. This implicitly
assumes that the object is compact, such that its typical diameter d is comparable to
m. That in turn implies that the object’s /th multipole moment scales as

md( ~ m€+l _ 85+l%5+1. (159)

For a noncompact object, we would need to introduce additional perturbation pa-
rameters in the outer expansion, and additional scales in the inner expansion.
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Our inner expansion also assumes that while there is a small length scale asso-
ciated with the object, there is no analogous time scale; in other words, the object
is not undergoing changes on its own internal time scale ~ m. This is equivalent
to assuming the object is in quasi-equilibrium with its surroundings. In practice it
corresponds to a spatial derivative near the object dominating over a time deriva-
tive by one power of # (in the outer expansion) or by one power of € (in the inner
expansion).

To date, inner expansions have been calculated for tidally perturbed Schwarz-
schild and Kerr black holes as well as nonrotating or slowly rotating neutron stars;
see Refs. [42, 23, s s R s R s s ] for recent examples of
such work.'® These calculations represent one of the major applications of the meth-
ods of black hole perturbation theory reviewed in the previous section, and they form
part of an ongoing endeavour to include tidal effects in gravitational-wave templates
and to infer properties of neutron stars from observed signals [63, 210].

However, in self-force applications we require only a minimal amount of infor-
mation from the inner expansion, often much less than is provided in the above
references. The necessary information is extracted from a matching condition: be-
cause the two expansions are expansions of the same metric, they must match one
another when appropriately compared. The most pragmatic formulation of this con-
dition is that the inner and outer expansions must commute. If we perform an outer
expansion of the inner expansion (or equivalently, re-expand it for » > €%#), and if
we perform an inner expansion of the outer expansion (or equivalently, expand for
+ K %), and express the end results as functions of r, then both procedures yield a
double series for small € and small . We assume that these two double expansions
agree with one another, order by order in € and #. A primary consequence of this
matching condition is that near the small object, the metric perturbations in the outer
expansions must behave as

(n,—n) (n,—n+1) (n,—n+2)
h h h

uv uv uv

prn + T = +..., (160)
growing large at small . If h;fg grew more rapidly (for example, if hL"3 ~ k1), then
the outer expansion could not match an inner expansion. Moreover, the coefficient

1 : : obj,
of 5 matches a term in the + >> £ expansion of g,y:

. 8]’1(1)_1) gzh(zﬁ_z) 831’1(31_3)
8o = Muy + —— ¢ 1‘3 + 1’;‘; +..., (161)

where 1,y is the metric of flat spacetime. The terms in this series are in one-to-one
correspondence with the multipole moments of gztﬁ, which in turn can be interpreted

as the multipole moments of the object itself. This allows us to write h,(vl”\f") in terms

of the object’s first » moments; one new moment arises at each new order in €, just
as one would expect from the scaling (159). The moments, together with the general

16 Ref. [146] alerts readers to a significant error in some of the work on slowly rotating bodies.
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form (160), are all we require from the inner expansion. After it is obtained, we can
effectively “integrate out” the body zone from the problem, as described below.

To intuitively understand the meanings of the double expansions, and of expres-
sions such as (160) and (161), we can interpret them as being valid in the buffer
region EZ < v < Z. This region is the large-# limit of the body zone but the
small-+ limit of the external universe.

5.2 Tools of local analysis

To determine more than just the general form of the perturbations, we substitute
Eq. (160) into the Einstein equations (7)—(8) and then solve order by order in €
and #. These types of local calculations are carried out using two tools: covariant
near-coincidence expansions and expansions in local coordinate systems. Ref. [149]
contains a thorough, pedagogical introduction to both methods. Here we summarize
only the basic ingredients.

Covariant expansions are based on Synge’s world function,

2
G(xa,xa/) = % (/B ds) , (162)

which is equal to 1/2 the square of the proper distance s (as measured in g, ) be-
tween the points x% and x® along the unique geodesic B connecting the two points;
for a given x%  this is a well-defined function of x* so long as x* is within the convex
normal neighbourhood of x%'. The other necessary tool is the bitensor gﬁ/ (x%,x%),
which parallel propagates vectors from x* to x%. A smooth tensor field A u atx®
can be expanded around x® as

A (x) =gl g, AH/V’_A,J,V';a,c“'+%A“,V';a,ﬁla“’cﬁ#ooﬁ)}, (163)

where we use A := 1 to count powers of distance between x* and x*. The vector
Oy := Vuo is tangent to B and has a magnitude v/26 equal to the proper dis-
tance between x% and x%. The (perhaps unexpected) minus sign in Eq. (163) arises
because Oy points away from x* rather than toward it.

When a derivative, either at x* or at xo‘/, acts on an expansion like (163), it in-
volves derivatives of gﬁ, and o,. These can then be re-expanded using, for example,

1 ! ! !
Sl = 588 RP yyi56° +O(A?) (164)
and / ! !/
Gy = 8, (gu/v/ + LRy o o ) +o(A3); (165)

see Egs. (6.7)—(6.11) of Ref. [149].
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To make use of these tools, we install a curve 7y, with coordinates z*(7), in the
spacetime of gy, which will be a representative worldline for the small object. Re-
call that 7 is proper time as measured in g;,y. If the object is a material body, the
worldline will be in its physical interior. If the object is a black hole, the worldline
will only serve as a reference point for the field outside the black hole; mathemati-
cally, y resides in the manifold on which g,y lives, not the manifold on which gzb\J,
lives. In either case, we only analyze the metric in the object’s exterior, never in its
interior.

A suitable measure of distance from 7y is

s(x%x%) := \/PyyoH 6V, (166)

/ . . .
where x* = z*(7’) is a point on ¥ near x*, and Pyy := guy + uyuy projects or-

thogonally to y. Here we have introduced y’s four-velocity u* = %, normalized

to guvutu” = —1. Note that s remains positive regardless of whether x® and x®
are connected by a spacelike, timelike, or null geodesic. In terms of these covariant
quantities, the expansion (160) can be written more concretely as

(m) oy _ W v |V uv'
huv(x ) =8u &v o -1

(n=n), o ~ao (n=n+1), o _of
W (o s ) % /s)
+ +0(7L_"+2)

(167)
s represents the distance from x¥ to x® [playing the role of # in (160)], and the vec-
tor 6% /s represents the direction of the geodesic connecting x® to x%. Generically,
log(s) terms also appear [154], but we suppress them for simplicity.

Rather than directly substituting an ansatz of the form (167) into the vacuum field
equations and solving for the coefficients hgﬁ’\f',), it is typically more convenient to
adopt a local coordinate system centred on 7y and afterward recover (167). Here we
adopt Fermi-Walker coordinates (7,x%), which are quasi-Cartesian coordinates con-
structed from a tetrad (u%,eZ) on y. The spatial triad & is Fermi-Walker transported
along the worldline according to

o
ZL; = aqu”, (168)

where % =utVy. a, = aueﬁf is a spatial component of the covariant accelera-

tion a* := lzl—”:; this will eventually become the left-hand side of Eq. (13). At each
value of proper time 7, we send a space-filling family of geodesics orthogonally
outward from x¥* = z%(7), generating a spatial hypersurface ;. Each such surface
is labelled with a coordinate time 7, and each point on the surface is labeled with
spatial coordinates

Xt =—efo%, (169)

where 0y := V40 is tangent to Xz, satisfying o5u® = 0. The magnitude of these

coordinates, given by s := \/5,px%x? = , /g B o%cB, is the proper distance from %



44

to x*. In the special case that x* = %, s and s are identical. The analog of Eq. (163)
is the coordinate Taylor series

Ap¥ (1.x%) =AY (7,0) + ApY (7,002 + 344" o (7,0)x% + O(s*).  (170)

In these coordinates, the four-velocity reduces to ut =(1,0,0,0), and the accel-
eration to a* = (0,a'). The external background metric, which is smooth at x* = 0,
is given by

grr=—1-— 2a;x — (Rzizj +aiaj)xix/ + 0(s3)7 (171a)
8ra = —3Ruigix'x' + 0(s%), (171b)
8ab = Sab - %Raibjxixj + 0(S3)v (171¢)

reducing to the Minkowski metric on 7, and the only nonzero Christoffel symbols
on y are I % = a“ and I}, = a,. If the worldline is not accelerating, the coordinates
become inertial along .

The Riemann tensor components in Eq. (171) are evaluated on the worldline.
Higher powers of x* in the expansion come with higher powers of the acceleration,
derivatives of the Riemann tensor, and nonlinear combinations of the Riemann ten-
sor. In a vacuum background, the Riemann tensor on the worldline is commonly
decomposed into tidal moments. The quadrupolar moments are defined as

(g)ab = Rra’cba (172)
By = 5" Ry pq- (173)

Higher moments involve derivatives of the Riemann tensor. Equations (44)—(48)
of Ref. [160] display the background metric (171) through order s° and the oc-
tupolar tidal moments. Ref. [148] presents the background metric in an alterna-
tive, lightcone-based coordinate system through order A% and the hexadecapolar
moments.

Given the local Fermi-Walker coordinates, one can adopt a coordinate analog of
Eq. (167),

+0(s7"3).  (174)

Here n® = *%1 = §9)s is a radial unit vector. To facilitate solving the field equations,
we can expand the coefficients in angular harmonics:

n () = Y nin O (o)at, (175)

>0
where L := | -- - i/ is a multi-index, and 2% := n{L), where n’ := n'! - - - nt. The angu-
lar brackets denote the symmetric, trace-free (STF) combination of indices, where

the trace is defined with §,,. This is equivalent to expanding the coefficients hL"{',p )
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in scalar spherical harmonics:

Z Z M (Y (9, 9), (176)

=0m=—¢

where the angles (9, @) are defined in the natural way from

a

n® = (sin ¥ cos ¢, sin ¥ sin @, cos V). 177)

Like spherical harmonics, 7’ is an eigenfunction of the flat-space Laplacian, satis-

fying 69,0, = _é(f‘;—l) il One can further decompose h( o %) into irreducible
STF pieces that are in one-to-one correspondence with the coefﬁcients in a tensor
spherical harmonic decomposition. We refer the reader to Appendix A of Ref. [25]
for a detailed introduction to such expansions and a collection of useful identities.

The general local solution in the buffer region can be found by substituting the
expansions (171) and (174) into the vacuum field equations and working order by
order in € and s. Because spatial derivatives increase the power of 1/s, dominating
over T derivatives, this process reduces to solving a sequence of stationary field
equations.

An alternative approach is to instead solve for the perturbations H, ;gnv) in the inner
expansion, starting with a large-# ansatz complementary to Eq. (160), and then
translate the results into the small-# expansions for h‘% This approach can draw on
existing, high-order inner expansions (e.g., Refs. [148, , 145]), though doing so
often requires transformations of the coordinates and of the perturbative gauge to

arrive at a practical form for the outer expansion (see, e.g., Ref. [159]).

5.3 Local solution: self-field and an effective external metric

The general solutions for hﬂa and hﬁ?@ in the buffer region are known to varying
orders in € and + in a variety of gauges, including classes of “rest gauges” (termi-
nology from Ref. [159]), “P smooth” gauges [80], “highly regular” gauges [159]
(in which no 1 /s2 term appears in hf\z), radiation gauges [163], and the Regge-
Wheeler-Zerilli gauge [192]. (In the last two cases, the gauge choices are restricted
to particular classes of external backgrounds.) However, nearly all covariant expres-
sions, and expansions to the highest order in #, are in the Lorenz gauge. Ref. [154]
provides an algorithm for generating the local solution in the Lorenz gauge, and a
large class of similar gauges, to arbitrary order in €.
In all gauges, the general solution is typically divided into two pieces:

Iy = Hy) + gy (178)
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This is akin to the usual split of a general solution into a particular and a homo-

geneous solution. hfw =Y, S"h,i(‘f) is the object’s self-field, encoding all the local

information about the object’s multipole structure (including the entirety of gﬁbd).
Although this field is defined only outside the object, it would be singular at s = 0 if
the expansion (174) were taken to hold for all 2 > s > 0; it contains all the negative
powers of s in (174), as well as all non-negative powers of s with finite differentia-
bility (e.g., all terms proportional to s”n” with p > 0 but p # £). For that reason, it
is also known as the singular field.

The second piece of the general solution, hﬁv =Y, E"hﬁﬁ,"), encodes effectively
external information linked to global boundary conditions. It takes the form of a
power series,

uvL

I AT 179)
l

unlike 45,

efficient anv)L is an unknown that can only be determined when external bound-

ary conditions are imposed. Although, once again, the field is defined outside the
(n)
uvL

C[(,ln\zL(T) = %&hﬁsn)(T,O) define hii(v") and its derivatives on the worldline. More-

over, hﬁv can be combined with the external background to form an effective metric

which involves the locally determined multipole moments, every co-

object, we can identify Y, c,, (T)x" with a Taylor series, where the coefficients

uv = g,uv‘f'hﬁv (180)
that is a vacuum solution, satisfying
Guv[g]=0 (181)

even on Y. g,y characterizes the object’s rest frame and local tidal environment.
Because hﬁv is smooth at x* = 0, it is also referred to as the regular field.

This type of division of the local solution into hf”, and hﬁv was first emphasized
by Detweiler and Whiting at first order in € [47, 50]. There is considerable free-
dom in the specific division, as smooth vacuum perturbations can be interchanged
between the two pieces, and multiple distinct choices have been made in practice,
particularly beyond linear order [171, 85, , 80]. However, one can always choose
the division such that (i) g,y is a smooth vacuum metric, and (ii) g,y is effectively
the “external” metric, in the sense that the object moves as a test body in it, as de-
scribed in the next section. Here for concreteness we adopt the choice introduced in
Ref. [155] (see also Refs. [154, R 1), and we provide the explicit forms of the
first- and second-order self-fields in the Lorenz gauge, as presented in Ref. [160].

For the purpose of explicitly displaying factors of the object’s multipole mo-
ments, from this point forward we take € to be a formal counting parameter that can
be set equal to unity.

At first order, the self-field is determined by the object’s mass. It is given in
Fermi-Walker coordinates by
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2m

Y = 4 3ma + 2msE i A%+ 0(s?), (182a)

13y = 2ms (%%’bceacdﬁbd — aa) +0(s?), (182b)
2m8, : . ,

oy = S mpan’ +ms (46, e — F b — EuaBupi™) +O(s7) (1820)

and in covariant form by

s(y _ 2m mA? ;
hu(v) = Eg gB (ga/ﬁ/ —|—2ua/uﬁ ) + —gﬁ ge [(S r2) aG(ga/ﬁ’ +2ua/uﬁ/)
mg b
—|—8rsza(a/ul3/)] +A 3“ 3 |:(F2 — 52) (ga’ﬁ’ + 2ua/uﬁ/) Rysuc
— 1254R(x’uﬁ’u — 12r52u(a1Rﬁ/>mu =+ 1252(r2 —|—Sz)d<a/uﬁ/)
+1(3 = P (8o +2ua/uﬁ/)] +0(A?), (183)

where x@ is an arbitrary point on Y near the field point x*. In the covariant expres-
sions we have adopted the notation ag := aa/GO‘,, Rucuc = Ryrory ﬁ/u“/co‘/u"/ of',
etc. The quantity r := u”/G“l is a measure of the proper time between x® and x?.
Equations (182) and (183) are given in Ref. [160] through order 2. Equation (4.7)
of Ref. [87] presents the covariant expansion of hﬁ(vl) through order A* (omitting
acceleration terms).

At second order, the self-field involves both the mass and spin of the object. It
can be written as the sum of three pieces,'’

h = BSS BRI (184)
The spin contribution is
wn 28
RhM = “’” +0(s°), (185)

where other components are O(SO), and where S,;, = €,;5" is the spin tensor and S
the spin vector. The other two pieces are either quadratic in the mass,

2
KSS = _Siz — Im &A™ 4 O(slns), (186a)
hys = —R0m> B €ty + O(slns), (186b)
8§ 2 25
m=0y, — Tm“Ayy, R N .
hSS = 3as—2a +m? (4@@0(,111;,)0 — 3848 + %@@cdnade)
— 18m* &, Ins + O(slnss), (186¢)

or involve products of the mass with the regular field,

17 Ref. [160] further divides hsv into two pieces, labeled huv and h
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W = = (WA + L) 6 2L ) +0(:°), (187a)
n === (Wi + 4@3) +0(:”), (187b)
KSR = % [2;1“(1 iy — SaphRIAc! — (HRV Y+ HRYY gy

+20R) 4 18, hRl 8¢ 4 %@,bh‘;l} +o(sY). (187¢)

On the right, the components of h ! are evaluated at s = 0. At order s°, hsv also

depends on first derivatives of th evaluated at s = 0; at order s, it depends on second
SQ2)

derivatives of hﬁlv evaluated at s = 0; and so on. & ap is given in Fermi coordinates
through order s in Appendix D of Ref. [154].
In covariant form, these fields are

hSpin B 4gﬁ ge M(a/Sﬁ/))/O')/ "

= PE 0(2%), (188)

with S(x’ﬁ’ = eg,e}[’s,Sab,

2
hSS ln; 4gg ge {SSzga/ﬁ/ — 7Ga16ﬁ/ — 14r6(a/uﬁ/) — (7r2 — 352)14(111/![3/] }

16 "B m2’ oy p 2 2,2
15m gu 8v ln(ls) auﬁ’ 150s Ten68u 8v 10s 8a'B’ (25I’ +s )RGMGM
+ 20rs’ [35r6(oc’Rﬁ’)u0'u + (35I’ —3l1s ) M(a’Rﬁ’)ucu — SzRo‘(a/ﬁ’)u]
+ 1054R(X’6ﬁ’6 — 350r526(a/R[;/)6m — 1052 (35I’2 — 1752)u(a/R[3/)6m
+2s* (5r% +268%) Ryrpr, — 70 (10r - 35%) 6 051

+4r (5% — 4%) u o 01y | Roucu — 20 (35¢* — 53rs* — 65*) ua/u,;/Rcmcu}
+LO(AInA), (189)
and
B 2 !
hR = %gg &b { Solp [3szhﬁ}v/g“ V(=) RRY - AR — 2rh5§,]
2
+ 525ma/ﬁ/ - ghg}ﬁlsz + 2/’1137}0‘/0'13/) + ZFhEEa/uﬁ/) - 2h§l;”a’uﬁ’
— /’lﬁ/lv/gp' v [Ga/ op + ZFG(a/Mﬁ/) + (r2 — Sz)ua/uﬁf] —|—2rh5<1a/6ﬁ/>

+2(7 = S g+ 4hlg O(orupr) — 2his G O } +0(2%,  (190)

where
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1
Omapg = 3m (2h];}3 +gaﬁg“vhm) +4mu(ahll§)1”uﬂ
+m(gap + 2uqug)utu’ by, . (191)

The covariant expressions for Ay and Ay, are known through order A [160] and

are available upon request to the authors. The covariant expansion of Aj," appears
explicitly here for the first time, but it is known to higher order in A [118].

In this section, we have stated results from the so-called self-consistent expansion
of the metric [152]. In this framework, the metric is not expanded in an ordinary
Taylor series in €. Instead, it takes the form

£ (1%, €) = guy (x%) + ehily (x%, ) + 2R (x%, ) + O(&?), (192)

where & represents a list of system parameters: the worldline y and multipole
moments of the small object, along with any evolving external parameters. If the
small object is orbiting a black hole that is approximately Kerr, the external param-
eters will consist of small, slowly evolving corrections to the black hole’s mass and
spin [127]. These parameters all evolve with time in an €-dependent way, meaning
that Eq. (192) is not a Taylor series; this allowance for e-dependent coefficients is
a hallmark of singular perturbation theory [107]. In the self-force problem, it must
be allowed in order to construct a uniformly accurate approximation on large time
scales [153]. It will lead naturally into the multiscale expansion described in the
later sections of this review.

If we use an ordinary Taylor series in place of Eq. (192), then z* is replaced
with the series expansion z#(7,€) = zj () + €2} () + ... (referred to as a Gralla-
Wald expansion after the authors of Ref. [81]). Here zg is a geodesic of the external
background spacetime, and the local analysis described above is carried out with
series expansions in powers of distance from this geodesic. The acceleration a* in
this approach is thus set to zero in all the above formulas. The € dependence of z/

then manifests itself in hz(vz) through an additional term,

ol 2min (guy +2
pivele — m”(g“;;r ) 4 o1 /s) (193)

1Bl 2m /G“,
=g s |~ (sap H2uqup) TO(1/A) |, (194)

proportional to a mass dipole moment m* = eJm“ = mz{. m* describes the position
of the object’s center of mass relative to zg . It appears in the second-order metric

perturbation in the outer expansion but in the zeroth-order inner metric, gzb\f. By

setting m; to zero in the self-consistent expansion, one defines Y to be the center
of mass at this order. A correction to m; generically appears in hL‘Z and in gﬁb‘ﬂ +

eHl(le), and it is likewise set to zero in a self-consistent expansion [155, ]. In

a Gralla-Wald expansion, m; and corrections to it are allowed to be nonzero; for

that case, K2"° is given through order A in Fermi coordinates in Sec. IVC of
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Ref. [152] (where m; is denoted M;). Explicit expressions through order A, in both
Fermi-coordinate and covariant form, are known through order A [160] and are
available upon request.

In the context of a binary, the small object inspirals, eventually moving very far
from any initially nearby background geodesic. This causes zﬁ‘ and higher correc-
tions to grow large with time, spelling the breakdown of the Gralla-Wald expansion.
For this reason, we have focused on the self-consistent formulation in this review.
Refs. [152, , ] provide detailed explications of the relationship between the
two types of expansions.

5.4 Equations of motion

Along with the local form of the metric perturbations, the Einstein equations deter-
mine the motion of the small object and the evolution of its mass and spin. Specifi-
cally, if we let ¥ be the object’s center of mass (by setting the mass dipole moment

in h,(fg to zero), then the vacuum field equations uniquely determine the first-order
equations of motion [131, 81, ]

D*z* 1 45/~ R(D) S R(D) 1 5 2
= P (2, — i JuP ! — R PSP O(?) (195)

and

dm DSP
— =0(¢* d =0(&%). 196
e (€°) an e (e7) (196)

The first term on the right of Eq. (195) is referred to as the first-order gravita-
tional self-force (per unit mass) or as the MiSaTaQuWa force (after the authors
of Refs. [131, ]); the second term on the right is the Mathisson-Papapetrou spin
force [119, ].

Equation (195) represents the leading correction to geodesic motion for a gravi-
tating, extended, compact object.'® However, these equations are equivalent to those
of a test body, not in the background or in the physical spacetime but in the effective
metric g,;v. In particular, Eq. (195) can be rewritten as

Dzz“ 1 o o S 2
where 7 is proper timeﬂin Suv, d% ‘= 11%V,, V is a covariant derivative compatible
with gy, and i = ‘%. This is the equation of motion of a spinning test particle.
Similarly, the evolution equations (196) are the equations of a test mass and spin,
which are constant and parallel propagated, respectively.

18 For a non-compact object, finite-size effects from higher multipole moments will dominate over
self-force effects.
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If we specialize to a spherical, nonspinning object (and set the subleading mass
dipole moment to zero), the field equations determine the second-order equation of
motion [155, ]

D22 Lpow (o8 R (R R Vubul 1 o(e? 198
gz = b & oy~ Mpys Ju u’ +0(€%) (198)
and ‘Cll—’;‘ = O(€?). This can be rewritten as the geodesic equation in Suv,

o
% = 0(&). (199)
See Sec. IITA of Ref. [156] for the (simple) steps involved in rewriting Eq. (198) as
Eq. (199).

For a generic compact object, the spin and quadrupole moments will both appear
in Eq. (198). Although the second-order equations of motion have not been derived
directly from the field equations in that case, it is known that at least through this
order, the motion remains that of a test body in some effective metric [193]. At
least for a material body, this remains true even in the fully nonlinear setting [85].
The spin’s evolution and its contribution to the acceleration through second order,
extracted from the nonlinear results for a material body, are given in Eq. (2.11) of
Ref. [3].

In this section we have again presented results for the self-consistent expansion.
In the Gralla-Wald approach, one instead obtains evolution equations for the mass
dipole moment. Such equations are derived at first order in Refs. [81, , 79] and
at second order in Ref. [80] (see also Ref. [156], which derives such second-order
equations in a more compact, parametrization-invariant form).

We stress that the equations in this section follow directly from the vacuum Ein-
stein equations, together with a center-of-mass condition, outside the small object.
There is no assumption about the object’s internal composition, nor is there any reg-
ularization of singular quantities. We refer to Refs. [47, , 45] for variants of the
approach described here and to Refs. [167, 74, 85] for alternatives to the matched-
expansions approach.

5.5 Skeleton sources: punctures and particles

After having derived the local form of the metric, and the equations of motion, we
can effectively remove the body zone from the problem. We do so by allowing the
local forms (179)—(190) to hold all the way down to 7. This causes the self-field to
diverge at 7, artificially introducing a singular field. However, this does not alter the
physics in the buffer region or external universe, and the singularity is more easily
handled than the small-scale physics of the small object.

Once the fields have been extended to 7, one can solve the field equations
throughout the spacetime using either a puncture scheme or point-particle meth-
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ods. The puncture scheme is the more general of the two approaches. We define the
puncture field

P2
g™ = B\ (200)
as the local expansion of hﬁ(f) truncated at some order A¥, multiplied by a window
function # that is equal to 1 in a neighbourhood of z% and transitions to zero at
some finite distance from z*.!” This implies that hﬁ(n) = hi(\f’) + O(A*1). We then
define the residual field

B ) 2, (201)

which satisfies h‘:ﬁf") = hﬁs,m +O(A**1), making h‘fén) a C* field at . Outside the

support of hﬁ‘i]:,("), hfﬁgn) becomes identical to the full field hg@
2(1)

Moving hy, * to the right-hand side of the vacuum field equations, we obtain
field equations for h’?v(") :20

G V] = —Gi[n” V] = s, (202)

G 7] = —G )M 1) = G R7?) = s (203)

These equations hold at all points off y. The C¥ behaviour of the solution is then en-

forced by defining the effective sources Szf\f,(") as ordinary integrable functions at 7,

rather than treating GS\E [hgz (”)] in the distributional sense of a linear operator acting

on an integrable function; this distinction is important to rule out delta functions in
the source, which would create spurious singularities in the residual field.

% (n)
u

If k > 1, then we can replace hﬁ(vn) with /iy, in the equations of motion (195) and

(198). The total field h;fg = h‘fv(") + hf\l,(") is also guaranteed to satisfy the physical
boundary condition in the buffer region (i.e., the matching condition) and at the
outer boundaries of the problem.

An alternative to the puncture scheme is to solve directly for the total fields h;f‘z
Once extended to 7, they satisfy

G [enV) + 20+ 2 Gl V), h(V] = 82Ty, + O(?), (204)

19 Qur description may seem (incorrectly) to imply that the puncture field is only defined in a
convex normal neighbourhood of the body. For numerical purposes, the puncture is extended over
aregion of any convenient size. Typically this is done by converting the local, covariant expressions
in terms of Synge’s world function into expansions in coordinate distance, using, e.g., the Boyer-
Lindquist coordinates of the background spacetime. The punctures can then be extended as these
coordinate functions. The end result for the combined field hL"\), = h‘fv(") + hﬁ(") is insensitive to
the choice of extension.

20 In the self-consistent approach, some care is required in formulating these equations. Specifi-
cally, they can only be split into a sequence of equations, one at each order in &, after imposing
a gauge condition [152]; this is required in order to allow the puncture to move on an acceler-
ated trajectory. We do not belabour this point because we ultimately formulate the equations in a
somewhat different, multiscale form tailored to binary inspirals.
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where here we do interpret each term on the left-hand side in a distributional sense.
The stress-energy tensor is then defined by the left-hand side. Through second or-
der, it can be shown to be the stress-energy of a spinning particle in the effective
metric [44, 81, 152, 154, 194]:2!

T#V—m/uuuv X2t dr+/ VoS (x2(2)dE,  (205)

5 (x*—x'%)

where S(x X)) = and iy = gyvii”. We refer to this point-particle stress-

energy as the Detweller stress-energy after the author of Ref. [45]. Like the equa-
tions of motion, the point-particle approximation is a derived consequence of the
vacuum Einstein equations and the matching condition, rather than an input.

In cases where the point-particle method is well defined, it and the puncture
scheme yield identical full fields h,(fv) However, unlike a puncture scheme, a point-

particle method does not yield the regular fields hﬁ(v") as output. The regular fields,

and self-forces, must instead be extracted from hﬁlv) This is most often done using

the method of mode-sum regularization [14, 10] reviewed in detail in Refs. [0, ]
and sketched in Sec. 7.2 below.

We will refer to both the effective sources Sif‘f,(n) and the point-particle source
T,y as skeleton sources. This terminology follows Mathisson’s notion [119, 56] of
a “gravitational skeleton” (see also Refs. [53, 54, 55]): an extended body can be
represented by a singularity equipped with an infinite set of multipole moments.
Punctures provide a generalization of this concept to settings where the singulari-
ties are too strong to be represented by distributions. For that reason, although the
nomenclature of punctures and effective sources originated from methods of solving
the first-order field equations in Refs. [ 15, ], punctures have a more fundamental
role at second and higher orders [171, , 45, 80, s ]. For the same reason,
we have presented punctures as a more primitive concept than the point-particle
stress-energy.

In either approach, the skeleton sources presented here apply equally for all com-
pact objects, whether black holes or material bodies. The only distinguishing feature
of a material body would be a spin that surpasses the Kerr bound (i.e., |S'| > m?).
However, at third order in perturbation theory, the quadrupole moment will appear
in the perturbation hf\z. Unlike the mass and dipole moments, the quadrupole mo-
ment is not governed by the Einstein equation [55, 85, 86], and its evolution must
be determined from the object’s equation of state. Hence, at third order the interior
composition of the object begins to influence the external metric, and we can begin
to distinguish between black holes and material bodies. But note that the quadrupole
moments of compact objects differ primarily due to their differing tidal deformabil-
ity, and this difference is suppressed by an additional five powers of € [23], suggest-
ing it is almost certainly irrelevant for small-mass-ratio binaries.

21 At second order, this is true in a class of highly regular gauges. In other gauges, it requires
a direct use of the puncture via a particular distributional definition of the nonlinear quantity

G [V, hD] 11941,
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6 Orbital dynamics in Kerr spacetime

The previous section summarized the local problem in self-force theory: the reduc-
tion of an extended body to a skeleton source in the Einstein equations, along with
an equation of motion for that source. In the remaining sections, we turn to the
global problem: solving the perturbative Einstein equations, coupled to the equation
of motion (195) or (198), globally in a specific background metric.

In the context of a small-mass-ratio binary, the background geometry is the Kerr
spacetime of the central black hole. According to the equations of motion, the small
body in the binary is only slightly accelerated away from geodesic motion in that
background. This section summarizes (i) properties of bound geodesic motion in
Kerr spacetime and (ii) how to exploit those properties to analyze accelerated orbits.
We emphasize action-angle methods that mesh specifically with our treatment of
the Einstein equations in the final section of this review. However, much of our
treatment is valid for a more generic acceleration.

We warn the reader that the notation in this section differs in several ways from
that of the preceding section. The differences are noted in the first subsubsection
below.

6.1 Geodesic motion

6.1.1 Constants of motion, separable geodesic equation, and conventions

Geodesics in Kerr spacetime are integrable, with three constants of motion associ-
ated with the spacetime’s three Killing symmetries: (specific) energy E = —ugE?,
(specific) azimuthal angular momentum L, = uy 6}, and the Carter constant Q =

Ullg (Kaﬁ _ a%nanﬁ)~22

Inverting these three equations, together with g“ﬁ uqug = —1, for the four-
velocity components, we obtain [66]
dr\?
(=) =R 206
(52) =& (206)
dz\\*
22 =z 207
(55) ~z. Qo7
dt
ZE :Tr(r)+E(Z)+aLz = ﬁ[, (208)
d¢
ZE =@, (r)+ D,(z) —aE = f4. (209)

*k
22 The constant K = uqugK P ig also sometimes referred to as Carter’s constant.
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Here (t,7,z := cos 0, ¢) refer to Boyer-Lindquist coordinates,” and

R(r):==[P(r)]*—A[r*+(aE—L,)*+ 0], (210)

Z(z):==Q— (Q+d*y+L2) Z +d’yZ, (211)
To(r) == FZJA”’ P(r), (212)
T.(z) := —a®E(1 = 2%), (213)
@,(r) = %P(r), 214)
D,(z) == lfzzw (215)

with P(r) := E(r* +a*) —al, and y:= 1 — E2. We opt to use z rather than 6 through-
out this section.

The equations for r(7) and z(7) are coupled, but they are immediately decoupled
by adopting a new parameter A, called Mino time [129], that satisfies

dr _y-1

e (216)

(This is not to be confused with the bookkeeping parameter used in the local ex-
pansions of the previous section.) The equations also take a hierarchical form: once
r(A) and z(A) are known, Egs. (208) and (209) can be straightforwardly integrated
to obtain 7(A) and ¢(A).

Given this hierarchical form, we will focus on the r—z dynamics. In Eq. (206),
R(r) is a fourth-order polynomial in r, meaning it can also be written as R(r) =
—y(r—r1)(r—nr)(r—r3)(r —ra), with r; > ry > ry > ry. Similarly, in Eq. (207),
Z(z) = a*y(z* — 22)(z* — 73), with |z1| > |z2|. For bound orbits, the radial motion
oscillates between the turning points r, = r; (apoapsis) and r, = r, (periapsis),
and the polar motion between zmax = |z2| and zmin = —|Zz\.24 Hence, the geodesic
is confined to a torus-like region r, < r < ry, |z| < Zmax. If Q = 0, the motion is
confined to the equatorial plane z = 0. If a = 0 (i.e., in Schwarzschild spacetime),
the geodesic is likewise confined to a plane, which, due to Schwarzschild’s spherical
symmetry, can be freely chosen as z = 0. However, a generic orbit ergodically fills
the torus-like region.

For convenience in the remaining sections, we use lowercase Latin indices from
the beginning of the alphabet (a, b, ¢) to denote r or z and define x = (r,z). However,
repeated indices, as in an expression such as f,x“, are not summed over; instead,
such sums will be written as f-x := f.x" + f.x°. An expression such as f,(x*) will
denote either one of f,(r) or f;(z), while an expression such as f;(x) will denote
either one of f,(r,z) or f,(r,z). fou(xP) will denote f4(t,r,2,9).

23 Refs. [58, 66] and many other references instead define z as cos? 0, with analogous differences
in their definitions of the roots z,, defined below.

24 The other roots (r3, r4, and z;) do not correspond to physical turning points. In particular,
lz1] > 1.
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We use lowercase Latin indices from the middle of the alphabet (i, j, k) to la-
bel elements of a set of orbital parameters. For example, P! = (E,L,, Q). For these
indices, unlike a, b, ¢, we use Einstein summation.

We use f throughout this section to denote a generic function, not the specific
function f(r) that appears in the Schwarzschild metric (14). An overdot will denote
a derivative with respect to A.

Finally, we preemptively refer the reader to Refs. [179, , 58,59, 66, ' ]
for additional details about geodesic orbits in Kerr.

6.1.2 Quasi-Keplerian parametrization

Unlike Keplerian orbits, generic geodesics in Kerr do not close; the periods of ra-
dial, polar, and azimuthal motion are all, generically, incommensurate. Neverthe-
less, because of their doubly oscillatory nature, it is often useful in applications to
express the geodesic trajectories in a quasi-Keplerian form, replacing the constants
{E,L;,Q} with an alternative set {p, e, Zmax }. In terms of these, r and z can be writ-
ten in the manifestly periodic form [58]

M
1+ecosy,’
2(Y2) = Zmax COS Y, (218)

r(y) = 217)

where, for a bound orbit, 0 < e < 1. The phases (¥, y;) are multiples of 27 at
periapsis and at z = zmax, respectively. Unlike r and z, which change direction every
half cycle, y, and y; grow monotonically, leading to better numerical behavior at
the turning points.

Because none of the periods are commensurate, ¥, and y, evolve independently

(of each other and of ¢). Using ‘2’/{“ = % %, one finds [58]

ayr _ M~\/Y((p—p3) —e(p+p3cos y,)][(p — pa) +e(p — pscos y,)]

dA -e

. (219)
dv, =
an qz \/a2 V(7] — Zhax cOs? W) == £, @20

where p3 :=r3(1 —e)/M and p4 := r4(1+¢)/M. These can be integrated subject to
arbitrary choices of initial phase v, (0) = y..
The parameters {p,e,zmax }, unlike {E,L, Q}, are related directly to the coor-
dinate shape of the orbit, specifically to its turning points. Equation (217) is the
formula for an ellipse, and it implicitly defines p and e to be the semi-latus rectum
and eccentricity of that ellipse, related to the periapsis and apoapsis by
pM pM

=i, ad =i (221)
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As stated above, zmax = 22, but to further the analogy with Keplerian orbits, we can
also define an inclination angle 1 such that>

70 = Zmax = Sint. (222)

The remaining roots of R(r) and Z(z) are also compactly expressed in terms of
these parameters [66]:

r3:%<a+ a2—4B) and ry=f/r3, (223)

where a :=2M/y— (r,+r,) and B := a>Q/(yrarp), and

Y
a= (224)

These expressions are in a “mixed” form that involves both sets of constants. How-
ever, {E,L,,Q} can be written in terms of {p, e, 1} as [59]*°

— 2‘dagah| - ‘dahafl _2X\/‘d?gah|2+ |h7dvgahaf‘ + |h7d7hagaf|

E? . (225)
ME 2E? E2—d
L= 5225 4 vy, B 41 2 (226)
hy h2 h,
2 2 L2
— 4
O = Ziax (a Y+ ot > ; (227)
where ) :=sgn(L;) is +1 for prograde orbits and —1 for retrograde,
d(r) == A(r* + Z2a®) /M, (228)
F(r) = (r/M)* +@®[r(r+2M) + 22, Al /M*, (229)
g(r) :=2ar/M?, (230)
h(r) := [r(r—2M)+ Atan>1]/M?, (231)

and a subscript a or p indicates evaluation at r, or r,,. The quantities | - | appearing
in E? are determinants or products of determinants that we define recursively as
f.8l == fpga— fagpand |f,g,...[ == 8llg,--|

Given the parametrizations (217) and (218) and the equations of motion (208)
and (209), #(1) and ¢ (A) can be written as

25 Ref. [58] and some other authors use the alternative, inequivalent definition cost = \/LLzTQ This
does not describe the maximum coordinate inclination angle but has other useful properﬁes [98].
26 Note that r| and r; have the opposite meaning in Ref. [59] than their meaning here. Our notation

for the roots r, follows Ref. [66].
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t(A) =to+1,(yr(A)) +1:(yz(1)) +aL:A, (232)
¢(A) = 9o+ 0 (wr (1)) + 9 (v (1)) —aEA, (233)

with

va T,(y!)) K U
ta(Wa) = /WO Fulv )dll/a and ‘Pu(‘lla)*/wg fa(w)

Here 7 and ¢y are integration constants.

This completes the quasi-Keplerian description of geodesic orbital motion. Tra-
jectories are described by the three constants of motion p’ := (p,e,1) and the four
secularly growing phase variables Wy := (¢, W, ¥, 9). A given trajectory is uniquely
specified by the set of seven constants {p,e,1,t, y°, l;/? , 00}, called orbital ele-
ments. The solution to the geodesic equation can also be put in closed, analytical
form [66] by expressing W, (1) in terms of elliptic integrals and their inverses (the
Jacobi elliptic functions).

dy,. (234)

6.1.3 Fundamental Mino frequencies and action angles

It is often essential to decompose quantities on the worldline into Fourier series, par-
ticularly when solving the perturbative Einstein equations in the frequency domain.
This procedure is expedited by knowing the orbit’s fundamental frequencies. In this
section, we summarize the calculation of frequencies and of phase variables (action
angles) associated with those frequencies. Unlike the phases Y, the angle variables
are strictly linear in A, facilitating Fourier expansions in that time variable.

In the right-hand sides of Eqgs. (208), (209), (219), and (220), we have defined
the “frequencies” £ () as the rates of change of g,

d l//a

= fa(¥). (235)
The true frequencies Yy, associated with A are the average rates of change of v,
Yo = (fa)n (236)
and the corresponding action angles are
da = Yak +44; (237)

with arbitrary constants ¢%. For a function f[r(1),z(A)] on the worldline, the aver-
age is defined as

()= lim = / fdA. (238)
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For a generic, nonresonant orbit, this average agrees with the torus average”’

9 (239)

We use §d?q to denote 02 Tdq, 02 "dq, and §d*y for the analogous integral over
V.

To simplify the analysis, we choose our phase space coordinates g such that g,
vanishes at some periapsis and g, vanishes at some z = zmax. We furthermore choose
gr» 49, our spacetime coordinates ¢ and ¢, and our parameter A such that they all
vanish at some particular passage through periapsis. These choices, which do not
represent any loss of generality, imply

=yy=0 fora=tr¢, (240a)
=-%A0, (240b)
where lf is the first value of A at which z = zax. l//ZO can be inferred from qg. One
can easily do without these specifications if desired.
With our choices, g, represents the mean growth of y,, from the first radial or
polar turning point, and we can express it in terms of y, as
Va d ll/(/l
o fa(¥) '

This allows us to straightforwardly write the torus average as as an integral over W,

qa(Wa) =15 (241)

fd*y
fa= ArA; 7{ £r(we)fo(v)’ ¢4

where A, = [; 2m d‘ﬁj‘) is the radial or polar period with respect to A. Although

they agree generically, (f), and (f),4 differ in the special case of resonant orbits,
discussed in later sections.

For the r and z motion, the frequencies reduce to 1, = 27 /A,, which can be
analytically evaluated to [66]

717\/’}/ 77‘3 7]’4)

I 2K (k) ; (243)
. ﬂ\/a Y21
‘T Kk (244)

where

27 We focus only on functions of 7 and z, which are automatically periodic functions of the intrinsic
phases ¥ and q. The averaging operation immediately generalizes in the natural way to functions
f[z%(A)] that are periodic in ¢ and ¢.
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(245)

¥) = / de
0 /1—xsin’6
is the complete elliptic integral of the first kind, and its arguments are k, :=

= Py and k; = (Zmax/21)*.
The frequencies of  and ¢ motion can also be found analytically. Because of the
additive forms of j—i and j—f in (208) and (209), the averages reduce to a sum of

one-dimensional integrals. Evaluating those integrals leads to [204]

E
Y, = 5 r3(ra+rp+r3)—rarp+(ra+r,+r3+r3)Fr+ (ra — r3)(rp, — ra) Gy

2M {(4M2E —al,)ry —2Ma’E (1 B rpF+ ) TN _)]

ry —r— r3—r4 — Iy
EQ(1 —
+4MPE + M +2ME(r3 +F;), (246)
Zmax
2MEr, —aL F
Yy =—" [ T+ “Z(l— + )—(+<—>—)}
ro —r— r3—r4 rp—r+
LH(Zde’k)
+ o % (247)
K(k)

where we have introduced G, := IE((k“)) and Fp := (r,—r3) H(}EA’) ) for A = {rn+,-},

with i, = :‘; » and hy = (razrp)(rs—rs) . Here r.. = M ++/M? — a2 denote the inner

(ra—r3)(rp—r=
and outer hOI'lZOIl radii, and

/2
E(x) ::/ dOv/'1—xsin*6 (248)
0

~—

11 x,y =
0 (l_xsin 6) V l—ysil’l 6

are the complete elliptic integrals of the second and third kind, respectively.
In terms of the angle variables, a quantity f(r,z) on the worldline can be ex-
panded in the Fourier series

(249)

Flr( Zf e i (250)

where gy := k-q = k,q, +k.q., and unless stated otherwise, sums range over k € Z?.
The coefficients are given by

1 i
1= G f 16 (2s1)

which can also be calculated as



61

q fela(¥ g 252
7{ £ (w, ﬁz V) Y (232)

with ¢x(¥) = kyq-(W,) + ik;q.(y;) given by Eq. (241). The torus average of the
function (and infinite A average for nonresonant orbits) is the zero mode in the
Fourier series: (f), = fég).

Using such Fourier expansions, we can invert Eq. (241) to write the phases
Wy in terms of the angle variables. The transformation g4 — l//a(qﬁ) must satisfy

MT,; = Do — f, together with our choice Yy (gp = 0) = 0. The solution is the

8qﬁ
sum of a secular and a purely oscillatory piece:
Wa(Qﬁ)ZQa_AWa(O)+AWa(Q)a (253)
where
ﬁk —ikqq
Ay, = 254
Yo = #ZO T (254)
Tkefiqu Tkefiqu
At = At + At = L z , 255
+ At k%(—ikTrJr—isz) (255)
q_)kefiqu (Pke_iqu
Ap=A AP, = L > . 256
¢ =A¢,+A9, k;)( 7y Y ) (256)

T, and &, are given in Eqgs. (212)—(215), and we have written them, along with
f.(q4), as one-dimensional Fourier series in ¢,; e.g., T, = Y Take’ik‘l". We will con-
sistently use A to indicate that a quantity is periodic in g with zero average.

We can conveniently write the coordinate trajectory in terms of the action angles
as the sum of a secular term and an oscillatory term:

2% (A) = 2eclgp(M)] + Az%[g(A)], (257)

where the secular piece is

e(ap) = (1:0,0,00) + [~A1(0),r§? 2{, ~29(0)| (258)
and the purely oscillatory pieces are given by Egs. (255), (256), and

= Lt @)

k40

with coefficients readily calculated from Eq. (252). Ref. [66] gives x?(g,) in closed
form in their Egs. (26) and (38), At as the sum of their 1) and 1(®) in their Egs. (28)
and (39), and A¢ as the sum of their q)(’ ) and (])(9) in those same equations. (We
caution the reader that the notation in Ref. [60] differs from ours in several ways.)
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Our description here has followed the constructive approach of Refs. [58, 59, 66],
finding the frequencies and angle variables by directly solving the geodesic equa-
tion. There is an alternative, historically prior approach [179] based on the Hamil-
tonian description of geodesics, which builds on Carter’s original proof [33] of in-
tegrability using the Hamilton-Jacobi equation. That approach derives action an-
gles and their associated fundamental frequencies from a canonical transformation
(z%uq) — (g%,Ja), where the actions Jy, are the canonical momenta conjugate to
the action angles ¢“.

6.1.4 Fundamental Boyer-Lindquist frequencies and action angles

For the purpose of decomposing fields, such as the metric perturbation, into Fourier
modes, it is more useful to know the frequencies with respect to coordinate time ¢.
These are the frequencies observed at infinity and that appear in the gravitational

waveform. They are given by

Iy
Qo =—. 260
«=7 (260)

The angle variables associated with them are
P = Qqut + ¢ (261)
with £, = 1. We choose the origin of this phase space in analogy with Eq. (240):
o =0 fora=t,r¢, and@)=—Q.1 (262)

where tg is the first value of ¢ at which z = zyax.
These new angle variables are related to g by a transformation that must satisfy

32;‘ I3 = 5% = Qqfi(g). Such a transformation, with our choice of origin ¢ (g =
0)=0,is
q’a(‘]ﬁ) = qa — 2aA1(0) + QaAt(q) (263)

with Az given by Eq. (255).
In analogy with Eq. (250), a function of r and z on the worldline can be expanded
in a Fourier series

Zf e il (264)

with ¢ := k- @ =k, ¢, + k,@, and with coefficients given by the analog of Eq. (251).

Using the Jacobian det (aq’“ ) = £;/1;, we can also write the coefficients as integrals
over ¢,
(9) ﬂQkAt iqr+iQAt(q 2
19 = 7 2T }{ﬁ[ qrtify fa’ q, (265)

where Q := k. Q, + k... Or we can write them as integrals over y,
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¢ ]{ f(y ik (W) i [8tr (yr)+81:(y2)] f
fi 27: Z‘r

, 266
£ () () v (206)

where g,(y,) is given by Eq. (241), and

8ta(v) = Atalau ()]~ A1,(0) = | v qu/ (267)

with 7, given by Eq. (212) and (213). If f is separable [i.e., if it can be written as
a sum of products of the form f,(r)f;(z)], then expressing the integrals in terms
of g or y allows one to evaluate the two-dimensional integral as a product of one-
dimensional integrals.

We can further define an average over ¢,

(o)), = him 5 [ g (268)

T—02T | o

which for nonresonant orbits is equal to the torus average

0= rfoi (269)

<f>¢ = (271_)2

Note that the meaning of a time average (and associated torus average) inherently
depends on one’s choice of time parameter [161], and that (f), differs from (f),:

(fi= % (£efdp=a+ 5 Z /«’tk (270)

[ =rt

The relevance of each average depends on context.

Using these Fourier expansions, we can express the phases Yy in terms of @.

d‘l/a

The two are related by a transformation satisfying al’"‘ Qp = . With our choice

of origin Yo (¢ = 0) = 0, the solution is

Vo (9p) = Po — ApWe(0) + Ap Wa (@). (271)

The oscillatory terms are Ay y; = 0 and

(M)((P)

d .

ApWa =Y, %eﬂq’k for o =r,2,9. 272)
k40 k

Here we use A, rather than A to indicate that a quantity is purely oscillatory (i.e.,

periodic with zero mean) with respect to @ rather than q. (dyg/ dt),(:m

culated using Eq. (266) with dy /dt = £4/ f:-
Just as we did with g4, we can express the coordinate trajectory in terms of @y
as the sum of a secular and an oscillatory piece,

can be cal-
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2%(t) = 2pysec @ (1)] + Ap2® [@(1)], (273)

where the secular piece is

2 sec (@) = (90,0.0,95) — (0,788,208 ~240(0)] 274)

and the oscillatory pieces are Ayt = 0, Ap¢ given by Eq. (272) (recalling vy := ¢),
and '
Apx(@) = ) x{ppe” '™, (275)
k20

with coefficients calculated from Eq. (266).

6.1.5 Resonant orbits

Recall that the the radial and polar motions are restricted to a torus-like region r), <
r <1, and |z| < zmax in physical space. If the periods of radial and polar motion
are incommensurate, then the orbit ergodically fills this region. The transformation
xt—q° maps the r—z motion onto the surface of a torus in phase space, which the
angles g“ ergodically cover. However, for some values of the orbital parameters, the
periods are commensurate, meaning kY. 4+ k:*Y; = 0 for some nonzero integers
(KIS, k%5). [Since integer multiples of (k;es,kfs) will also satisfy this condition, we
take (k;°,kI°*) to be the smallest two such integers.] In these cases, rather than
having two independent frequencies, the r—z motion has a single frequency, 1" =
L/ =1
on the torus and in the r—z plane. The actual shape of this closed orbit is not uniquely
specified by its frequencies but depends strongly on the relative initial phase y° —
v?.

Such orbits are referred to as resonant [64]. For resonant orbits, the average over
the torus no longer represents a meaningful average over the orbit. Rather than hav-

(9)

ing the single stationary mode f;’, a function f(r,z) on the worldline has an infinite
set of stationary modes corresponding to all integer multiples of k™. The infinite
Mino-time average in Eq. (238) is then

(FIr(A). (W) = lim o / far=Y fD; 276)

N=—c

for a resonant orbit, the infinite A average does not, generically, agree with the torus
average fég).

More broadly, the Fourier series (250) becomes degenerate: g (A1) = g ygres (A)
for all integers N. However, since there is a common period, we can replace the two
action angles g, with a single angle g(A) = T'A and rewrite the two-dimensional
Fourier series (250) as a non-degenerate one-dimensional one,
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flr(A),z(A)] = ¥ f@e ke, 277

keZ

The coefficients are related to those in Eq. (250) by f,fq) =Y f,@, where the sum
ranges over all (k,,k;) satisfying k,|kI®*| 4 k.|k;*| = k. We then have (f); = féq).

The set of resonant orbits is dense in the space of frequencies, though it is of
measure zero. A given resonant ratio 1;./1; = |kI*|/|k;**| describes a surface in the
parameter space spanned by p’. We refer to Ref. [28] for the characterization of the
locations of these surfaces and to Refs. [83, 65, , 29] for further discussion of
resonant geodesic orbits.

6.2 Accelerated motion

6.2.1 Evolution of orbital parameters

We now consider an accelerated orbit satisfying the equation of motion (13), which
we write compactly as

DZZOC o
= {9, 278
= 278)
The normalization u%u, = —1 implies that f* is orthogonal to the worldline:
fau(x == O.
*k
If we continue to define E = —u;, L, = uy, and Q = uauﬁK‘xﬁ - aiz(uq;)2 on the
accelerated orbit, then
dE dL, dQ  _*up 2
T T o= L =K uafp — usfs (279)

where f5 = a(fy +af;) and ug = a(L; — aE). In other words, the “constants” of
motion are no longer constant. However, if /¢ is small, each parameter will change
only slowly or oscillate slightly around a slowly varying mean.

Our treatment of accelerated orbits mirrors that of geodesics, beginning with
quasi-Keplerian methods and then describing the calculation of fundamental fre-
quencies and perturbed angle variables. In the quasi-Keplerian treatment we place
no restriction on f%, and in particular we do not assume it is small. In the treatment
of perturbed angle variables we restrict the analysis to a small perturbing force,
setting f{;» =0in Eq. (13).

6.2.2 Method of osculating geodesics
In celestial mechanics, perturbed Keplerian orbits have historically been described

using the method of osculating orbits. The idea in this method is, given an ex-
act solution to the unperturbed problem in terms of a set of orbital elements
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p' = {p,e,1,...}, to write the perturbed orbit in precisely the same form but to
promote the orbital elements to functions of time. At each instant ¢, the perturbed
orbit with elements {p(¢),e(t),1(¢),...} is tangent to a Keplerian ellipse (called the
osculating orbit) with those same values of orbital elements.

In general relativity, this idea is referred to as the method of osculating geodesics
[129, , 73, ]. Our geodesics in Kerr are described by Eqs. (217), (218), (232),
and (233), which involve the seven orbital elements I4 = {p, e, 1,79, ¥, l//zo ,00}. If
we let z%(I*, 1) denote a geodesic with these orbital elements, and z&(I4, 1) =
dz&/dA its tangent vector, then the osculation conditions are

() = SR A] and E(A) = $A(L), A (280)

These conditions define a one-to-one transformation (z%,z%) — I4. Such a transfor-
mation is possible because the number of orbital elements is equal to the number
of degrees of freedom on the orbit: the eight degrees of freedom {z%,z%} minus the
constraint zg f* = 0.

The osculation conditions can be used to transform the equation of motion (278)
into evolution equations for /(1 ). Appealing to the chain rule % = g%% % + %,
to the geodesic equation for z& (in terms of the non-affine parameter A ), and to the
equation of motion (278) for z* (converted to the non-affine parametrization), we
find [162]

9z% dI*
——=0 281
ahdx 8D
9:&di*  , (dt\?
— = — A) —kG(L)]2E 282
(9IA da f da +[K( ) KG( )]ZG’ ( )
where K = (j—;) - ZZTZ. If we define A to satisfy Eq. (216) on both the geodesic and
accelerated orbit, then k = kg = X! %, simplifying Eq. (282) to
0z drt
=T — =¥ f% 283
1A dA ! (283)

These equations are exact, and f* need not be small.

Equations (281) and (283) can be straightforwardly inverted to solve for %, pro-
viding a system of first-order ordinary differential equations for the orbital elements.
However, working with the initial phases {ty, ¥/, l,l/? , 00} is cumbersome in practice.
In the above evolution equations, the phases Y, are given by their geodesic values,
meaning the solutions to Egs. (219) and (220) with fixed /4. That is, at each value of
A, in Egs. (219) and (220) we replace dy,/dA with dy,/d)’, then integrate from
A’ =0, with initial values w?(1), upto A’ = 4. Similarly, in Egs. (234), the integrals
are evaluated with fixed orbital elements in the integrands. The evolution equations
also involve derivatives of these integrals with respect to the orbital elements.



67

Evaluating all these integrals at every time step would be computationally expen-
sive. In applications, it is therefore preferable to work with the variables { p, e, Vol
instead of I4. We write a geodesm trajectory and its tangent vector as z&[p’, yg(A)]

and z&[p', wg(A)] = l[/ﬁ 91//[; , where Y = fo(p', W) are the geodesic “frequencies”
given by Egs. (208), (209), (219), and (220). The osculation conditions then read

dz*

(A) = 2g[p'(A), wp(A)] and  —o(

) =GP M), yp(R)]. (284)
Appealing to the chain rule % = ddviﬁ gif + ‘;’j{ 3;%,

z¢& (in terms of 1), and to the equation of motion (278) for z* (in terms of 1), we
find that the osculation conditions imply

to the geodesic equation for

dz&dp'  dz%

82% dpl 328 2,0
S L W-Sﬁ_z 1. (286)

Here 885 6f = azG Lofr+ 5 e y: 0z, and we have defined

dy, .
Sy = d/l“ — gl (287)
Eq. (285) and (286) provide eight equations for the seven derivatives d"i“ and

[[111 ; any one of the four equations represented by (286) may be eliminated using
S%ug =0. The ¢ and ¢ components of Eq. (285) are simply the osculation conditions

d llfa

_ﬁa(‘I’7 ) foroc:t,¢. (288)
The r and z components of Eq. (285) can be rearranged to obtain

0z&/dp' dp'
07%/0W, dA’

8fa=— (289)

where we have used the fact that r is independent of y, and that z is independent of
V.. Substituting this into Eq. (286) yields

dp 2 po
TR G)=Zf% (290)

where 0% 9rjopi 9% 9z/ap 9
(o). 0% 9r/dp’ 9x  dz/dp’ Ik
A =5 arjaw dw,  zfow dve @9

. - . dp'.
One can easily invert Eq. (290) to obtain equations for z-:
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i *{ O +LZ(9), AN f + L), L]}, 292)
e 2
jl f){w) LN+ LG9 LoD+ L), L) 1), (293)
i X?

= 5 U@ LN +[4(9), L f + L (), L] f*}, (294)
with [Z(x), Z;(v)] := Zi(x) Zj(y) = Z;(x) Zi(y) and

D= Z,(r)[Ze(2), Z(9)) + Ze(r)[Z(2), Zp(9)] + Zi(r) [gp(z)w%(¢)g'295)

Finally, the evolution equations for y, are obtained by substituting Eqgs. (292)—
(294) into Eq. (289), yielding

dy,
L W) + (P W), (296)
where
1 dp _ de
of, = oSNy, (H—ecosl//r)d}b P cosVr |, (297)
of, = d cotlcotl//z (298)

There are superficial singularities in these formulas when Y, is an integer multiple
of . However, the divergences are analytically eliminated when the formulas are
explicitly evaluated.

The full set of evolution equations is given by Egs. (292)—(294), (296), and (288).
In these equations, x*(A) = x%[p'(1), W,(4)] is given by Egs. (217)—(218), (1) =
34 (2), Yul(2)] by

. pMef, siny, . :
7= w and = *Zmaxﬁz S Yz, (299)

with Egs. (219)=(220) for £, and (i,9) = (£, £s) by Egs. (208) and (209). Wher-
ever E, L,, and Q appear, they are given in terms of p' by their geodesic expres-
sions (225)—(227). The quantities [.Z;(x),.Z;(y)], when explicitly evaluated, consti-
tute lengthy analytical formulas in terms of p’ and y. However, for several .%;(x),
the second and third term vanish in Eq. (291). Specifically, .%; (r) = g—lf = 9r of

Jdy, di°
_ 0: _ 0z 9t -
and Z;(z) = szf = v 96' for j=p,e.

The evolution can be slightly simplified by adopting v, or y; as the parameter

along the trajectory. That is easily done by using, e.g., % = How-

1__dp

v, Jax dx
ever, for a sufficiently large perturbing force, ‘%‘1 can vanish at some points in
the evolution, making y, an invalid parameter. In that case, we can split Y, into

v, = yS — vy, where dyC/dA = f, and dy/dA = —8f,. w¥ is then a conve-
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nient, monotonic parameter along the worldline. Alternatively, # can be used, apply-
. dp' —1dp'
ing,e.g., T ={, lﬁ.

The evolution equations simplify more dramatically in the special case of equato-
rial orbits, for which z = f* = 0. In this case, 1 and y; do not appear, and Egs. (292)—

(293) reduce to

dp P LL0) - L]
A~ 2N Z(9)— 21 Z,(9)’ (300)
de _ PLLNF — 2,0)f]

B~ 2N 20)— 2 Z(0)

(301)

If wC is used as the independent parameter along the orbit, then the other three
evolution equations are dy? /dy® = —3f,/f, and Eq. (288) for t(w°) and ¢ (w).

In our treatment we have left the evolution equations in a highly inexplicit form
even in the relatively simple equatorial case. Refs. [162] and [205] provide explicit
formulas in the cases of planar and nonplanar orbits in Schwarzschild spacetime.
Ref. [73] details the generic case in Kerr spacetime and describes several alternative
formulations of the osculating evolution.

Before proceeding, we note again that the equations in this section are valid for
arbitrary forces,”® though the orbital elements are most meaningful when the force
is small and the orbit is close to a geodesic. In the next section, we restrict to the
case of a small perturbing force.

6.2.3 Perturbed Mino frequencies and action angles

In the unperturbed case, the equations of geodesic motion could be written in terms
of the orbital parameters and angle variables as

dqu . i

- Yo (P'), (302)
dp' _

7 0. (303)

If the perturbing force is small, with an expansion
e =eff) (@) + G () + o), (304)

and is periodic in 7 and ¢, then the equations of forced motion can still be written in
terms of orbital parameters and angle variables:

28 However, the method has most often been applied [203, ) ) ] in the context of an
approximation in which the self-force at each instant is approximated by the value it would take if
the particle had spent its entire prior history moving on the osculating geodesic. Since the force is
then constructed from the field generated by the osculating geodesic particle, this approximation
might more properly be dubbed the method of osculating sources.
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d A .
T =1"p)) + e (p)) + O(€?), (305)
dp, i () 20 () 3

Note that the subscript g on the orbital parameters p; = (pg-€q:1¢) is a label, not an
index. The form (304) is mildly restrictive, and it does not include the Mathisson-
Papapetrou spin force, for example; for a spinning body, we must introduce ad-
ditional parameters and action angles describing the spin’s magnitude and direc-
tion [174, ]. For our purposes we adopt a more restrictive form,

1% =efff)(xH) + e fG (x,2) +O(), (307)

which assumes that the force inherits the background spacetime’s symmetries. We
explain in Sec. 7.1.2 that the form (307) still needs further, minor alteration to de-
scribe the self-force, but it is sufficiently general as a starting point.

Unlike in the unperturbed case, the orbital parameters pfl and frequencies are
no longer constant; they evolve slowly with time. However, the variables (g, p;)
cleanly separate the two scales in the orbit’s evolution: the variables pfi only change
slowly, over the long time scale ~ 1/¢, while the angle variables ¢, change on the

orbital time scale ~ 27/ TOEO). In the context of a small-mass-ratio binary, where
the inspiral is driven by gravitational-wave emission, the long time scale ~ 1/¢ is
referred to as the radiation-reaction time.

The division of the orbital dynamics into slowly and rapidly varying functions
has the same utility as in the geodesic case: it enables convenient Fourier expansions
of functions on the worldline, which mesh with a Fourier expansion of the field
equations (described in the final section of this chapter). Functions f(r,z) on the
accelerated worldline can be expanded in the Fourier series

FIr(A),z(A)] = ¥ 19 (pe i), (308)
k

with a clean separation between slowly varying amplitudes and rapidly varying
phases. The coefficients remain given by Eq. (251). By eliminating oscillatory driv-
ing terms in the orbital evolution equations, the transformation to (g, p;) also facil-
itates more rapid numerical evolutions [195] and, ultimately, more rapid generation
of waveforms [39]. In this and the next section, for visual simplicity we shall omit
the label “(¢)” from mode coefficients associated with g.

Now, to put the equations of motion in the form (305)-(306), we begin with the
evolution equations (288), (292)—(294), and (296). Given the expansion (307), these
equations take the form

d . .
2= 1w p)) e (wp) + 0D, (309)
dp' _ N o o2y j 3

m =eg(1) (W, p) + &g (W, p') + O(e7). (310)
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Here gén) is given by Egs. (292)—(294) with f* — f&)' We have renamed £, to ﬁ,&o),

ﬁé” is given by 0f, with f* — f("l‘), and ﬁél) =0 for a =1, ¢. In this form of the
equations, every term on the right is a periodic, oscillatory function of the phases.
However, one can transform to the new variables (g, Pé), which have no oscillatory

driving terms, using an averaging transformation [ 1%
Valap, pi,e) = v (ap. ) +evs (., p)) + O(€?), 311)
P'(ap:p}s€) = Py +ep(y)(@,p)) + €2 ply) (@, p)) +0(7),  (312)
where 0 _ 0 _ o 4
v (ap.0)) = 4 — AWS (0, p)) + Ay (q.pl) (313)

(n)

is the geodesic relationship, and the corrections v,  and p’@ for n > 0 are 27-
periodic in each g, (with a potentially nonzero mean). In analogy with the geodesic
case, we have chosen the origin of phase space such that w&o) (qﬁ =0) = 0. This

choice will ensure that at fixed pfl, l//,(xo) and g satisfy all the relationships in

Sec. 6.1.3. Note that we could replace A l//&o) (0, p;) with any other gq-independent

function of pfl; this would still represent a geodesic relationship between 1//&0) and
g, but with different choices of initial phases for different values of pf]. For conve-
nience in later expressions, we define

Aa(pl) = —AWE (0, p)). (314)

By substituting the expansions (311) and (312) into Egs. (309) and (310), appeal-
ing to (305) and (306), and equating coefficients of powers of €, one can solve for
the frequencies TOE”) and driving forces Gén), as well as for the functions in the av-
eraging transformation. Explicitly, the leading-order terms in Egs. (309) and (310)
are

vy (0) _ 1(0) | v(0) dAyy o0 (0)
, apl,, . .
Gl + 0. a;)zg'm(w@,p{,). (316)

Equation (315) is simply the geodesic relationship between W, and ¢. It follows

that we can use the geodesic solution (241) for qa(l//,go) , p;). Concretely, we may
write
©0) i 0, i [ dy,
da(Wa ' pg) =1a " (Py) / ﬁ7 (317)
70 fa (l[/a,pi])

29 Here we combine a near-identity averaging transformation with a zeroth-order one.
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implying that the Fourier coefficients in Eq. (308) can be computed as the integrals

over l[l(o) in Eq. (251), with the replacements 1; — Ta(o) and vy, — I/I,S()). This relies

on our particular choice of Ay in Eq. (314); different choices would lead to different
py-dependent lower limits of integration in Eq. (317), which in turn would lead to

P ,~dependent phase factors appearing in Eq. (251).
Usmg either of the forms (251) or (252) we can easﬂy decompose Egs. (315)

and (316) into Fourier series, with Al;/a Zk;éOA‘/’a ( 7)e "k and p( =
Yk p( 1) ( pq)e 9k, From the k = 0 terms in the equations, we find

(o) = (A (W), (18)
Giyy(ph) = <g21>(v‘°),pé)>q, (319)

and from the k # 0 terms we find

, 0k)j
Ay (ph) = J?“T(pf)? (320)

i (pg)

i J

i 8(1,k) (pq)
P(l.k)(l’é)——w, (321)

i1 (pg)
where Tk(o) =k T = krTr(O) + kZTZ(O). Note that these equations leave pél.OO) ar-

bitrary.

As foreshadowed above, Eqgs. (318) and (320) are pre01sely the same as the
geodesic formulas (236) and (253) (with the replacement p' — p q) The only change
is that the orbital parameters pq, which determine the frequencies and amplitudes,
now adiabatically evolve with time.

Importantly, Eq. (321) requires T 7é 0. This condition fails at resonances,
) _

where 1w = 0. Therefore, the averaging transformation is impossible when there
is a resonance. We discuss this resonant case in the next section. Eq. (320) also su-
perficially appears to encounter a singularity at resonance, but this is skirted by the
particular form of fféo’m, as we see from the more explicit formula (253).

Moving onto the first subleading order in Eqgs. (309) and (310), we have
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; ot (1) ot

(1)
ap, ap| ap!
, . dgl g
— j M (1. e
=S TP P Gy OB

where all quantities on the left are functions of (g, pé), and all those on the right are
functions of (I[I(O>7 py). Taking the average of these equations yields

(0)

(0)
(Vi (1) i 9fa 1y 9fa j 9Aq
Y, = + _ 4y, _gl 2e 324
o (Pq) <ﬁa >q <P<1> apz 8],/(0) . (M apé ( )

i - . 98 98, - 9Pl 00
Gloy(py) = <8’<z>>q - <”j Wy WA g/ M0 (325
q

W9 p oy O 5pi

We see from Eq. (324) that a judicious choice of pé ) allows us to set

1,00
V=0 fora=rz0. (326)
Such a pél o0) is determined from
oo (1) oY 1) ot i 0Aq
Pliooy 5 =—(fa') = )P — () +Gl)y =
(1,00) 3194 <0€ >q k;b (1,k) 8pq aw(o) . (1) ap{]
(327)

for o0 = r,z, ¢. We could alternatively set TOEI) = 0 for a different trio of components,

but this choice will be particularly useful in the final section of this review. This
freedom is in addition to the freedom discussed above regarding the choice of Ay;
i.e., the functions Ay and p’(1 00) in the averaging transformation are degenerate with

TOEI). Ref. [195] provides a more thorough discussion of the freedom within near-
identity averaging transformations.
The averages in Egs. (324)—(325) involve l//t(,l), which can be obtained from

Eq. (322). A 2x-biperiodic solution to that equation is*

30 This seems to be the unique 27-biperiodic solution. Any other solution can only differ by a ho-
mogeneous solution to Eq. (322), which must take the form exp( [ £,dq,/ Ta(m) Sflap— an;fO) / Y},(O))
for some function f, with b # a. It appears that such a function cannot simultaneously be 27 peri-
odic in both ¢, and gj.
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k( IVyk(p
RIrY) p— SalPo¥e P)) it (325
Ya(ga:Py) % -0 — ik — (1),

where Yo (a, p}) 1= expl—Fu(ga, p) /X" (p})] = i Ve ke, F, := queo i o=k
is the antiderivative of the purely oscillatory part of £/, := d ﬁéo) /0 l[/a ,

i j 81//(5 ) k(e
Sa(q,Py) = =Gy +a) + =Y Sk(pl)e . (329)
817 apq k

The remaining pieces of Egs. (322) and (323) determine the purely oscillatory

parts of wt(l)’ l[l<l>, and p’@. Specifically,

(0.K)
1k 1 1k i dAY,
va = —5 (ﬁé' PGl ) (330)
—iY; iz
. 1 ) ) ) 8p£1 0
pl - gl + Ql _ G] 7, (331)
(2,k) _l.Tk(o) ( (2.k) T <k (1) op}
J (1) Blfa i ‘9g< 1)
for oo =1t,¢, where Py .—p( v and Q _p FroR

This averaging transformatlon can be carrled to any order. Analogous calcula-
tions also apply if we use P' = (E,L,,Q) rather than p' = (p,e, 1). Ultimately, the
coordinate trajectory z* can be expressed in terms of (gq, pﬁl) as

2(ap, ) =25 (ap. Py) + €25 (g, Ply) + O(€7). (332)

The leading-order trajectory has the same dependence on g and p; as a geodesic.
That is, if we write a geodesic as z%(¢g, p'), given by Eq. (257), then z )(qﬁ pq)
z¢(qp, p;) Wherever the geodesic expressions involve P', they are here evaluated
at P; = (E4,Lg,0Qy4), which are related to pﬁ, by the geodesic relationships. (We sup-
press the subscript z on L;.) The difference between the geodesic and the accelerated
trajectory lies entirely in the evolution of their arguments: rather than evolving ac-
cording to Egs. (302) and (303), g and pf] now evolve according to Egs. (305) and
(306).

In the context of a binary, the small corrections £z< )(q7 pq) to the trajectory re-
main uniformly small over the entire inspiral until the transition to plunge [136];
because they are periodic functions of g, they have no large secular terms. 1) and
¢V are given by Eq. (330), with (100 and ¢(199) Jeft arbitrary. (1) and z() are
given by
Ix¢; . dxt

+r(y 52, (333)
oy ( )qu

‘x?l) — ]I[(l) .
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with " given by Eq. (328), the oscillatory part of pé ) by Eq. (321), and pé by
Eq. (327).

Refs. [89, , 69, s ] contain more detailed action-angle treatments of
perturbed orbits. With the exception of Ref. [195], these treatments have not begun
with equations of the form (309) and (310). Instead, they began with approximate
angle variables, which we will denote g, and which satisfy §o = go + O(€). The
equations of motion then take the form

1,00)

dé ) )

=1 (0 +evs @)+ O(E), (334)
dp' i (o i (o

7 = €F0)(@:p)) +€°F (3, p") + O(€). (335)

Ref. [89] derives concrete equations of this form in the case that proper time T
is used instead of Mino time and that {E,L_,Q} are used instead of {p,e,1}.%!
[The driving forces F(in) are then given by Eq. (279).] The averaging transformation

(4> P') = (qa,Pl)) can be found as we did above, with substantial simplifications

arising from the fact that % is constant at leading order; the transformation is given
by Egs. (383) and (384) below (without the restriction k # Nk in the nonresonant
case).

Our particular construction in this section and the next is instead designed to link
the action-angle description with the quasi-Keplerian one. It appears here for the
first time. However, Ref. [195] considers more general sets of coupled differential
equations that involve variables analogous to our Y, as well as variables analogous
to §q, though without providing a solution analogous to our (328).

6.2.4 Perturbed Boyer-Lindquist frequencies and action angles

Because we solve field equations and extract waveforms using Boyer-Lindquist time
t, it is once again useful to construct variables (@, p’(p) associated with z, where ¢, =

W; =t and pﬂp = (pg,€gp,1¢). The construction of the variables (g, p’(p) (and of their
evolution equations) is analogous to the construction based on A: the osculating-
geodesic equations for dyy /dt and dp'/dt have the same form as Egs. (309) and
(310), simply with /3&”) — ﬁ((x") / ﬁ,(()) and g’&n) — gén) / ﬁ,(o), and after a near-identity
averaging transformation we arrive at the equations of motion

e _ 0 (5}, (336)
dp, i i
— =L (pg) + €T3 (pg) + O(€%). (337)

31 The notation in Ref. [89] differs in several significant ways from ours. In particular, Ref. [89]
uses A to denote a rescaled 7, gy to denote an analogue of our g, (and associated with 7 rather
than Mino time), and W, to denote an analogue of our g (again associated with 7).
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.Q((ZO) are the geodesic frequencies, and .Q,(O) = 1. The corrections .Q((x") foroo=rz,¢
and n > 0 are eliminated just as in the previous section, while Qt(”) = 0 trivially for

n > 0 because d¢y /dt = 1.
The two sets of variables (@, p’q,) and (qq, p);) are related by a transformation

Pu(ap,P)r€) = 0% (qas pl)) + B (g, pl) + O(€2), (338)
Po(4p, P}y €) = Py +€m,)(q,p)) + O(€%), (339)

where the leading term in @, is given by the geodesic relationship (263), which we
restate as

0% (ga i) = qa +Ba(p) + 25 (p1) 410 (g, ph), (340)
defining
Ba(p}) = Q8 (p})ar9(0, p)). (341)

Like in the geodesic case, this value for B, imposes that ¢, and g, (and w&o))

have the same origin in phase space. As discussed around Egs. (314) and (317),
this means that we can immediately utilize all the relationships from Sec. 6.1.4. The
corrections @él) and 77:(" ) are 2m-biperiodic in q.

The terms in this transformation, as well as the driving forces F(; > can be derived
by substituting Eqgs. (338) and (339) into Egs. (336) and (337). Taking the average
of the resulting equations and appealing to Egs. (305) and (306), we obtain

(0) _ la i l(l)

Q(X = W and 1—61) = W (342)

at leading order and
W _g—__L (gi g, i 9.0 0
ot _o_—rt(o)(c;(l)&p_,BaJr(R a0y 2+ (P)eQL ). (343)
i 1 i ' i j i i

Io=1o (Gl G112 )a = (Rg9pTTh) = (BT ) (44

t

at the first subleading order, where R’ := f-’,(o) nél) and P, = y(. dy ﬁl(o) + p€1)8p; ﬂ,(o).
The average <77:E 1)),1 is chosen to enforce Q((xl) =01in Eq. (343). The oscillatory parts

of the equations yield

Al = I (345)
—irk”
(0.k)
p _ kT I (346)
(Lk) — _r® (1)

k
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at leading order and
1 1

(
D -
© T O

(Rigp0l + Pl — Gl a9l (347)

at the first subleading order. In all of the above expressions, k refers to a Fourier
decomposition into e~*% modes. All functions of p’ are evaluated at p!, and inside
the integrals (251), all functions of ¥ are evaluated at y(°)(q, pfi).

When solving the field equations, we shall require Fourier decompositions with
respect to @,

FIr(@),20] = ¥ £ (phy)e %% (348)
k

We can calculate the coefficients as integrals over g using the transformation (338).
However, it is simpler to use the geodesic change of variables defined by the leading
term in the transformation. The coefficients are then given by Eq. (265) with the
replacements p' — ply, Yo — 19 £y — 9 or by Eq. (266) with the additional
replacement Y — l[l<0).

We will also require the transformation from (We, p') to (@q, P ):

Va(9p. Py €) = W (95, Ply) + Wi (@, 1) + O(€?), (349)
P'(9a:Pp,€) = Pl +€P( 1) (@, Pp) + O(€7). (350)

Following the same steps as in the previous section, at leading order we recover
the geodesic frequencies and find ly&o)((pﬁ, pﬁp) is given by the geodesic relation-
ship (271). Solving the subleading-order equations is made difficult because the
analogue of Eq. (322) has the form

aw(pr) p) f(o)
Q02X yle) 2 (e ) (351)
o oy ﬁt(o)

The o = r,z components of this equation, unlike those of Eq. (322), are coupled par-
tial differential equations for IV(‘P’”, which do not have a solution of the form (328).
However, we can find the subleading terms in Eqgs. (349) and (350) by combining
our knowledge of (@q,p}y) and (W, p') as functions of (g, p);). Substituting the
expansions (338) and (339) into the right-hand sides of Eqgs. (349) and (350) and
equating the results with Eqs. (311) and (312), we find

) 0)
(@), (0 i _ (1) i 1OVWe | (0) P Ve, (0)
Yo (q)ﬁ 7P(p)—‘lfoc (qﬁ7p(p)_q)ﬁ 9% ((py apga)_ﬂ?(]) ap’q, ((py 7p(p)7

(352)
Plon) (@, 05) = Py (4. Pp) — 1) (0, pp), (353)



78

where ¢\ is given by Eq. (340) with Pl — ply- The inverse transformation, which
we will also need, is

(0) (0)
P (0) i ()40, 1Py 9Py
Pa(Wp.p',€) = 0o (Wp.p') +ePo (4", p') — ey vy P
(354)
Py, p'e) = p'+exyy (0, p7) —eply (6, p'), (355)

where <p,§,°) and q(o? ) are the geodesic functions of W, and p'.

Finally, we can reconstruct the coordinate trajectory z% in the form

2(9p: Plp) = 2(0) (95, ) + €205, 1) (9, Pp) + O(€7). (356)

The zeroth-order trajectory has the same functional dependence as a geodesic; that
is, z ((p[; pq,) 2¢&(Pp,Py)> Where z&(@g, p') is given in Eq. (273). In analogy
w1th the Mino-time solution, wherever the geodesic expressions involve P!, they
are here evaluated at P, = (Eg,Lgy,Qy), which are related to p;, by the geodesic

relationships. The first-order corrections Z?(p,l) are f(p.1) =0, Pp,1) = l[/¢ glven
by Eq. (352), and
x4 R
Xy = o). G4 pi G (357)
(9,1) dy(0) (o, )apzq)

with y(®1) and pé o.1) &iven by Egs. (352) and (353).

6.2.5 Multiscale expansions, adiabatic approximation, and post-adiabatic
approximations

Self-accelerated orbits are often described with a multiscale (or two-timescale) ex-
pansion [161, 89, R s , 97, 26, ]. This is essentially equivalent to the
averaging transformation described above.

To illustrate the method, we return to Egs. (309) and (310). We introduce a slow
time variable A := € this changes by an amount ~ £° on the time scale ~ 1/¢. In
place of the transformations (311) and (312), we adopt expansions

)= qa+Aa(2)+ A0S (q.3) +e9 ) (g.0) +0(e?),  (358)
) = Ploy(A) +&p(y) (g, 4) +O0(e?), (359)
where ¢ satisfies

dqa
dA

=T (en) + TV (e1) + O(€2) := Ty (€A, £). (360)
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We then substitute these expansions into Eqgs. (309) and (310), applying the chain

rule J P 5
— =Ty +e—x. 361
ATy eon
qo and A are then treated as independent variables, making Eqs. (309) and (310)
into a sequence of equations, one set at each order in €. These equations are essen-
tially equivalent to (315) and (316) at leading order and to Egs. (322) and (323) at
first subleading order, with tildes placed over all quantities and the following re-
. . . . ~ . (0) ~ =
placements: p), — plo). G,y = dp,_y)/dh. Giy) % — d(Ae+A") /dh, and
q
. 9pl
i (1)
GU) ap{,'
(322), and (323).

The only difference between this expansion and Eqs. (311) and (312) is how each
parameterizes the orbit’s slow evolution, whether with slowly evolving parameters
p’q or with slow time A. Indeed, the solutions are easily related. The solutions to
Egs. (305) and (306) can be expanded as

— 0. These equations can be solved just as we solved Eqgs. (315), (316),

~ 1 ~ ~
qa(l€) = - |3’ (1) +eds (1) +0(e)] . (362)
Py(%.¢€) :ﬁ;(o)(i)+3ﬁ;(1)(1)+0(82)7 (363)
where g0 (1) = [ TS (A)dA + G2 (0) with
I () =13, (364)
LY () =140+ ) ()9, (365)

On the right, TOE") and its derivatives are evaluated at ﬁ;(o)a)' Substituting these
expansions into Eqs. (311) and (312) and comparing to Eqgs. (358) and (359), we
read off

AWy (g.0) = Ay (366)
ﬁl@(i) = ﬁ;(o) (2), (367)

v (@ 3) = v + 5l (D)9, w, (368)
By (4. 4) = ply) + By (A)- (369)

Here l//((xo), p’m, él), and their derivatives are evaluated at [q, ﬁé 0) (2)]. These par-

ticular relationships rely on choosing Ay (1) = Aa[ﬁ;(o)(i)]. Just as the averaging
transformation did, the multiscale expansion has considerable degeneracy between
Ag, TOEI), and ( ﬁ21)>' If different choices are made, then we cannot identify g, be-
tween the two methods. However, regardless of choices, both methods will ulti-
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mately output identical solutions of the form W (2, €) and pi(1,€) (assuming iden-
tical initial conditions), and when written in that form they can be unambiguously
related.

All the same relationships apply if we instead use z-based variables with a slow
time 7 := €¢. When considering the multiscale expansion of the Einstein equation, it
will be useful to have at hand the expansions

- 1 _(1) =
guli.e) = - |0 (1) +e0i (1) +0(e?)]. (370)
Pp(7,€) = Pp(q) (F) + B}y (1) + O(€7). (371)

It follows from Eqgs. (336) and (337) that the coefficients in these expansions satisfy

(0)

di? =2 () (372)
dﬁ;ffm) = I (Py(o): (373)
di‘g) = Py 952 (B (374)
dﬁ[’;,,f( 2 = Iy (Bho)) + By 2117 (Pl (375)

We can also write Eq. (370) as

i
Pali,€) = é / Qa7 €)d7 + 9o (0,€), (376)
JO
with ~ y
Qu(F,8) = QY (1) + 0 (7) + 0(e?), 377)

where O (7) = Q4" [ ) (7)) and Q5 (7) = B, (19,24 (5, o) ()]

There is a tradeoff in solving Eqs. (372)—(375) rather than Egs. (336) and (337):
Egs. (372)—(375) double the number of numerical variables, but they are indepen-
dent of €, meaning they can be solved for all values of € simultaneously. Egs. (336)
and (337) have half as many variables, but they cannot be solved without first spec-
ifying a value of €.

Since the waveform phase in a binary is directly related to the orbital phase, the
expansion (370) provides a simple means of assessing the level of accuracy of a

given approximation. The approximation that includes only the first term, (f)&o), is
called the adiabatic approximation (denoted OPA); it consists of the coupled equa-
tions (372) and (373), which describe a slow evolution of the geodesic frequencies.
An approximation that includes all terms through qN)((l") is called an nth post-adiabatic
approximation (denoted nPA); it consists of the coupled equations (372)—(375). We
return to the efficacy of OPA and 1PA approximations in the final section of this

review.
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Ref. [89] determined what inputs are required for a OPA or 1PA approxima-
tion. To describe these inputs, we define the time-reversal Yy, — — Yy, f*(¥) —
e*f*(—wy), where f is the accelerating force, €* := (—1,1,1,—1), and there is
no summation over ¢. We then define the dissipative and conservative pieces of the
force:

1 1

fiiss = 55%(W) = 581 (= W), (378)
1 1
Jeon = ifa('l’)‘*‘igafa(—‘lf) (379)

These definitions imply that under time reversal, f — —f and f& — +f&,. It
is straightforward to see from Egs. (292)—(298) and the definition of .%; that dp’/dt
only receives a direct contribution from f , while dy/dt only receives a direct
contribution from f% . At OPA order, f* enters the evolution through Eq. (373), in

the quantity
: dp' 1 /dpf
F<ll>:< dI; > :<0><d1)7L > ' (380)
re=ityl g N r=f/,

Hence, the OPA approximation only requires fg) diss: At 1PA, f* enters the evolution

through both 1?’1) and F<’2> in Eq. (375), where 1?’2) is given by Eq. (344) with (325),

(321), (328), and with pELOO) chosen such that X,\") = 0. These quantities involve

FGyaiss 1Via (8(3))g = (G | yessg Jg in Ba. 3251, £}, (Via v and pi, . which
are both partially determined by ﬁél) = 6ful o ~>f(01‘))’ and f<°1‘> diss- Hence, the 1PA
approximation requires the entirety of f(ol‘) as well as f(oz‘) diss®

The fact that dissipative effects dominate over conservative ones on the long
time scale of an inspiral is important in practical simulations of binaries. At least
at first order, the dissipative self-force is substantially easier to compute than the
conservative self-force. We discuss this in the final section of this review.

We refer to Ref. [107] for a pedagogical introduction to multiscale expansions
in more general contexts. Ref. [89] contains a detailed discussion of the multiscale
approximation for self-accelerated orbits in Kerr spacetime. Refs. [161, ] present
variants of the method in simpler binary scenarios.

6.2.6 Transient resonances

Given that the orbital frequencies slowly evolve, they will occasionally encounter
a resonance. Typically [120], the frequencies will continue to evolve, transitioning
out of the resonance. These transient resonances have significant impact on orbital
evolution.
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The near-identity averaging transformation (Wg, p’') — (¢a, pf]) becomes singu-
lar at a resonance, as described below Eq. (321). Specifically, it becomes singular
for the mode numbers Nk for which Yy, = 0. To assess the effect of a resonance,
we start from the equations of motion in the form (334)—(335).

The driving forces F(‘n) and “frequencies” Ug) can be expanded in Fourier series

such as F(’n> =Y F(in 0l p’)e~"k. However, near a resonance, a set of apparently
oscillatory terms becomes approximately stationary. Specifically, near a resonance
where L. := ko) 4 gres1©) = 0, the phase gres = kres - 4, and all integer mul-
tiples of it, ceases to evolve on the orbital time scale. To see this, suppose the reso-
nance occurs at a time Ae. Near that time, gres can be expanded in a Taylor series

Qres(;{') = Qres(ﬂfres) +Qres (z'res)(a' - )lfres) + %qres()lfres)()L - A'res)z + s (381)

Since Gres(Ares) = Y;gg)(ﬂ,res) =0 and §res ~ dTrg(s)) /dA, we see that gres changes on

the time scale
1 1
AN=,|—— ~—, (382)
\ axljan Ve

which is much longer than the orbital time scale (but much shorter than the
radiation-reaction time).

During the passage through a resonance, these additional quasistationary driving
forces cause secular changes to the orbital parameters. We isolate these effects by
performing a partial near-identity averaging transformation that eliminates all oscil-
lations from the evolution equations except those depending on the resonant angle
variable ges. An appropriate transformation, through 1PA order, is given by

y(0 _ i orld

4a(@,p),€) = qa+€BaP (p)ap+¢ ¥ (;)" N ik (383)
; J
k#Nkres *lEes (pq)
i
pla.ple)=pl+eC(ph)+e ¥ —UE o ia, (384)

~~(0
k#Nkres - ly;es)

where functions of p/ inside the sums are evaluated at pé, and By P and C' are any
functions satisfying

BP1" =019 15" + (Ug)q. (385)

These transformations satisfy the analogs of Eqs. (316) and (322) but with reso-

nant modes excluded, with Bo# and C' chosen to eliminate the frequency correc-

tions TOEI), and with the simplifications that ﬁtﬁ‘)) is replaced by Y;l(o) and AIVLEO) by

(0)

0 (consequences of g, already being a leading-order action angle). Together, the
transformations (383) and (384) bring the equations of motion to the form
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d .

Ha _ v (pi)+0(e), (386)
di

dp! ; 4 ; o

—b = €G() (D)) +€ Y, Fly i) (Phe M= +0(e?), (387)
dir NZO

with G’m = <F(il)>q. For simplicity, we suppress 1PA terms.

How much does the second term in Eq. (387) contribute to the evolution of pf]?
Far from resonance, the additional term averages to zero. If we denote the term as
€3G, then across resonance, it contributes an amount §p,, = € [ 6G'dA. Applying
the stationary phase approximation to the integral, we find

; ; 2me . iT
89" = Y Fliwk) | o €XP [Sgn (Vi) 4+qums<zm)} +o(Ve),
N#0 INTees' |
(388)
L . 5 5(0) ar®
where we use a dot to denote a derivative with respect to A, Y’ 1= o=

, 0 , ‘
Gi, (’g;%), and both 5,{0 and F, v,
Sp' is ~ +/€; intuitively, this corresponds to a quasistationary driving force of size
~ & multiplied by the resonance-crossing time §A ~ 1/,/€. But §p' is not a simple
product of the two; each quasistationary driving force is weighted by a phase factor,
such that §p’ depends sensitively on the value of the resonant phase at resonance,
Gres(Ares). This implies that in order to determine §p' at leading order, one must
know the 1PA phase evolution prior to resonance.

A proper accounting of the passage through resonance requires matching a near-
resonance expansion to an off-resonance, multiscale expansion; see Sec. III of
Ref. [120] or Appendix B of Ref. [18] for demonstrations of this matching pro-
cedure. Because a resonance shifts the orbital parameters by an amount ~ /€, and
the shifted parameters subsequently evolve over the long time scale ~ 1/¢, the res-
onance introduces half-integer powers into the multiscale expansion. For example,
after a resonance, Egs. (370)—(371) become

are evaluated at pé()lfes). The magnitude of

- 17, _ - (1)
puli.e) = - |0 (1) +€200 7 () +epl) )+ 0], (389)
Pp(f,€) = Ply) () + 81/217:0(1/2) (7)+ &Py (D) + o(e¥?). (390)

The effect of a single resonance therefore dominates over all other post-adiabatic
2 and pio(l ) requires
the shifts (388), which in turn require the resonant phase g through 1PA order.
This means that the 1/2-post-adiabatic-order corrections can be thought of as outsize
1PA corrections.

Further discussions of transient resonances can be found in Refs. [64, 71, 65,

s R , 18, , ]. Because resonances are dense in the parameter space,
an inspiraling body will pass through an infinite number of them. However, because
the forcing coefficients F(il,k) decay with increasing k, the only resonances with

effects. However, determining the resonant corrections (f)((xl/
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significant impact are “low-order” resonances, such as 1;./1; = 1/2. A large fraction
of inspiraling orbits will encounter such a resonance in the late inspiral [173, 18],
but neglecting the effect of resonance in EMRIs may lead to only a small loss of
detectable signals [18].

In addition to the intrinsic r—z orbital resonances discussed here, resonances can
also occur due to a variety of other effects. There can be extrinsic resonances in
which K%°Q, + kI Q; + ki = 0 for some triplet (k;**, k7, kg™*); these lead to
non-isotropic emission of gravitational waves, causing possibly observable kicks to
the system’s center of mass [90, ], but their effects are subdominant relative to r—
z resonances. If the secondary is spinning, its spin can also create resonances [212],
as can the presence of external matter source such as a third body [26, ].

7 Solving the Einstein equations with a skeleton source

In this section we describe how to combine the methods of the previous sections
to model small-mass-ratio binaries. This consists of solving the global problem in
a Kerr background: the perturbative Einstein equations with a skeleton source (i.e.,
a point particle or effective source) moving on a trajectory governed by Eq. (195)
or (198). The first part of the section summarizes a multiscale expansion of the
field equations, building directly on our treatment of orbital dynamics. At adiabatic
order, waveforms can be generated by solving the linearized Einstein or Teukolsky
equation with a point particle source and calculating the dissipative first-order self-
force. At 1PA order, one must solve the second-order Einstein equation and compute
the first-order conservative self-force and second-order dissipative self-force. These
1PA calculations require, as a central ingredient, a mode decomposition of the sin-
gular field; this is the subject of the second part of the section.

For simplicity, we assume the small object is spherical and nonspinning and that
it does not encounter any significant orbital resonances.

7.1 Multiscale expansion

7.1.1 Structure of the expansion

Like the orbital dynamics, the metric in a binary has two distinct time scales: the
orbital periods Ty, = 27/Q and the long radiation-reaction time ~ 1/(€7). The
evolution on the orbital time scale is characterized by periodic dependence on the
orbital action angles @y, which satisfy Eq. (336). The evolution on the radiation-
reaction time is characterized by a slow change of the orbital parameters p’;p, gov-
erned by Egs. (337), and of the central black hole parameters (Mgy,Jpy), which
evolve due to absorption of energy and angular momentum according to Egs. (97)
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and (99). If we did not neglect the small object’s spin and higher moments, they
would come with additional parameters and phases [174, ].

The black hole parameters change at a rate .# 7 o< |h|> ~ €2. Over the radiation-
reaction time, this accumulates to a change ~ €, allowing us to write the evolving
parameters as Mpy = M + €M and Jgy = J + €0J, where M and J are constant and
My := (0M,6J) evolve on the radiation-reaction time. We then work on the fixed
Kerr background with parameters M and a = J/M, with a set of slowly evolving
system parameters Z% = { p(P,MA}

We will use the split into action angles @y and system parameters &% to expand
the metric perturbation and stress-energy as

hyy = Z Y e (2 x)e 0k 4 0(e3), (391)
n=1m.k

Tyy = Z Y. e T4 (2% x)e ™00k 4 0(e), (392)
n=1m.k

where m,k,, k; all run from —oo to oo, x = (1,2), and @k := M Qy + k@, + k. Q..
Here ¢q and &% are functions of ¢ and € governed by Egs. (336), (337), and

AU — e 7 () + 0, (393)
where ﬁfgl) (ZF 7 /e 7, /82) is given by any of Egs. (97) and (99), Eqs (140a)
and (141a), or Eqs. (156b) and (157b); the reason this depends only on pq, at lead-
ing order is explained in Sec. 7.1.4 below. The decomposition into azimuthal modes
¢/™9 is not strictly necessary here, but it simplifies the analysis of the stress-energy
in the next subsection, and it dovetails with the decompositions into angular har-
monics in Sec. 4, as all the bases of harmonics involve ¢ only through the factor
eimd).

The expansions (391) and (392) differ slightly from the “self-consistent expan-
sion” (192) in that the parameters & in the self-consistent expansion include the
complete trajectory z# and its derivatives. We can therefore move from Egs. (192)
and (205) to Egs. (391) and (392) by substituting the expansion of z*(r) from
Eq. (356). To fully motivate our multiscale expansion, we work through this ex-
pansion of 7y in the next subsection.

But first, we focus on the overall structure and efficacy of the multiscale expan-
sion. Given Eqgs. (391) and (392), the perturbative field equations become equations
for the Fourier coefficients hi{"fn k). These are identical, at leading order, to the usual
frequency-domain field equations of black hole perturbation theory, with discrete
frequencies

d(Pmk

i 0) i 0) i 0) i
dt = wmk(p(p) = kr'Qr< >(p¢)+kz-Qz( )(p(p)"_m'g‘j() )(p(p)' (394)
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More concretely, if we substitute the expansions (391) and (392) into the Einstein
equations, then ¢ derivatives act as

-0
ot «

0 (0)( j) 0 dP% 9

P0) 50, * Tdi a0 (395)

. , N )
— —i0mk(pp) +€ F(l)(p{,,)apl(.l) Wf*l)(ﬂfﬁm +0(&?). (396)

Using this, we can write covariant derivatives as
Vo — VO 4 e8! 91mk 4 0(2), (397)

where V¥ is an ordinary covariant derivative with dy — im and dy = —iWp,
and é,lmk is the operator in square brackets in Eq. (396). If we then treat ¢, and
Z% as independent variables, we can split the field equations into coefficients of
e™9~Pmk and of explicit powers of &. This results in a sequence of differential

equations in (r,z) for the coefficients h;f;n b,

GO [p(m R — gy (398)
mk mk mk Iy "y
G,(le )[h(2mk)] _ 8nTﬁ, ) _ Z Z GLZV )[h(lmk),h(lm K >}
mlml/ klk//

— I Gl 19, 110 = 7LV G [0y, ). (399)

Here GLIJH b and GLZJYL %) are the linearized and quadratic Einstein tensors (3) and

(4) with the replacement V, — @gmk. GLlén %) is the piece of GLI\Z that, after apply-

ing the rule (397), is linear in 9,“”". Explicit expressions for these quantities can
be found in Sec. VC of Ref. [127] in a Schwarzschild background in the Lorenz
gauge.’’

The left-hand side of the field equations (398) and (399) is identical to what it
would be if we expanded hyy in Fourier modes ™9~ 1®nit Such a Fourier ex-
pansion is what has been implemented historically in first-order frequency-domain
calculations with geodesic sources (e.g., [40, 96, 99, 59, 49, 68, 1,92, s , 65,

, 2, , 94, , 1), and we can now immediately re-interpret those computa-

32 The field equations in Ref. [127] are further specialized to quasicircular orbits, with frequencies
Wy = mQé}O), but they remain valid under the replacement ®,, — @,,,x. In Sec. VC of Ref. [127]

they also include frequency corrections Qél), which we have eliminated here with our choice of

averaged variables (@, pip); the analogue of our choice is described in their Appendix A. Beyond
these minor differences, they more substantially differ by allowing the phases and system variables
to depend on r in addition to 7. We discuss the reason for this in Sec. 7.1.3.
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tions as leading-order implementations of the expansion (391).*® This is a principal
advantage of using the variables (@, p’(P) instead of (gq, p;)

Importantly, Eqs. (398) and (399) can be solved for any values of the parameters
2%, without having to simulate complete inspirals. At each point in the parameter
space, the solution, comprising the set of amplitudes h,(fvm k), can loosely be thought
of as a “snapshot” of the spacetime in the frequency domain. These solutions can
be used to calculate the driving forces in the evolution equations (337) and (393)
for d 2% /dt. After populating the space of snapshots, one can then use these evo-
lution equations, together with the phase evolution equation (336), to evolve any
particular binary spacetime through the space. Note that even though each snapshot
is determined by an “instantaneous” value &%, each snapshot fully accounts for
dissipation and for the nongeodesic past history of the binary: because the evolution
is slow compared to the orbital time scale, these effects are suppressed by a power
of € and are incorporated through the Gwn k) source terms in Eq. (399).

What would go wrong if, rather than using this multiscale expansion, we were
to actually use h,(ll\z =Yk hﬂ\fn b (r,2)e™9=i@mit a5 our first-order metric perturba-
tion? This would be approximating the trajectory of the companion as a geodesic
of the background black hole spacetime. As explained in the discussion around
Eq. (193), such an approximation would accumulate large errors with time: the
“small” corrections to the trajectory would grow large as the object spirals inward.
The growing correction, represented by z¥ = m*/m in Eq. (193), would manifest
itself as a dipole term in hsz) that would grow until hﬁ; became larger than hﬂg,
spelling the breakdown of regular perturbation theory.

We can now understand this behavior directly from the orbital phases. If we were

to use the geodesic phases @,,,xf, we would be implicitly expanding the phase

t .
Palt,€) = /0 QY (et €))dt’ + ) (400)
in powers of €, as

< (0)
i 140 -
0u(t,e) = O (0) + & %02+ 0N 0| +0(E®) +9d, (401

2 dr

where we have used Eq. (377). Such an expansion would be accurate on the orbital
timescale but would accumulate large errors on the dephasing time ~ 1/4/€, which
is much shorter than the radiation reaction time. Moreover, the order-€ terms in
this expansion would appear as non-oscillatory, linear- and quadratic-in-¢ terms in
hﬁ‘a, implying that hﬁv) would not admit a discrete Fourier expansion or correctly
describe the system’s approximate triperiodicity. The multiscale expansion avoids

33 First-order implementations in the time domain [9, 12, , 13,57, 84, 8] do not mesh quite so
readily with a multiscale expansion. We discuss their utility within a multiscale expansion in later
subsections.
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these errors and maintains uniform accuracy prior to the transition to plunge (and
excluding resonances).

The basic idea of this multiscale expansion of the field equations was first put
forward in Ref. [89]. It is described in detail in Ref. [127] for the special case of
quasicircular orbits in Schwarzschild spacetime. Our presentation here, building on
our particular treatment of orbital motion in the preceding section, is the most com-
plete description to date of the generic case. We provide additional details below. A
thorough description is in preparation [62].

7.1.2 Multiscale expansion of source terms and driving forces

We illustrate, and further motivate, the multiscale expansion by examining the mul-
tiscale form of the source terms in the coupled equations (204) and (198): the De-
tweiler stress-energy and the self-force.

We start with the stress-energy (205). Writing the trajectory as

(1) = [1,70(1),20(2), 0o (1)] (402)

(where the subscript stands for “object’s orbit”), setting the spin to zero, using the
o function to evaluate the integral, and expanding the factors of /—g and %, we

express Ty as
B g
_ mguadvpu’u €045 y5) R(l)}
W=y [1+2(Mu -8 hyé
x 82x—xo(1)] 80 — 0o (1)] + O(7). (403)
We now take as a given our multiscale expansion (356) of z%(¢); this assumed the

form (307) for the force, which we return to below. Substituting (356) and using
ut =z /X, we obtain the coefficients in the expansion

Tuy = €T3 (9a, Ply) + €2 Toy (9, Ply) + O(€?). (404)
The leading term is

)

(0)
fi Z:(20)

T (s Ply) = 8%[x — X(0) (@, P'p) 1810 — 0(0) (Pas PYp)] (405)

where I := rfy + a2l 2 = guv(x(0))2y)- o) = £ (W), pp) for w =19,

and () is given by Eq. (299) with pi — pi, and y, —

is

. The second-order term
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) iy_ _m 0, R Lo.0y 5 v\ ,R0)
v (9a:Po) = gy 5 | Fu g o 280 % (idoyeer =10 ) }
0)

(1)
. . T,
x 82[x —x(0) (@, )18 9 — 90 (P Plp)] + 205 1 3)%:) . (406)

. () R(1) .
where “?0) = Z70) /Z0)» g%’O) = g% (x()), and hyéu) is evaluated at sz». The last term

. . . 9 . 0) iy s
in Eq. (406) involves the action of z?‘(p’l) er on 2, (y0), Ply): this can be evaluated

using
d

d .
. — o). P 7
o) Grg =Y Gy TPy (407)

with y(?D) and p’@ 1 given by Eqs. (352) and (353).
Next, we consider the mode decomposition of the expanded stress-energy. We
first define the mode coefficients

'k 1 . e
Tk o f T om0 42 0 9y (408)
which assume no relationship between the dependence on ¢ and @,. Substituting
Tﬁ,) from Eq. (405), using the azimuthal § function to evaluate the integral over ¢,
inserting Eq. (271) for ¢(g), and using fei(m_m')% d@y =270y, /. We Obtain

.(0).(0)
(lmm'k) _ O ?{mzu v oo iop—imAg9© 12
Ty (2m)? ﬁ,(0>2<20> O (x—x())e o dve. (409)

This enforces m' = m, establishing that the stress-energy only depends on ¢ and
@y in the combination ¢™(9=9) We can now do away with the ' label and eval-
uate the integral in Eq. (409) in the form (265) or (266). The result is

0)+-(0 (0 (0
T,ﬁ/mk) _ er( >Tz( ) Z Zl(i)(wc)iv)(ll’c) . AP(WO)—im a0 (y)
(27r)31f;<0) o= Z2(x) o) (W7 )20y (W2 °)

o,=%

X [0(r=rp) = 6(r —r4)10 (zmax — [2]), (410)

where the various quantities have been defined as functions of the field point x =
(r,z), and 6, = = refers to a portion of the orbit in which x“ is increasing (o, = +)
or decreasing (0, = —). v (r) is the value of v, satisfying Eq. (217) (with p' —
P) on an outgoing (+) or ingoing (—) leg of the radial motion; l//zi () is defined
analogously from Eq. (218). ¢ (y?) is given by

P (W) = ar(w) + Q0 - [81,(w&) + 51, (y)), @11)
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with g,(y,) by Eq. (241), and 8t,(y,) by Eq. (267). A9 (yO) is given by

Eq. (272). The Mino-time velocities are z'ﬁ))(l[l") = guv(%)2)) (w°) with x{o ()
given by Eq. (299) [or (206) and (207)] and 7 and ¢ by Eqgs. (208) and (209). We

can also use z'l(o) =—EyX and z‘f;)) = LyX; recall that we suppress the subscript z on

L in P, = (Ep,Ly, Q).
(1)

This calculation demonstrates how 7,/ inherits the form (392) from the trajec-

tory z*. Given this form of Tlﬂ,), the linearized Einstein equation preserves it (in an

appropriate class of gauges), justifying our ansatz for hf}g Given that form of h;}g
the second-order stress-energy (406) inherits the same form, as do the other sources
in Eq. (399), and so, finally, does hfo
All of this relies on the presumed form (307) for the force, from which we derived
the form (356) for z*. Our force on the right-hand side of Eq. (198) is not quite
of that form. To derive its form, first note that, assuming Eq. (356), the puncture
field hﬁ, has a form analogous to Eq. (391), and therefore hﬁv does as well. If we
write this as hﬁv(ﬁa,x, ©p — ¢, 9, ), apply a covariant derivative using (397), and
evaluate the result on the trajectory z*(¢), then the right-hand side of Eq. (198) takes
the form
f”('@aaanZa7‘p7£), (412)

where we have used @y — @, = —Apd?) (@) — £¢(?1) (@) to eliminate dependence
on @y. This differs from Eq. (307) in two ways: it depends explicitly on (@, p’(p)
and it depends on the additional parameters My.

With respect to the first difference, we can use Eqs. (354) and (355) to write the
force in the form

f=efl (w.p' Ma) + € £ (W, p',Ma) + O(€%). (413)

The system of equations (309) and (310) thus becomes

d ; .

L (0w )+ ef (v M)+ O(E), (414)
' _ J 24i J 3

d), *gg(l)(Wap aMA)+8 g(z)(‘”7p 7MA)+0(8 )5 (415)
dMm, , .
=t )7 (p) + o). (416)

The analysis of these equations then follows essentially without change as in
Secs. 6.2.3-6.2.5. To see why the use of Egs. (309) and (310) does not lead to vi-
cious circularity, note that their subleading terms only affect fé), which only enters
into the dynamics in Eq. (325). The nongeodesic functions appearing in Egs. (309)
and (310) are therefore determined from lower-order equations prior to requiring
foy

Finally, how does M, influence the orbital dynamics? It enters into the driving
(1)>_ This follows from the fact

i

forces gén) and ﬁo(tl). However, it does not enter into (g
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that f(ﬁi)con depends on M, but fﬁ) giss does not, as explained in Sec. 7.1.4 below. My
therefore contributes to the action-angle dynamics at 1PA order via Eq. (325) as
well as to the coordinate trajectory correction z( 0 at 1PA order through llfa

pi ... This is the only material change to our treatment of the orbital dynamlcs in
Secs 6.2.3-6.2.5.

Together, the analyses of this section establish the consistency of our multiscale
treatments of the field equations and orbital motion. In the following sections, we
describe more concretely how to utilize these treatments.

7.1.3 Snapshot solutions and evolving waveforms

Snapshot solutions, consisting of the mode amplitudes hf]ﬁ’k(@ %,x), can be com-
puted using any of the frequency-domain methods reviewed in Sec. 4. As an ex-
ample, in this section we sketch how this is done at first order using the method of
metric reconstruction in the radiation gauge, starting from the Teukolsky equation.
This summarizes work from Ref. [122], which provided the first calculation of the
full first-order self-force for generic bound orbits in Kerr spacetime. Our summary
also appeals to methods and results from Refs. [135, 59, s 1.

We first define leading-order Weyl scalars yy and yy related to the h;uz of
Eq. (391) by Egs. (54)—(55b) with the replacements ¢, — —i@,,; and dy — im.
For concreteness, we use Y. In analogy with Eqgs. (81) and (82), it can be written

P

Zszk Pl 7)2Stm (8,950, ) e Pmk. (417)
0x

Note that the radial coefficients depend on p’;p but not on My; this is because the
linearized yp and 4 are insensitive to linear perturbations of the central black hole’s
mass or spin [199].

The coefficients » Wy, ( pio,r) satisfy the radial Teukolsky equation (84) with
O — Opr and Yoo — sWimk- The source in that equation is constructed from
the stress-energy (405) or its modes (410) using the analog of Eq. (90a),

Zmax ~
2Tymp = —327°% (L3T) (1,2)2S0m (6, 0;a0,,1)dz, (418)

—Zmax

where the integral ranges over the support of T,ﬁlvmk), 6 is related to z by z =cos 0,

and we have suppressed the dependence on pip. The source joka in the inte-

grand is given by Eq. (59) with Tj; — Tlglm’c) (and the same for other tetrad compo-

nents), d; — —i®,, and dy — im. What may appear to be an extra factor of 27 in
Eq. (418) accounts for the factor of 1/(27) introduced in the integration over ¢ in
Eq. (408).

The retarded solution to the Teukolsky equation, as given in the variation-of-
parameters form (93), is
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2Wemk(r) = 20k (P2R 1 (1) + 20 (PR (1), (419)

where we have defined the homogeneous solutions ZR%EE(r) = zRiang‘z)mk (r). The

weighting coefficients are given by Eq. (95), which we restate here as

2Ry ()

2O () = Wﬂ‘gmk(r')dr’, (420a)
R
2 (1) = Wzﬂmk(r')dr’. (420b)

In the vacuum regions r > r, and r < r,,, outside the support of Ty, ¢, the weighting
coefficients become constants,

ra 2Ry (1)

ZC}Jr;nk = , Wznmk(r’)dr’, (421a)
Ta gRi/‘]mw ()

2CF /AT Ndr' 421b

mk r W(r’)A 2 ka(r) r, ( )

and in those regions the solution becomes

2C JRM (r) forr<r
2Wemk(r) = { o b (1) ! (422)
CP Ry (r) forr>r,.

We can evaluate the r and z integrals in ZC%SE as integrals over y, and y; by
using appropriate changes of variables for each value of ¢, in Eq. (410). For 6, = +

and a generic function f(r), the radial integrals are jrrp far' = [y ) ﬂd v, and
Sy fdr = [y ) fawdy; for o = —, they are ! fdr' = — [2’” S dv-dy; and

[ fdr = — [} - () f dd—l;rdl//,. The transformations for ¢, = + are analogous We

can also write the r and z derivatives in 5%’“" T as aia = %‘;’,;' e (with no sum over

a). For more explicit formulas for the integrands, see Sec. 3B of Ref. [59]. See also,
e.g., Refs. [68, 94] for discussion of practical methods of numerically evaluating
such integrals.

The modes of yy (or yu) are by themselves sufficient to calculate many quanti-
ties, such as gravitational-wave fluxes. But for other purposes, such as the calcula-
tion of the self-force and the needed input for the second-order field equations, one
must compute the entire metric perturbation. Starting from the modes of Yy or yq,
this can be done using the method of metric reconstruction reviewed in Sec. 4.1.4.
In the presence of a source, metric reconstruction typically yields a metric perturba-
tion that has a gauge singularity extending in a “shadow” from the matter source to
the black hole horizon or from the matter to infinity [135, 82]. In the case of a point
particle, this shadow becomes a string singularity. However, we can more usefully
reconstruct the metric perturbation in a “no-string” radiation gauge [163], in which
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it has no string but does have a jump discontinuity and radial 6 function on a sphere
of varying radius r = r()(t).

To construct the no-string solution in practice, we first find a Hertz potential
y'RG satisfying Eq. (682) (at fixed pf,) in the disjoint vacuum regions r < r,, and
r > rg4, Subject to regularity at infinity and the horizon. The appropriate solution in
each region is given by Eq. (15) of Ref. [135]. In the libration region r, < r < r,,
the radial source 7}, is nonzero, as the Fourier decomposition smears the point
particle source over the entire toroidal region {r, < r < ry,|z| < Zmax}. The solu-
tion (15) of Ref. [135] therefore cannot be used in the libration region. However, it
can be analytically extended into that region, using Eq. (422) in place of Eq. (419).
Because the time-domain solution is analytic everywhere except on the sphere at
r(0)(t), the sum over mk of the analytically continued functions from r < r,, yields
the correct result for all 7 < r( (¢), and the sum over mk of the analytically con-
tinued functions from r > r, yields the correct result for all » > r(0) (1) [124, 1;

this is the method of extended homogeneous solutions [16, 1.3% As alluded to
in Sec. 4.1.7, this method was originally devised to alleviate another problem that
arises in frequency-domain calculations for eccentric orbits: the sum over k modes
of the inhomogeneous solution converges slowly within the libration region. In the
context of metric reconstruction, the method allows one to avoid the complexities
of nonvacuum reconstruction.

From the extended modes of the Hertz potential, we can reconstruct modes of an

incomplete metric perturbation, hg‘fn k>rec, using Eq. (67) (as ever, with d, — —i@,, &

and dy — im ). To complete this perturbation, in the region r > r(g(t) we add mass

. . 0 0 . ..
and spin perturbations, E¢ gﬂ‘fl" and Ly §‘;V , where the M derivative is taken at fixed

J = Ma, and the J derivative at fixed M; these account for the mass and spin that the
particle contributes to the spacetime [125, 43]. In general we must also add mass

and spin perturbations M aag,ﬁ; and 8J ai}“’ throughout the spacetime (at fixed pﬁp);
these account for the slowly evolving corrections to the central black hole’s mass
and spin.*> Finally, in the region r < r(0) (¢), we must add gauge perturbations that

ensure the coordinates # and ¢, and therefore the frequencies _Q((zo), have the same

meaning in the two regions r < r(q () and r > r(0) (¢) [180] (see also [20]).

With the completed modes hixﬂ k) (£% x) in hand, one can calculate any quan-

tity of interest on the orbital timescale with fixed Z2%. In particular, one can calcu-
late the first-order self-force and its dynamical effects using the mode-sum regular-
ization formula derived in Ref. [163]; the formula in the no-string gauge is given by
Eq. (125) in that reference.

3 See also Ref. [93] for a generalization of this method to problems with sources that are nowhere
vanishing.

35 These corrections proportional to M, have not been added historically because for any specific
snapshot with parameters &%, call them 2§, they can be absorbed with a redefinition M —
M+€edMy and J — J+ €8Jy, setting M. 0 — 0. However, in the context of an evolution, which moves
through the space of 2% values, they must always be included at 1PA order. Even at a single value
of 2% where MX = 0, their time derivatives must be included in Eq. (399). See Ref. [127] for a
discussion.
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To date, Ref. [122] is the only work to carry out the entire calculation we have
just described for generic bound orbits in Kerr spacetime. However, for orbits in
Schwarzschild spacetime and for equatorial orbits in Kerr, snapshot frequency-
domain calculations of the complete hitl‘), and fg ) are now routine, whether in the
Lorenz gauge, Regge-Wheeler-Zerilli gauge, or no-string radiation gauge [12, 49,

, 1, , 57, 2, s s , ]. Numerical implementations at second or-
der, which are necessary for post-adiabatic accuracy, are still in an early stage but
have computed some physical quantities for quasicircular orbits in Schwarzschild
spacetime [164].

We can use the output of these snapshot calculations to obtain the true, evolving
gravitational waveforms. Once the snapshot mode amplitudes are calculated, from
them we can calculate the inputs for the evolution equations (336), (337), and (393).
In analogy with Egs. (96), (139), and (155), the waveforms are then given by any of

G, lPp ()]

hy —ihy =2) ; St (0, 0500, ) Pk (™€) 1 O(g2),
{mk wmk
(423a)
-L5 > (G (@ )]~ i (a e)])
X ¥y (6, 9)e” Pmk1) 1 0(e?), (423b)
=Y Clomk(pi (@,€)]2Y0n (6, 9)e  0mk®) 1 O(e?), (423c)

tmk

where D= /(¢ —1){({+1)(£+2), and @k = O [pip(ﬂ, €)]. Here we have writ-
ten the waveform in terms of ii := £(¢ — r*); we return to this point below. We also
note that we have given the waveform in terms of modes of yy rather than the less
natural (for this purpose) yp. In analogy with Eq. (421), we have defined the am-

plitudes ot Y 1;{p and C]CZPMkup as the relevant weighting coefficients for r > r,, and

we have defined the Lorenz-gauge amplitudes C1{7K := lim, ., (re'@mi’" plimk)
We have also intentionally inserted a label “1” onto the mode amplitudes and omit-
ted O(€?) amplitudes. This is because even if we determine the phase @, (i, €)
through 1PA order, the second-order amplitudes do not increase the waveform’s or-
der of accuracy; an order-£> amplitude in the waveform is indistinguishable from a
2PA (order-¢€) correction to the phase.

The waveform (423) is in the time domain, but it is almost trivially related to
the frequency-domain waveform. Defining h(®) := 5= [*_ (hy — ihy)e'® du and
applying the stationary-phase approximation, we obtain, e.g.,
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1 2ME _ Alimik

h(®) = — — =l
(@) =52 X\ ope/a

[fmk(w)]ZYém

X exp {i[wfmkw) — Qi @)] + sgn (AW, /) jf} +o(Ve). (424)

Here 7,,,;(®) is the solution to ® = ®,,x(f), and the phase as a function of @ is
k(@) = Qpilfrmi(@)].

Before proceeding, we return to the dependence on # rather than 7. In Eq. (423),
all functions of # are the functions obtained by solving (336), (337), and (393),
simply evaluated as a function of . For example, from Eq. (400),

1 i o
0u(ie) = - [ Iph(F.e)lar + gf. “25)

This dependence on u is not a trivial consequence of the multiscale expansion (391).
To justify it, one must adopt a hyperboloidal choice of time that asymptotes to u at
&t or perform a matched-expansions calculation, matching the solution (391) to
an outgoing-wave solution near .# . Ref. [127] discusses these points along with
several additional advantages of using a hyperboloidal slicing. To see why the re-
placement ¢ — u is intuitively sensible, note that with it, Eq. (423) correctly reduces
to a snapshot waveform on the orbital timescale if we fix pip and replace @, (i1, €)

with its geodesic approximation "Qr<3>k“ (with fixed "qu?k); without the replacement,

the multiscale waveform would not correctly reduce in this way.

In the next two subsections, we outline the steps required to generate multiscale
waveforms at adiabatic (OPA) and 1PA order, whether in the time or frequency do-
main.

7.1.4 Adiabatic approximation

At this stage we consider the evolution equations in the form (372)—(375). There
is no difference between that form and Eqgs. (336)—(337) at adiabatic order, but we
adopt the notation of Egs. (372)—(375) here for consistency with our discussion of
the 1PA approximation in the next subsection.

For convenience, we transcribe the adiabatic evolution equations (372) and (373):

50

d j

? =2 (P (426)
dp' o

¢(0) i (%

7 = L (Pe)): (427)

An adiabatic waveform-generation scheme consists of the following steps:

1. Solve the field equation (398) or the associated Teukolsky equation or Regge-
Wheeler-Zerilli equations, on a grid of pj, values. At each grid point in parameter
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space, compute and store two things: the driving forces F(’l) ( p’;p) in Eq. (373) and
the asymptotic mode amplitudes at .#+ [e.g., izé‘f? mk(pip) in the Teukolsky
case].

2. Using the stored values of F(’ )’ evolve through the parameter space by solving
the coupled equations (426) and (427) to obtain the adiabatic parameters ﬁip(O)

and phases (I)r(o) (])FO), (I)éo) as functions of 7 = &t.

3. Construct the adiabatic waveform using, e.g.,

_Qélllgmk [ﬁip(o) (@)]

2
wmk

. (0) /-
hy —ih =2y St (8, 0:a0,)e Pk @/E (428)

lmk

where @,k = Ok [ﬁip(())(ﬁ)]

Starting from seminal work in Refs. [75, ], two groups of authors have devel-
oped practical implementations of this scheme [96, s , 99, 60, 76, 97, ].

One of the convenient aspects of the adiabatic approximation is that it can be im-
plemented entirely in terms of the Teukolsky equation with a point-particle source,
with no requirement to calculate a reconstructed and completed metric or to extract

the regular fields hﬁg,"). The reason is that, as explained around Egs. (378) and (379),

only the first-order dissipative force fg) is needed to calculate the driving force

diss
F<"1>. This force is entirely due to the half-retarded minus half-advanced piece of
1
Byt 11291,
Drad _ 1 (yret 1 (1)ad

Hy™ = Shy™ = Sy (429)
Because hﬁgmd is a vacuum solution to the linearized Einstein equation, it can be
reconstructed from the half-retarded minus half-advanced piece of Y or y;, using
the radiation-gauge reconstruction method reviewed in Sec. 4.1.4 (as translated to
the multiscale expansion in the previous section). Again because it is a vacuum solu-

tion, it is smooth at the particle, and it is equal there to the relevant part of hﬁs,l) that

creates fg) giss- Furthermore, hﬁ‘zrad can contain no stationary perturbations, imply-

ing it cannot contain any contribution from the mass and spin perturbations M}y, so
it needs no completion. Hence, one can evolve the orbit and generate the waveform
entirely from mode amplitudes of yp or yy.

Concrete formulas for adiabatic driving forces in terms of Teukolsky amplitudes
were first derived in Ref. [75], which showed that the average rates of change of E
and L, due to f("l‘) satisfy a balance law:

diss
5(0)
dE v
=7~ T, (430)
drLy)
— =7 -7 431)
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where 15(;(0) = (E(E,O) ,I:g? ), Qg) )) are related to ﬁip (0) bY the geodesic relationships (225)—

(227) between P! and p'. The fluxes are those due to the retarded field, which we
can translate from Egs. (97)—(100) as

, 2ra, e
H L @k 2. Hlmk
TP =Y, = Y T (432)
lmk mk lmk
2n A
7 u 2. Slmk
TP =Y, |20l = ) 7 (433)
{tmk wmk tmk

and similarly for #;* and .%;” .
Equation (430) states that the change in the particle’s orbital energy is equal
at leading order to the sum total of energy carried out of the system (into the black
hole and out to infinity). Equation (431) states the analog about the particle’s angular
momentum.
Some time later, Ref. [177] derived a similar formula for the average rate of
change of the Carter constant due to f(ol‘)

diss:
a0y’ (do\” _(d0\” )
dt dt dt ’
(435)
where’© 0
dt Ik Dk
with o o
Lk = 1’)’L<COt2 9(0)>7LL§p ) az(l)mk <COS2 9(0)>AE((0 ) (437)

While this evolution equation for Q superficially resembles those for E and L., it
is of fundamentally different character. The quantities .z and %} are true physi-
cal fluxes across the horizon and out to infinity; they are defined entirely in terms

*
of the metric on the surfaces 57" and .#*. The quantities (‘Z—ZQ) , on the other

hand, directly involve orbital parameters; they are not locally measurable fluxes.
Thus, although Eq. (434) is sometimes referred to as a flux-balance law, there is
no known sense in which it can be meaningfully described as such. However, the
evolution equations for E, L., and Q all share the same practical advantage: they can
be evaluated directly from the retarded solution to the Teukolsky equation with a
point-particle source, with no need to reconstruct the complete metric perturbation
or to extract the regular field.

36 Note that Ref. [177] uses C to denote our Q and Q to denote our K. We give here the expression

*
for (";—?) as presented in Ref. [65]. In all cases in the literature, expressions such as these are

written in terms of averages (-), which we can omit because we work with already averaged orbital
variables.



98

Combining Eqgs. (430), (431), and (434), we can compute the adiabatic driving
forces

o opt . dP’

L e (438)
#(0)
from the Teukolsky amplitudes _zéﬁﬁfk given by Eq. (421). We can then follow
the prescription outlined at the beginning of the section. Alternatively, we can ex-
press the geodesic frequencies in terms of f’(; 0= (E (<p0> , I:E,,O) , QNS,?)) and work directly
with those variables, treating ﬁip(o) as a function of 15(;(0) by inverting the relation-

ships (225)—(227).

The adiabatic approximation has been used to evolve equatorial orbits in Kerr
spacetime [67] and to generate waveforms in Schwarzschild spacetime [39]. Yet,
despite the approximation’s efficient formulation, to date no adiabatic waveforms
have been generated for orbits in Kerr spacetime, nor have orbital evolutions been
performed for generic (eccentric and inclined) orbits. There are two main obstacles.
One is generating sufficiently dense data on the pﬁp space to perform accurate inter-
polation or fitting. The second is the very large (~ 10*) number of mode amplitudes
that are required to achieve an accurate waveform. Both obstacles are expected to be
soon overcome [07, 39], but as of this writing, the gold standard for generic orbits
remains snapshot waveforms [60] that use geodesic phases.

7.1.5 First post-adiabatic approximation

The 1PA evolution equations (372)—(375), as extended following the discussion
around Eqs. (414)—-(416), are

d(Z? =0 (P (439)
dﬁ:ff( %= Ity (5 {I;(O))’ (440)
d‘f}g) = P19 (P @41)
dﬁjf( t = (é)(ﬁfRO)’fol)H ﬁé(l)ajﬁﬁ>(ﬁf;(o)), (442)
dg%gl) =7 (o) (443)

Here we have assumed My = MIE‘U (f) + O(¢€). Because (i) M, only contributes sta-

(lmk) (2mk)
v v

tionary modes to hy, , (ii) any source term for that is quadratic in these

modes will also be stationary, and (iii) a statiomary mode of hﬁfn ) will not con-

tribute to Fé), it follows that 1“(’2) is linear in My, implying we can write it in the
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form
o o
Iy (B M3 = T (1 0)20) + MV % (L o), (444)

where A is summed over. ﬁ‘(ﬁé,(o)) here is defined as the coefficient of Mlgl) in
i () 7(D

1) Py Ma™). , , ,
A 1PA waveform-generation scheme then consists of the following steps:

1. Solve the field equations (398) and (399) on a grid of péo values. At each
grid point, compute and store the following: (i) the driving forces F(’b(p’('p),
Fé) (pﬂp,(z), and }'//f;(pip), (ii) the asymptotic first-order mode amplitudes at .+
le.g., 2C},k (Plp)]-

2. Using the stored values of the driving forces, evolve through the parameter space
by solving the coupled equations (439)—(443) to obtain p~iP<0> and the phases (I)((XO)
and (Z)((xl) as functions of 7 = &t.

3. Construct the 1PA waveform

*2élllgmk [ﬁ;p(o) ()]

2
wmk

[ (0) (1) ,~
hy —ihy =2} —28im (0, 0;a0,,%)e ’[¢mk(”)+£¢mk(“)]/£7

lmk

| (445)
where ©,,r = Ok [ﬁip(o)(ﬁ)]-

We make two potentially clarifying remarks about these steps. First, even though
the 1PA dynamics depend on the black hole parameters My, we need not include
these parameters in our storage grid. This is because the 1PA effect of My is linear
in M}y, allowing us to only store its coefficient. However, note that the background
spin parameter a must be included in the grid (the background parameter M need
not be, as we can measure all lengths in units of M). Our second remark is that
though pﬁp #* 1320(0) at a given value of 7 and &, we can still freely solve (398) and
(399), working with pip, in order to determine the driving forces as functions; it is
precisely those functions, simply with pﬁp — ﬁip<0), that appear in Eqgs. (439)—(443).

A scheme of this sort was first sketched in Ref. [164] and detailed in Ref. [127]
for the special case of quasicircular orbits into a Schwarzschild black hole. Fig. 3 of
Ref. [127] gives a more thorough breakdown, though the structure of the multiscale
expansion differs slightly from our formulation here. The general case for generic
bound orbits in Kerr appears here for the first time.

At its core, the scheme requires three key ingredients for each set of orbital pa-
rameter values: the full first-order self-force, the asymptotic mode amplitudes of the
first-order waveform, and the second-order dissipative self-force. As we summa-
rized in Sec. 7.1.2, the first two ingredients have been calculated for generic bound
orbits in Kerr spacetime [122] and are routinely calculated for less generic config-
urations. The main obstacle to including these ingredients in an evolution scheme
is the computational cost and runtime of sufficiently covering the parameter space.
The third ingredient has not yet been calculated in even the simplest configurations,
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though there is ongoing development of a practical implementation [ 158, , 1,
which led to the recent calculation of a second-order conservative effect [164].

7.2 Mode decompositions of the singular field

In our description so far, we have largely glossed over what is the pivotal step in al-
most all self-force calculations beyond the adiabatic approximation: the calculation

of hﬁg,") and its derivatives, which are required for the conservative first-order self-
force, the second-order self-force, as inputs for the second-order sources (whether
the Detweiler stress-energy, the effective source, or the second-order Einsten ten-
sor [128]), and as the essential ingredient in most dynamical quantities of interest.

In order to compute hﬁg,”) (either using a puncture, or the point-particle method
with regularization) in a mode-decomposed calculation, a crucial component is a
mode-decomposed form for the puncture field. This can be obtained by expand-
ing the puncture field into the same basis as is used in the calculation of the retarded
field and can typically be done analytically, or at least semi-analytically. The specific
details depend on the context (e.g. choice of gauge, whether the mode decomposi-
tion needs to be exact or if it can be an approximation, whether the harmonics are
spheroidal or spherical and scalar, vector, tensor or spin-weighted). However, the
essential ingredients in the method are common to all cases:

1. Introduce a rotated angular coordinate system (6’,¢’) such that the worldline
is instantaneously at the pole, 8’ = 0. This makes the mode decomposition inte-
grals analytically tractable and in some instances reduces the number of spherical
harmonic 7 modes that need to be considered.

2. Expand the relevant quantity in a coordinate series about the worldline. In doing
S0, it is important to ensure that the series approximation is well behaved away
from the worldline, in particular at 8’ = 7 /2. This can be achieved by multiplying
by an appropriate window function in the 6’ direction [207].

The resulting expansion can always®’ be algebraically manipulated into the form
of a power series (including log terms in some cases) in

p = kg [52+1—cose’]‘/2. (446)

Here, 6% = M, Ar:=r—rpand y :=1 —k% sin¢’, and ky, k; and k; depend on
the orbital parameters and can be treated as constants in the mode decomposition.
The coefficients in the power series contain powers of Ar and y and also depend
on the orbital parameters. Apart from that, the dependence on ¢’ is only via one
of four possibilities: a. independent of ¢’; b. cos ¢’ sin@’; c. cos ¢’; d. sin¢’. The
resulting dependence on ¢’ will then combine in the next step with the emim'¢’

37 In some instances (e.g. eccentric orbits) obtaining an expression for p in this form requires
the definition of the rotated coordinates to include a dependence not just on the unrotated angular
coordinates, (6,9), but also on the other coordinates (e.g. Ar for the eccentric case).
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factor from the harmonic to produce a dependence on ¢’ only via powers of ¥.
When decomposing tensors, certain tensor components may also include an over-
all factor of sin 8’, but only ever in such a way that it cancels a singularity in the
harmonic at 8’ = 0 so that the final integrand is non-singular away from Ar = 0.
3. Integrate against (the conjugate of) the relevant harmonic to obtain a mode de-
composition in (¢,m') modes with respect to the rotated coordinate system. In
the case of spin-weighted or vector and tensor harmonics, we must also be careful
to account for the rotation, &, of the frame, either by including the appropriate
factor of € (9.9"%) in the spin-weighted case [27], or by including the appro-
priate tensor transformation in the case of vector and tensor harmonics [207].
In performing the integrals, we can exploit the fact that only certain integrals over
¢’ are non-vanishing. In particular for the four possibilities listed in the previous
step:

only contributes for 1/ even and only for the real part of ¢™'¢';
only contributes for 72" even and only for the imaginary part of em'o’
only contributes for m’ odd and only for the real part of eim'y

only contributes for 7’ odd and only for the imaginary part of e

o oe

im' ¢/

The integrals over 8’ can all be done analytically and result in expressions of the
form

e 2 RN N
8"2(§% 4-2)m/2 ) a,~52’—|—10g( 52 ) ) b;6% neven  (447)
i=0 i=0
¢ ‘
(82 +2) DY ;8% +15(6"" Y di6% nodd  (448)
i=0 i=m/

where n is the power of p and where the coefficients a;, b;, ¢; and d; are /-
dependent rational numbers. The specific limits on the sums given here is for
the m’ = 0 scalar harmonic case. Structurally similar expressions also appear
for log p terms, for m’ # 0 and for spin-weighted harmonics, but with the sums
running over different ranges of i.

The integrals over ¢’ can also be done analytically and result in power series (for
integer powers of ), elliptic integrals (for half-integer powers), or the derivative
of a hypergeometric function with respect to its argument (for log terms). In all
three cases, they are functions of k3 and potentially also Ar.

4. Transform back to the (¢, ) modes with respect to the unrotated (6, ¢) coordi-
nate system using the Wigner-D matrix, Dfn v (Z). With a moving worldline the
rotation is time dependent, but this complication is not relevant in many cases,
the notable exception being in the effective source method where it is necessary
to take time derivatives when computing the source from the puncture [ 128, 88].

In many practical applications, an exact mode decomposition is not necessary
and an approximation is sufficient. For example, in the mode-sum regularization
scheme one is only interested in the modes of the puncture (or its radial derivative
in the case of the self-force) evaluated in the limit Ar — 0. Similarly, in the effective
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source scheme a series expansion to some power in Ar suffices. Then, the exact
expression for the mode-decomposed puncture field has a series expansion in Ar of
the form

Y cLidr' +ca j AP | A+ c3kAf log Ar (449)

m/ijk

where the coefficients ¢y ;, ¢3,; and c3 ; depend on the orbital parameters. In those
cases, the mode decomposition procedure simplifies significantly and one need only
compute up to some maximum value for i, j and k. Similarly, another simplifica-
tion arises from the fact that one may only be interested in the decomposition of
the puncture accurate to some order in distance from the worldline in the angular
directions. This is is reflected in the number of ' modes that must be included: for
a puncture accurate to n derivatives one must include up to |[m/| = |s| & n for the
spin-weighted case (the vector and tensor cases similarly follow from their relation
to the spin-weighed harmonics: |s| = 1 for the vector case and |s| = 2 for the tensor
case).

One particularly important special case is that of mode-sum regularization, where
one is only interested in the result for a given quantity summed over m and with
Ar = 0. This leads to so-called mode-sum regularization formulas. For example, in
the case of the first-order gravitational self-force this is given by

F*=Y (F&—AL(2(+1)-B)+D (450)
l

where A+, B and D are “regularization parameters” that depend on the orbital pa-
rameters. Here, the value of A1 depends on whether the limit Ar — 0O is taken from
above or below; this is because is comes from the derivative of the |Ar| piece of the
puncture. The parameters B does not have this property as it comes from the piece
of the puncture that does not |Ar| (in particular, for the self-force it comes from
the derivative of the Ar! piece of the puncture). The parameter D accounts for the
possibility that the subtraction does not exactly capture the behaviour of the contri-
bution from the singular field (and only the singular field) and can often be set to 0
by appropriately defining the subtraction [207, ].

7.2.1 Example: leading order puncture for circular orbits in Schwarzschild
spacetime

As a simple representative example, consider the problem of decomposing the
leading-order piece of the Lorenz-gauge puncture [i.e. the first term in Eq. (183)]
into the the spin-weighted spherical harmonic basis introduced in Sec. 4.2. For
concreteness, we consider a circular geodesic orbit of radius r, with four-velocity

M
u® =u'[1,0,0,Q], where Q = , /E and u' =, /"2
As a first step, we expand the covariant expression in a coordinate series. Keep-
. . . . . /
ing only the leading term in the coordinate expansion, we have gff = 7 + 0/(Ax)

and s = p + O(Ax?) where p? := B*(8% + 1 —cos@'), §% := #jm, X =
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20,
1— r,,isz sin® ¢/, B? := % and Ar = r —r,. Here, we have made the stan-
dard choice of identifying a point on the worldline with the point where the puncture
is evaluated by setting At =t —1¢, = 0.

Then, working with the Carter tetrad, the tetrad components of the puncture are

2r,—2M
hy=nh
1l nn pr0_3M7
M 1 2M

_0052 (%,) 2i(ro —2M)r,Q
p VIo(ro—3M) "’
cos* (&) 2m
p ro—3M"

51)

Ponm = P = —

Note that we have included factors of cos? (%) and cos* (%/) to ensure that the
puncture is sufficiently regular at 8’ = 7 while not altering its leading-order be-
haviour near the worldline at 6’ = 0.

We now integrate these against the appropriate spin-weighted spherical harmonic
to obtain mode decomposed versions. In doing so, we must take account of the fact
that our integration is with respect to a rotated coordinate system by including a
factor of 57 (6"9"%) ~ js¢is0" | (672).

Since we are only interested in the leading-order behaviour near the worldline we
will only consider the modes m’ 4 s = 0 series expanded through &'(Ar'). Then,
we encounter the following integrals over 6’

L 1 1
—o¥(6',0 sinG'dG’Q:{Z\@ 20+1 5], 452a
| 5orole0) B amaiT |2 VR DIl sz

/ msp(2)17[,—1(9/,0)sin6/d9’=/ msp(Z)ﬂ?m(G’,O)sine’de’
0 0

1 1

~N————— [8A| —V2(20+1)|0 452b
! M(MH)[ — V3Gt jal, (452b)

T en (8 o2 (8
[ o psnetar — [ 5, o 0psnstas
JO 0

1 1 12
N [8A | — 452
B 27;(25+1)[ ! (2£—1)(2€+3)]’ (452c)
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s 4 i/ P 4 i/
/ Cosp(z)zf’az((')/,O)sinB’de’:/ wsp(z)—szzz(O’,O)sine’de’
0 0

1 1
~ - 32A, —V2(2¢0+1)|6]]|. 452d
B 27t(2€+1)[ 2= V2020+1) l} (@520

. 4.0 T 400
/ COS(Z)zYm(G’,O)sinG’dG’:/ Cos);ﬁzf’e,z(el’o)sme/de/

0 p 0
1 1 80
N 32— | 452
B 2n(2€+1){ 2 (25—1)(2“3)] (452¢)
(23! L —1)0(0+1) (642 .
where Ay := W and Ay := (2/;7(3)(227(1)(2213)(2)“5) . Next, performing the

integrals over ¢’ the integrands all involve integer (for the |8 terms) and half-integer
(for the 8° terms) powers of y, producing elliptic integrals or polynomial functions
of w%, respectively. Putting everything together, transforming to the frequency
domain (which in this case amounts to simply dividing by 27) and transforming
back to the unrotated frame using the Wigner-D matrix, we then obtain expressions
for the mode-decomposed punctures,

mo __
i -

D}, o(%) {4%/ ro—2M  (20+1)

- Ar||, (453a)
Qi+ x| 7ro \ ro—3M r?,”m' @

imo_ Pmol%) AMA 20+ )M
In = \/ M —3M7 3/2 |AV‘ )
Q20+ D)m | Trov/ro Vo 1y *\/ro —3M(r, — 2M)
(453b)
mo D i(B) [ 16A0QK [ 1 erene
fm— 20+ m T ro—3M  \r,—3M\/r, —2M
D!, (%) . 4[(2ry — SM)H —2(ro — 2M) &)
(2[“!‘1)75 t (26-1)(26+43) M1/2r0n' r()*3M ’
(453¢)
tmo _ Dfn,—Z(%) |: 64MA2<){ o (2€+ 1)M Al’|:|
" \/(254'1)7[ TroN/To —2M\/r, —3M rg/zx/r0—3M(r0—2M)

D, »(%) 40
T 15 i |
4[(4ro —IM)(4ro — 11M)H —8(r, —2M)(2r, — 5M) &)
3MTro\/ro —3M+\/r, —2M ’

(453d)
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with the other components given either by h{/"*® = him®, pime = %hem“’,
Rim® = pi™m® or by complex conjugation. Here,
2T 5 . -1/2 ,
= / ( —sin ¢) ¢, (454a)
2n 2 41 1/2 !/
=1 / ( i <p> ¢, (454b)

are complete elliptic integrals of the first and second kind, respectively.

Higher order circular-orbit punctures including the contribution at ¢'(1°) are
available in Ref. [207]. Yet higher orders and punctures for more generic cases are
available upon request to the authors.

8 Conclusion

We stated in the introduction to this review that we aimed to summarize the key
methods of black hole perturbation theory and self-force theory rather than sum-
marizing the status of the field, leaving that task to existing reviews. However, it is
worth putting this review in the context of the field’s current state, and it is worth
mentioning key topics that we did not cover.

Regarding topics we neglected, we first state the obvious: we did not cover any
applications of black hole perturbation theory other than small-mass-ratio binaries.
Although the bulk of the review is intended to provide general treatments of black
hole perturbation theory, orbital dynamics in black hole spacetimes, and self-force
theory in generic spacetimes, without specializing to binaries, it is undoubtedly
slanted toward our application of interest.

For that reason, we will also focus exclusively on the state of small-mass-ratio
binary modelling. It is well established that 1PA waveforms are almost certainly
required to perform high-precision measurements of these binaries. Such measure-
ments will require phase errors much smaller than 1 radian, while the errors in OPA
waveforms will have errors of O(£°) [or O(1/+/€) in the case of a resonance], which
could be 1 or many more radians. Ref. [123] has recently provided strong numerical
evidence that a OPA waveform will have significant errors for all mass ratios. Con-
versely, the same reference shows that a 1PA waveform should be not only highly
accurate for EMRIs and IMRIs, but reasonably accurate even for comparable-mass
binaries. This bolsters a long line of evidence that perturbative self-force theory is
surprisingly accurate well outside its expected domain of validity; see Ref. [170] for
other recent evidence, as well as the reviews [1 11, 11].

There are two main hurdles to overcome on the way to generating 1PA wave-
forms. One is the difficulty of efficiently covering the parameter space. Once a re-
gion is well covered by snapshots, recent advances make it possible to generate long,
accurate waveforms extremely rapidly in that region, with generation times of a few
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tens of milliseconds for eccentric orbits in Schwarzschild spacetime [39]. However,
covering the parameter space of generic orbits in Kerr is highly expensive even for
adiabatic codes, let alone calculations of the first-order self-force.

The second main hurdle is calculating the necessary second-order inputs for the
1PA evolution. There has been steady progress in developing practical methods of
computing these inputs, but only recently have results begun to materialize [ 1 64]. To
date, these calculations have been restricted to quasicircular orbits in Schwarzschild
spacetime; they must be extended to Kerr and to generic orbits.

In lieu of accurate evolving waveforms, the development of data analysis meth-
ods has so far been based on “kludge” waveforms constructed using a host of addi-
tional approximations (primarily, post-Newtonian approximations for the fluxes) [ 78,

, 72,5, , 38]. These kludges will be very far from accurate enough to enable
precise parameter estimation, but they are sufficiently similar to accurate waveforms
to serve as testbeds for analysis methods. They may also be sufficiently accurate for
detection of loud signals. There is also ongoing work to improve the accuracy of
post-Newtonian OPA approximations to enable them to accurately fill out the weak-
field region of the small-mass-ratio parameter space [175].

Our summary of multiscale evolution has also omitted some important ingredi-
ents in an accurate model. We must correctly account for passages through reso-
nance, and we may need to include the transition to plunge for mass ratios ~ 1 : 50.
We must also account for the secondary’s spin, which enters into the 1PA dynamics
in three ways: (i) through the Mathisson-Papapetrou spin force (195), which con-

tributes to f(‘i) (ii) through the spin’s contribution to T‘E%,) in Eq. (205), which gen-

con’

and (iii) through a coupling between

erates a perturbation that contributes to fé) diss®

hﬁs,l) and the spin, which again contributes a second-order dissipative effect. We re-

fer to Refs. [ , 3, s ] for a sample of recent work on calculating these effects
and incorporating them into waveform-generation schemes. Specifically, Ref. [205]
generated waveforms from inspirals into a Schwarzschild black hole including first-
order conservative (but not second-order dissipative) spin effects; Ref. [3] derived
balance laws incorporating spin; Ref. [209] derived the spin correction to the funda-
mental frequencies; and Ref. [212] computed the spin’s contribution to fluxes from
spinning particles on generic orbits in Schwarzschild spacetime.

We also note that while we have focused on a multiscale expansion built on
frequency-domain methods, there has been considerable development of time-

domain snapshot calculations of hf}g and fg) using fixed geodesic sources [9, 12,

, 57, 8]. The quantities hﬁ\z and f(‘f ) output from such computations cannot be

directly fed into the second-order field equations (399) or into the multiscale evo-

lution scheme. However, if we decompose the outputs into Fourier modes, as in

hﬁg =Yk hwn k) gimo—omit | then the coefficients hﬂ\fn %) are identical to those in

a multiscale expansion, and these can be used as inputs for the multiscale scheme.
Moreover, any first-order quantity that depends only on &% will be identical in the
time domain with a geodesic source as in the multiscale expansion; this includes
any quantity constructed as an average over the orbit, which includes most phys-



107

ical quantities of interest [I|]. Because time-domain methods are typically more
efficient than frequency-domain ones for highly eccentric orbits, certain dynamical
quantities entering into the evolution may be more usefully computed in the time
domain.

Time-domain calculations also offer an alternative framework for waveform gen-
eration: rather than using Eq. (423), one can perform a multiscale evolution of Z2¢
to generate a self-accelerated trajectory and then solve the Teukolsky equation in
the time domain with an accelerated point-particle source [ 185, 84]. This may seem
redundant, given that in the process of generating the multiscale evolution one must
already compute all the inputs for Eq. (423). However, it offers significant flexi-
bility, in that it can take as input trajectories generated with any method, such as
inspirals which have been produced that include the full first-order self-force but
omit second-order dissipative effects [203, s ]. This gives it the additional
advantage of being able to easily evolve through different dynamical regimes, such
as the the evolution from the adiabatic inspiral to the transition to plunge [ 187, 170].

Beyond these alternative methods of wave generation, we have also passed over
what has been the main application of self-force calculations. Although such cal-
culations were originally motivated by modelling EMRI waveforms (and more re-
cently, the prospect of using them to model IMRISs), they have also enabled the
calculation of numerous physical effects in binaries. These, in turn, have facilitated
arich interaction with other binary models: post-Newtonian and post-Minkowskian
theory, effective one body theory, and fully nonlinear numerical relativity [111].
Sections 7 and 8 of Ref. [11] provide a summary of the physical effects that have
been computed and the synergies with other models. We highlight Refs. [21, 41, 22]
for more recent discussions of the power of such synergies and of the potential future
impact of self-force calculations.
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