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Using the self-force approach, we present the premier first-post-adiabatic accuracy formalism for
modeling compact binaries in theories with a massless scalar field nonminimally coupled to gravity. We
limit the binary secondary to being a non-spinning compact body with no scalar dipole (we will address the
spinning and scalar dipole cases in an upcoming paper). By producing an ansatz for the scalar charged point
particle action, we derive first- and second-order perturbative field equations and equations of motion
for the secondary compact object. Under our assumptions, implementing this formalism will produce

sufficiently accurate waveform templates for precision measurements of the scalar charge of the secondary
with LISA data on extreme-mass-ratio inspirals. Our formalism is consistent with almost general scalar-
tensor theories of gravity. Implementing our formalism builds on self-force models in general relativity; we

show the incorporation into the two-timescale formalism is straightforward. Excitingly, implementation
poses no significantly more challenging barriers than computing first-post-adiabatic waveforms in general

relativity.
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I. INTRODUCTION

The detection of a new fundamental field via its imprint
on compact objects and the gravitational wave signals they
produce would be a ground-breaking discovery. Indeed,
such searches are among the key goals of current and future
gravitational wave detectors [1-5]. Asymmetric binaries
are particularly promising sources in this context [6—17].
They consist of a larger body, the primary, of mass M, and
a much smaller body, the secondary, of mass /4.1 Their
mass ratio

=1, (1)

is then very small, with the more extreme cases, known as
extreme mass ratio inspirals (EMRIs), reaching & ~ 107°.

'In this paper u is the zeroth order in & mass, we allow for
higher-order corrections to the mass that come from the presence
of the scalar field.
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EMRIs could execute some 10° orbits while in LISA’s band
and be continuously observed for very long periods—
several months or even years. Hence, they are expected to
be excellent probes of the properties of their source [18].
Until recently attention was strongly focused on EMRIs
potential to probe the spacetime around, and hence the
properties of, the primary black hole [19-21]. However, it
was recently pointed out in [22] that the scalar charge of the
secondary could leave a strong imprint on the EMRI
waveforms—strong enough to make the charge measurable
by LISA [23]. It has also been shown in [22], using an
effective field theory framework, that, to leading order in &,
the charge of the primary is negligible. Hence, the primary
is adequately approximated by a Kerr black hole, and
the charge for the secondary fully controls the deviations
from GR. This drastically simpler framework has already
been extended to eccentric orbits [24] and massive scalar
fields [25]. We will discuss the assumptions underpinning
this framework in detail below, but its most important
practical limitation is that it does not include any post-
adiabatic corrections that appear at second order in €.
Indeed, a burgeoning method for modeling compact
binaries is the self-force approach in black hole perturba-
tion theory. This method provides an accurate approxima-
tion in the extreme-mass-ratio limit, & < 10~*, where it is
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exorbitantly computationally expensive to produce full
inspiral waveforms using numerical relativity due to the
binary’s disparate length scales. Tackling this problem
using perturbation theory is advantageous because ¢ is a
naturally small expansion parameter. World-leading per-
turbative self-force models are to first-post-adiabatic
accuracy. Such accuracy provides waveforms with O(e)
phase error over the course of an inspiral of (9(%) orbits.
Currently, waveforms to first-post-adiabatic accuracy have
been computed for quasicircular inspirals of Schwarzschild
black holes in GR. These waveforms show impressive
agreement with numerical relativity waveforms for mass
ratios smaller than 0(1]_0)' Significant efforts are ongoing
to extend these results to generic orbits around a Kerr
primary black hole [26-33], and include effects such as
resonances [34] and the spin of the secondary [35-39].

Extending the perturbative self-force approach to theo-
retical scenarios that include new fundamental fields is a
fledgling field of research of clear importance. Con-
straining the existence of new fundamental fields with
LISA measurements on EMRIs requires high-accuracy
waveform templates, including the effects of these new
fundamental fields. As in GR, one has to reach first-post-
adiabatic accuracy. As a first, critical step in this direction,
in this paper, we push the approach of [22,23] to post-
adiabatic order. By generalizing the perturbative self-force
approach and using a new ansatz for the point-particle
action, we derive the field equations and equations of
motion for the secondary. That is, we provide the required
equations for modeling inspirals to first-post-adiabatic
accuracy in scenarios with a massless scalar field non-
minimally coupled to gravity. This is the first scheme for
modeling binaries perturbatively to first-post-adiabatic
accuracy beyond GR and the Standard Model and provides
a road map to full calculations.

The paper is organized as follows. In Sec. II, we discuss
the theoretical ground in which we model asymmetric
binaries beyond GR. In Sec. III, we derive a formalism for
calculating the first- and second-order self-force in a large
class of scalar-tensor theories of gravity. We exploit our
formalism to build a two-timescale approximation for
efficient first-post-adiabatic accurate modeling in Sec. V.
In Appendix A, we briefly review the self-force approach
within black hole perturbation theory in GR, derive the
metric perturbation field equations and perturbative equa-
tions of motion from our action approach, and demonstrate
why the first-post-adiabatic models provide high-accuracy
waveforms ready for LISA observations.

II. ASYMMETRIC BINARIES AND SCALAR
FIELDS

A. Action and field equations

Following Ref. [22], our starting point will be a general
action which describes a real scalar field ¢ nonminimally

coupled to gravity:

S[gabv @, \P] = SO [gabv (p] + aSc [galﬂ (ﬂ] + Sm[gab’ P, \P}’
(2)

where

/_g 1
Solgaps @] = lor (R - zaﬂwa”(p) d*x,  (3)

g is the metric determinant, and we work in geometric units
G=c=h=1. S, contains any additional (self-)inter-
actions for the scalar, whereas S, describes the matter
fields W. For concreteness, we consider here a massless
scalar, omit the bare mass term in S,, and consistently
assume that S, respects shift symmetry. However, this
approach can be straightforwardly generalized to massive
scalars [25], and we will return to this point later.

We take the coupling constant o to have dimensions
[length]” where n > 2. This corresponds to negative mass
dimensions in particle physics units; i.e., we assume that
these interactions are suppressed by some characteristic
energy scale. Note that there are no terms that would
correspond to n < 1 that are consistent with local Lorentz
symmetry [40]. We apply no other conditions to S., and
hence, our approach covers a very broad range of theo-
retical scenarios. For the time being, we leave S,, generic.

To derive field equations for the metric, one varies the
action (2) with respect to the metric, that yields

Gab [gcd} = TZ(;val [(,0] + aTZh [gcd’ (,0} + T?b [gcd’ @, ‘P]? (4)
where G, [g.4) is the Einstein operator,

70 _ _ 87 950
ab /—_g 6gab

where i € {c,m}, and

1 1 )
T ) = 3 0,0, — 1 €500 Q. (6)

To derive the scalar field equation one varies Eq. (2) with
respect to ¢, yielding

Oy = aZ, + X, (7)

where [, = g*ViVE, Vi is the covariant derivative
associated with the metric g,;,, and

167 6S 167 65,
Soo 2 Pm oy D% (g)
/g ¢ /g 6
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B. The primary

We assume that the primary is a black hole. The action S|,
is covered by no-hair theorems [41,42], so any scalar hair
would have to be introduced by terms in S.. For shift-
symmetric theories, however, S, is also covered by the no-
hair theorem, for static and spherically symmetric [43] and
for slowly rotating [44] asymptotically flat black holes.
The only interaction that evades this theorem is a linear
coupling between ¢ and the Gauss-Bonnet invariant G =
R peaR? — 4R, R’ + R? [45]. Adding the term aggpG
to Sy introduces a nonconstant scalar field to black holes,
described by the black hole having a scalar charge; how-
ever, the scalar charge (which can be thought of as the
scalar monopole) is not an independent parameter, instead,
the scalar charge is fixed by a regularity condition on the
horizon and is determined by the mass and spin of the
black hole and agp [44-46] (see also [47] for earlier work
without shift symmetry). The charge per unit mass d scales
as agg/M? in geometric units [44].

Adding additional shift-symmetric interactions will
change the scalar configuration [48], but the regularity
conditions that fix the charge persists. The charge per unit
mass is then given by an integral over the horizon H [40]

aGs

d= “G,dQ, 9

477.'M H " ga ( )

where n“ is the horizon generator and G = V,G*. This

implies that any terms in S, other than the linear coupling

with G, controlled by a coupling «;, contribute to d with a
factor of agga;.

C. The secondary

To initially define the matter action for (2), which
describes the secondary body in the EMRI, we use the
conventional skeletonized approach® [50]. The skeleton-
ized description of a compact object replaces the matter
action, S, (assuming no other matter fields are present),
with a point particle action S,. Reference [50] presents a
point-particle action for a massive, scalar-charged, compact
object:

%z—[mmwz—/mmw&wmma (10)

14

where y is the worldline of the compact object, u® = % is

the four-velocity of the compact object in g, and 7 is the
proper time in g,,. Equation (10) introduces a mass
function m[g|, which depends on the scalar field, generat-
ing the scalar charge. We will show that Eq. (10) is

>The skeletonized formalism was first developed for electro-
magnetism and gravity [49] and has previously been extended to
scalar-tensor theories with multiple fields [50].

sufficient for deriving the linear field equations but
encounters issues beyond linear order.

With our point-particle action in hand, we can now
derive the stress-energy tensor and scalar charge density
that will appear in the field equations. Varying Eq. (10) with
respect to the metric, g,;,, yields

5*[x* = Zhle]
N=

the scalar charged point particle stress-energy tensor.
Varying Eq. (10) with respect to the scalar field, ¢, yields

T = 871/ m(g] u‘uldr,  (11)
14

e — zpla]]
V=8

the point particle scalar-charge density.

r= 1671'/ m'[¢)] dr, (12)

III. PERTURBATIVE EXPANSION

The contribution a makes to g, and ¢ must be dimen-
sionless as g, and ¢ are dimensionless. As M is the only
length scale associated with the background spacetime, «
must be accompanied by a factor of # for the leading-order
contribution. We introduce the dimensionless coupling

{=—. (13)

This can be expressed in terms of the mass ratio € as

a
M

n

¢ =2 (14)
7

¢ represents the nonminimal coupling perturbation param-
eter for g,, and ¢.

If we assume that solutions of the field equations are
continuously connected to GR solutions as a — 0, then our
earlier assumptions for S, that [a] = [length]", with n > 2,
and the expression for d in Eq. (9), imply that deviations
from GR are controlled by £. In particular, so long as the
length (energy) scale associated with a particular coupling
a; of a term in S, (a denotes them collectively) is not
significantly larger (smaller) than the scale associated with
age, d < agg/M? to leading order in M~!. Existing
constraints inferred from astrophysical observations imply
that .5 = O(1) or smaller [51], as u corresponds to solar

mass bodies. Therefore, the mass ratio, &, the natural
bookkeeping parameter for the self-force approach, can
be used as the sole perturbative parameter for the problem
at hand. That is, conservatively, { ~ &".

To build our formalism, we will consistently expand the
field’s equations (4)—(7), as well as the metric and the scalar
field, up to the second order in €. An expansion of a generic
tensor, A, takes the form

064022-3
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A=A 4 A1) 1 £2AP) 4 O(e). (15)
The metric expansion is written as
ap = Jap + €hY) + 05 + O(), (16)

where g,, is the background metric (which we take to be
the Kerr metric) and hg’,’) are the metric perturbations. The

background metric is used to raise and lower the indices of

all tensors and tensor perturbations, such as hf;},). We label
all the tensor perturbations with a subscript or superscript
number in brackets, which denotes the order in € of the
perturbation. In practice, the £ dependence is implicit in the
labeled tensors, and the explicit factors of € in Eq. (16) are
used as a counting parameter. That is, ¢ is set to 1 before
computing calculations.
The scalar field expansion takes the form

@ =@ + epl) + 29 + O(&3). (17)

Note that ¢® corresponds to the contribution from the
action S, for an isolated black hole, which is covered by no-
hair theorems. Hence, ¢(?) is constant and can be set to zero
by a constant shift without loss of generality.

Our procedure requires a specific treatment for the mass
function m|[¢p] that appears in the secondary’s stress-energy
tensor (23). To this aim we expand m[¢] as

mlp] = mg + mye + mpjp* + Olp’],  (18)

where myg, my;}, and mpp are constant coefficients. In our
setup, myp) = u; p can be considered as the mass of the
secondary in GR (that is, for ¢ = 0). Note y is not the total
mass of the secondary in scalar-tensor theories of gravity as
myy) and my can contribute to the mass when ¢ # 0, as we
will show. We assume mj;; and m 5 have the same (stellar
mass) scale of myy, that is myy; /M = O(e).

We can derive the explicit expression of m[@] up to the
second order in & by replacing (17) (with ¢(® = 0) into
Eq. (18), obtaining

mlp] = p + empypq) + Ez(m[z](ﬂfl) +mpyep).  (19)

A. Field regularization

We now return to the matter action and show how the
conventional skeletonized point particle action is problem-
atic in the self-force context. Equation (10) poses a typical
problem within self-force: near the worldline (y), the
singular nature of the metric and scalar field makes g,
and m|g] ill defined, whereas the four-velocity is only
defined on the worldline [52]. Hence, Eq. (10) is ill defined.

To solve this problem and extend Eq. (10) beyond linear
order, we assume the existence of a singular (S) and

regular (R) split of the metric and scalar field pertur-
bations [53,54]: 1) = B 4 pWR o) = (S 4 R,
A motivation for this assumption is that such a split exists in
the decoupled case [53]. We also define

npR(n n (n
W= "en", R =Nk (20)
n=1 n=1

h= and @R identify the regular part of the field pertur-
bations (the part that generates the self-force) [52].
Reference [53] provides an extensive analysis of the
singular-regular decomposition to linear order, which has
been generalized to the nonlinear regime in GR [55-57].

The decomposition into singular and regular pieces
of the metric perturbations has been studied extensively

in GR in [53]. Conventionally, G\))[2'))°] = 8zT™") and
G(alb) [hgldm] = 0 are satisfied. This definition does not fully
fix the field; additionally, hfb is chosen to depend only on
the instantaneous state and position of the particle, and hfb
on the compact objects’ causal past [53]. We expect similar
definitions to hold for the metric perturbation and scalar
field in our formalism.

With Eq. (20) in hand we define an effective metric and
scalar field:

Gab = Gab + hfb’ p= (pR‘ (21)

First and second-order self-force calculations in GR have
found that compact objects move as a test body of the
effective metric [58-61].

Replacing g,;, and ¢ with §,, and @ in Eq. (10), we
obtain our effective point-particle action of a scalar-charged
compact object:

== [ mighds =~ [ mial\ it (22)

14

where 7 is the proper time in the effective spacetime
and @* = dz*/d%. Equation (22) represents our ansatz
for the point particle action. For ¢ = 0 it reduces to the
point particle action in GR, Eq. (A5), which we show to
be consistent with self-force calculations up to second
order [31,60,61] in Appendix A.

By varying the action (22) with respect to the effective
metric, §,;, yields

S — zp[7]]

V=7

varying with respect to the effective scalar field, @, yields

T = 8z / m[@) aabaz,  (23)
14

¥ =167 / m’[@]m”;\/__;gﬁ“d%, (24)
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which replace Eqgs. (23) and (24), respectively.
Equations (23) and (24) inform us that m[®] and m’'[@]
are the Bondi mass and scalar charge of the secondary
compact object, respectively.

We remark that our approach is motivated by Ref. [62],
which applied the effective metric approach to the point-
particle stress-energy of a massive compact object in GR.
Their main result was a conjecture for the second-order
stress-energy tensor of a compact object in self-force in
GR. This conjecture was later proven to hold in regular
gauges by Ref. [31].

B. The equation of motion for the secondary

Using our point particle action, Eq. (22), we can also
derive the equation of motion of the compact object. We
follow the approach of [54], varying the whole action (2)
with respect to the body’s path, x* — x* + 6x*. This yields

0 | ~a- \ OM[p] 0p
oS, = —(g* a ————6x* + Ox*
o Sp /7[ (gﬂ—i-uuﬂ) o o + 6xF'm|g)
5 d2 v
x <r,m — G d; )]dﬂ— O(e3). (25)

Note that the contribution coming from the nonminimal
action is at least order O(&*), which is based on our earlier
assumptions that { = O(¢?) and S, contains at least one
copy of @, which is itself order .

Requiring stationarity under first-order variations yields

m(pla® = m'[p)(5* + ui")0,p + O(e*),  (26)

where a“ = ﬁbvbﬁ" and vb is the covariant derivative
of the effective metric. Equation (26) is equivalent to the
standard self-force equation of motion for a point scalar
charge [63-65] but extended to at least second order. The
charge moves as a point-particle being pushed away from
geodesic motion in the effective spacetime by a self-force
generated by the effective scalar field.

We can also derive evolution equations for the mass and
scalar charge of the secondary compact object [54]:

dm omop

an_T o [plueV, 5, 27
dT a@ aT m [(p}u a(o ( )

dm’  om' 0p "
= — = PluV . 28

Note, Egs. (23), (24), and (26) reduce to the GR limit,
Eq. (A6), when @ — 0. The validity of the equations of
motion for black holes and self-gravitating extended
compact objects in an effective spacetime has been assessed
in GR up to the second order in the self-force expan-
sion [55,58-61]. Our results here are analogous but in
scalar-tensor theories of gravity, up to our assumptions.

IV. PERTURBED EQUATIONS

To isolate first- and second-order contributions of the
field’s equations (4) in orders of € we need to expand the

nonlinear behavior of the Einstein tensor, G,[g,,]. For a

(0)

generic tensor g, + X, the expansion can be expressed as

Gab [xab] = 5Gab [xab] + 52Gab[xabv xab]

+ 53Gab [xab’ Xabs xab] +-y (29)
where
. La o
§'G = ——5 69wy + 2] | 1o (30)

Replacing the expansion (15) for the metric into Eq. (29)
gives

Gaplga) = €6Ga, ()] + & (6G

+ 52 ab’ >]

_ gGg; (2] + €260 [g,] + O(3),  (31)

where we have used G, [gio)] =0.

We shall now derive the explicit form for the first- and
second-order field equations which determine the evolution
of the metric and scalar perturbations. We also derive the
first- and second-order equations of motion of the compact
body, which depend on said perturbations. Deriving these
equations requires expanding all the quantities defined in
the metric (g,;,) and effective metric (g,;) as perturbative

expansions around the background metric gg;). The
required expansions are Egs. (17), (16), (21), and (26),
plus some nontrivial expansions given in Appendix B.

A. First-order perturbations
Expanding Eq. (4) to linear order in the mass ratio, the
field equation for h(alb) are given by
5[ — zp[r]]
vV—9g
which are the same as in GR.? Hence, the standard methods

of metric reconstruction [27-29,68-70] hold. Note that
Eq. (32) can be derived using either (11) or (23) for 77}

Gy = 8G |hy)] = 8zu / ugupdz,  (32)
14

*In order for Eq. (32) to satisfy the Bianchi identity 6G,;, must
be gauge fixed (e.g., to the Lorenz gauge) in the self-consistent
approximation [66]. This would similarly impose restrictions on
our action (2). Alternatively, one can adopt the Gralla-Wald
approximation [67], expanding the worldline in powers of &, but
this approach does not admit a multiscale expansion.

064022-5
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because this is linear order; that is, the result is equivalent to
the metric field equation in Refs. [22,23,71].

The wave equation for the scalar field perturbation ¢(!)
can be obtained by expanding Eq. (7) to linear order,

SH [yt — H
D) = 16ﬂ/m[1]wdr, (33)
v V=9

where [0 = g‘(l(ﬁ’)VaVb and V, is the covariant derivative

associated with the background metric ggl?. Similarly, using

either (12) or (24) for X is viable at this order.

Equations (32) and (33) are equivalent to the decoupled
first-order field equations. Hence, we can use the regular and
singular field split for hfllb> and (1) developed in Ref. [53].

As shown in [22-24], at first-order in & the mass
parameter my; can be interpreted in terms of the scalar
charge of the secondary. Expanding the scalar field in a
buffer region inside the world tube containing the compact
object, such that y < 7 < M, with 7 being the distance
from the worldline, gives

o) = ”d+o(2) (34)

where d is the dimensionless scalar charge. Replacing
Eq. (33) into the field’s equation (34), and matching the
solution in the buffer zone leads to

(35)

mm = 4 .
Equations (32)—(33) have been numerically integrated
in [22,24] for binaries on circular and eccentric orbits, to
compute the leading-order dissipative correction to the
energy and the angular momentum gravitational wave
fluxes. These results are equivalent the dissipative piece
of the first-order self-force and are sufficient for evolving
the binary dynamics to adiabatic accuracy.
The solution for hfllb) and (! can be used to compute the
full (dissipative plus conservative) first-order self-force using
the first-order equation of motion. Expanding Eq. (26) gives
the first-order equations of motion

aﬁl) - a( 1)grav + a( 1)scal’ (36)

where the gravitational and the scalar components are
given by

a 1 a a DR HR e
a(l)grav = _5 (g b tu uh) (ZhEId),E - hile);h ) udu ’ (37)

“Note, Eq. (36) cannot be derived directly from Eq. (10)
because of the lack of regularization; that is, the effective action,
Eq. (22), is required. The expansion also requires Eq. (B2).

which is identical to Eq. (A7), and

= my (9" + u“u”)vh(p%). (38)

a
a(l)scal

Calculations for both aggw and a?l)scal have been carried

out for generic orbits in the Kerr background in the
literature [72-75]. These results can be exploited to derive
the full first-order self-force in scalar-tensor theories, which
includes conservative corrections to an EMRI’s evolution.

B. Second-order perturbations

Using our expansion of Eq. (4) (including the expansions
in Appendix B), we can express the field’s equations for the
second-order metric perturbation

1
~8Gulhly H) + 5 0.0 90"

Al M
_%a ()ac —|—471'/5 [)C ZP[TH
VA
(1

X [me(pR UgUyp —|—,u(4h§c(l>ucub

5G4 [h)] =

— u,uy, (gfg) u‘u")hi< ))} dr. (39)
Note, G;,) = 6G (1)) + 3G oy 1), BY)]. For my; =0
and 90R = 0 the right-hand side of Eq. (39) reduces to the
GR form, Eq. (A11).

Expanding the scalar field equation, Eq. (7) (including
the expansions in Appendix B), to second order, we obtain

@)
Op® = 372 go)

V)
) 1

1
+§(Vbh )ngo +16ﬂ/|: m(pg —Emm
14

W[ — ]
Ne

—hE’lb)Vango( (V"h )vb

x (g + utub) 5! >] dr,  (40)

where h() = g n') 3 As discussed earlier, S, is at least

(0)""ab
O(&%), as { is at least order ¢ and S, contains at least one
copy of ¢. Due to this, there are no contributions from S, to
Eq. (39) and the only contribution to Eq. (40) comes from a
linear coupling between ¢ and G [45]. That is

3 Equations (39) and (40) are both problematic in the sense they
are not well defined as distributions. This is due to both equations

containing products of quantities that are singular hilb) and o)

the worldline. However, it is possible to construct well-defined
equations by using a puncture scheme or regularization pre-
scription (such as Hadamard finite part [76]) following Ref. [31].
In calculating the second-order puncture [77], one will also define

the existence of an appropriate singular and regular splits of hg})

and (p(z), which we leave for future work.
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Ty, = 0(83)v (41)
8za?

¥, =& GO+ O(e). 42

N (€°) (42)

For the leading-order contribution in Eq. (42), a has dimen-
sion [length]?, so we label @ — al® as aG®) = O(¢?). In a
Kerr background

g = 24M?((r — iacos[0])™® + (r + iacos[6])=®). (43)

The expansion of the equation of motion, Eq. (26) [using
Eq. (B2)], to second order gives

azl2) = aI(IZ)grav + a‘(IZ)scal’ (44)
with
a 1 a a 2)R 2)R
A2)grav = ) [(g " t+u ub) (Zhgrd);e - hge{b)

- (gab + ”a”b)thR (Zhgﬂj - hEzle)Ze)} ulu®,
(45)

which is identical to Eq. (AS8), and

Halyyea = (9%)) + ““ub) <m[1]Vb(P%) + 2m[2](p%)vb(ﬂ%)

m2

1
- #go%)vbgog)) + my; (hziucudu“ub - h%’)
X Vyplh). (46)

Equation (45) is equivalent to the second-order self-force in
GR, Eg. (A8).°

The interpretation of myy is similar to m; except its
contribution to the scalar charge is suppressed by an order
in ¢ as there is further coupling to the scalar field gogzl).
Examining the mp piece in Eq. (40) we see it will also
generates a term in @?) equivalent to Eq. (34). Note, the
other delta function term (which is coupled to hfbm) in
Eq. (40) will also contribute a term equivalent to Eq. (34).
Therefore,

1
epd=—4 (5’"[1] +82<m[21<05e1 L my (g utu )hfﬁfl)»-

(47)

®The second-order self-force equations, Eqs. (45) and (46)
(and similarly calculating h(aim and qog?) may be unnecessary if
flux balance laws can be derived to extract the dissipative piece of
the second-order self-force directly from hfh) and 2.

That is, mpy, which we call hereafter “charge coupling,”

(

and the coupling to hbe, provide an O(¢) correction to the
scalar charge d. We can expand d,

d=dO +edV) + O(&). (48)

We redefine Eq. (35) as

ud®
my ===, (49)
and define
d 4 m 1 ab a,b\,R(1)
= - M@y’ =5 M) (¢*° + u"u®)h,, " ). (50)

Interestingly, the only piece in the second-order equa-
tions that does not derive from a minimally coupled scalar
field to the metric is the Gauss-Bonnet invariant term in
Eq. (40), which is stationary in Kerr spacetime. Its effect
on @) in Eq. (40) is then also stationary and, hence, it will
not affect the dissipative piece of the second-order self-
force. It can, therefore, be neglected for first-post-adiabatic
accurate modeling. Hence, our formalism is independent
of the choice of scalar-tensor theories, which obey our
assumptions.

In general (including in the GR limit), the most chal-
lenging term to solve in Eq. (39) is computing the mode

decomposition of §°G,, [hilb), hilb)] near the worldline. This

problem derives from 5°G,, [hilb), hfllg] being quadratic in
the first-order metric perturbation, which is singular on y.
Reference [78] describes and addresses this problem in
detail by splitting 6°G [hfllb), hglb)] into three pieces: (i) the
regular term 52Gab[h£llbm,hilb)n], (ii) the mildly singular

term, 52Ga,,[hfllb)'s,hfllb)n} computed by casting hfllb)‘s and

hilhm as a sum of modes, and (iii) the very singular term,
8*Gyp [hilb)s, hglb)s], which can be calculated using a four-

. . . s
dimensional expression for hi;)

expansion of hglb)s. While this approach has been recently

used to calculate the first-post-adiabatic quasicircular
inspiral of a Schwarzschild binary system [79-81], the
method remains computationally expensive and highly
technical. Overcoming this issue remains a major obstacle
for self-force waveform modeling in GR.

One may have expected this problem to be exacerbated
in scalar-tensor theories of gravity as introducing additional

associated with the mode

degrees of freedom may have resulted in 62Ga,,[h£llb), hé‘;]
being different for different theories. However, the decou-

pling of scales on which our approach builds provides key
(

simplifications. As the first-order metric perturbation, halb>,
is the same in GR and in all the theories of gravity specified
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by the action (2), the expression for 5° G, [h(alb), hEllb)] remain

the same. Therefore, we can use the same 6°G, [h(alb), hilb)]
constructed in GR, significantly reducing the computa-
tional burden of our formalism.

Nonetheless, additional singular terms appear at the
second order, as quadratic functions of the scalar field con-
tribute in Eq. (39). Additionally, mixed products between
the metric and the scalar linear perturbations appear in
Eq. (40). These terms are similarly challenging to calculate
as they contain products of singular functions on the world-
line. However, their mode decomposition can be computed
adopting the same method used in [78]. Remarkably, since
o' is independent of the specific theory of gravity, up to
an amplitude rescaling given by the scalar charge, all these
contributions are scalar-tensor theory invariant.

V. TWO-TIMESCALE EXPANSION

The two-timescale expansion is an example of a multi-
scale expansion [82]. In the EMRI context, Ref. [83]
used the two-timescale expansion to argue that first-post-
adiabatic models were necessary to model inspirals accu-
rately. Since then, there has been growing interest in
applying the two-timescale approximation to the EMRI
problem [36,84-86]. A two-timescale expansion was
implemented to produce the first-post-adiabatic waveform
models for Schwarzschild black holes in a quasicircular
inspiral in GR [79-81]. Here, we apply the two-timescale
approximation to our formalism similarly. We show that the
resemblance to the two-timescale framework in GR allows
calculations in scalar-tensor theories of gravity to require
only supplementary terms.

As discussed in Appendix A 1, EMRI dynamics allow us
to identify two distinct timescales [83,84]: (i) the fast-
timescale over which the orbital phases evolve and (ii) the
slow-timescale that dictates the change of the orbital
frequencies and of the physical parameters of the system.
Due to the near periodicity of each EMRI orbit, the time
evolution on the fast-timescale is effectively periodic. In
contrast, the slow-time evolution is nontrivial but contrib-
utes beyond the leading order [as 7 = O(%)] [84].

The position of the compact object at any given time can
be represented by the three orbital phases:

d)i = {¢r’ ¢9’ ¢(/)} (51)

The evolution of the phases, ¢;, can be expressed in terms
of their respective frequencies Q; == {Q,,Q,, Q,},

b= / o fdr. (52)

where Q; evolves on the slow-time 7. We assume Q; is
approximately constant on the fast-timescale. This
assumption is valid because the background spacetime is

Kerr and geodesics in Kerr are triperiodic. An appropriate
choice of fast times are the phases, ¢;, as they evolve on the
orbital timescale.

The frequencies, Q;, can be expressed in terms of the
three constants of motion of Kerr geodesics: energy,

angular momentum, and the Carter constant, J;:=
{E,J., Q} [87]. That is,
Q; = QlJ,]. (53)

As the compact object does not remain on a geodesic over
the course of the inspiral, the three constants of motion
evolve over the slow-timescale. Their evolution can be
computed through the self-force. In turn, the evolution of
the frequencies of motion, ; can be constructed from the
self-force,

dQ; 0
= eFL Q)+ €FL Q. 6M,) + O, (54)

where F l{"} are nth-post-adiabatic-order self-force coeffi-
cients. Note the adiabatic self-force coefficients only
depend on the frequencies. In contrast, the first-post-
adiabatic coefficients depend on the frequencies and the
change in the system’s physical parameters M, which we
explain next.

Additional physical parameters of the binary evolve on
the slow-timescale of an EMRI; one must account for their
evolution to achieve first-post-adiabatic accurate models. In
the GR case, the mass and spin of the primary black hole
evolve as gravitational waves pass into the primary black
hole horizon. The change in mass and spin are labeled as

SM,[1] = {6M. 6]} (55)

We now assess whether additional physical parameters
of an EMRI need to be evolved in scalar-tensor theories
of gravity. In scalar-tensor theories of gravity, the primary
black hole also absorbs scalar radiation. This scalar
radiation carries energy and angular momentum, which
must be accounted for in the evolution of the 6M 4[7]. One
may question if the scalar field can carry scalar charge into
the supermassive black hole. However, in general, scalar
charge does not tend to be a free parameter in scalar-tensor
theories of gravity. Instead, when present, its value is fixed
in terms of the mass and spin of the black hole by regularity
conditions on the horizon (see, e.g., [44-47]). Hence, we
expect the scalar charge of the supermassive black hole to
evolve consistently with the evolution of the mass and
angular momentum of the black hole. The scaling argu-
ments in Secs. IIB and III, that multiple orders of &
suppress the scalar charge of the supermassive black hole,
still hold. As the evolution of the mass is an O(¢) effect, we
can neglect the evolution of the scalar charge of the
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supermassive black hole as it is a higher-order effect [at
least an O(&?) effect for n > 2].

A potential caveat of this argument may be that the
expectation that the scalar charge is fixed with respect to the
mass and spin is based on the properties of stationary black
holes. It is known that relaxing the assumption of statio-
narity can allow for hair formation in principle [88], but it is
reasonable to expect that the charge per unit mass of the
primary introduced by the absorption of scalar radiation
will be negligible in the present scenario. Further inves-
tigation of whether regular (near the horizon) perturbative
modes could excite further independent scalar charge
degrees of freedom within this multiscale formalism would
test this hypothesis. We can also test this hypothesis against
time-domain self-force evolutions, for which the formalism
in the main body of this paper is also consistent. Fully
nonlinear numerical investigations of a supermassive black
hole absorbing scalar radiation arising from an asymmetric
binary would also be of interest in this respect.

We next turn our attention to whether the physical
characteristics of the secondary evolve on the orbital
timescale. For EMRIs in GR, the evolution of the mass
of the secondary object is a high-order effect [36]. This is
due to the length scales of the orbital dynamics and the
radiation wavelength being much larger than the scale of
the secondary. This argument extends to scalar-tensor
theories of gravity, so we expect the secondary object’s
parameters y and myy) [related to u by Eq. (49)] to remain
constant throughout the inspiral for first-post-adiabatic
modeling. This is not to say that the mass (m[®]) and
scalar charge (m’[@]) of the secondary remain constant, they
evolve via Egs. (27) and (28), respectively. That is, their
evolution is determined solely by the evolution of the
scalar field, which is accounted for in the two-timescale
formalism. Hence, no additional parameters evolve on the
slow-timescale in our formalism are required; that is,
Eq. (55) holds.

The evolution of the EMRI parameters, 6M 4, can also be
constructed from the self-force,

dsM,

g 2
—~ = eFy ' [Q;] + O(e?). (56)

More precisely, the evolution of 6M and 6/ can be
calculated from the first-order scalar and gravitational
fluxes that pass through the supermassive black hole
horizon.

To implement the two-timescale approximation we need
to reexpress the first- and second-order field equations
[Egs. (32), (33), (39), and (40)] and the equations of motion
[Egs. (36) and (44)]. In the two-timescale approximation,
the field variables are expressed as [84]

1 1)@y qm
hfz; = ZhEm) [Q

p.q.m

o xl]em (57)

pan[Q,, xile= Kb, (58)

= ghe

p.gq.m

and

Q. 6M 4, x']e~ K, (59)

ab_zh pqm

p.g.m

_ Z @D Pran|Q. 5M ., x']e i, (60)

p.qg.m

where k' == {p,q.m}, w, ,,, = kK'Q;, and p, ¢, and m are
integers to sum over. Equations (57), (57), (59), and (60)
are a discrete Fourier series in terms of the phases of
motion, whose coefficients evolve on the slow-timescale.

The advantage of the two-timescale approximation
becomes apparent when you act with a time derivative
on the field variables; for example, a time derivative of (p<")
gives

dgo(”) a¢ .
frd (n) a)pqm J _lk ¢i
P = 3 (gmonan i) 22 (—it)e

p.qg.m

@ a(p(n)*wp.qm aﬁMﬂ a(p(”)’wp.qm e—iki¢i
o 0Q; ot déM, ’
(61)
Evaluating the partial derivatives in Eq. (61): a{/ = Q;

using Eq. (52);
aaM

8 _ o0 + O() from Eq. (54

= F{l}[ Q]+ O(¢?) from Eq. (56). As the
background spacetime and background scalar field are
stationary, and the perturbations are of the form in
Egs. (57)-(60), we can split all time derivatives into an
algebraic O(¢") piece and a differential O(e) piece,

0 . 0
&a—lkfﬂj—l—ea—;, (62)
where we have defined the slow-time derivatives, 2 = such
that when it acts on a field variable
a {0} an(n)'wp.qu {1} a(p(”)’wp.q.m
—=FQ Ql —— 63
o= Foy 1] 0Q; +E) 05M 4 (63)

Note, the slow-time derivatives in Eq. (62) contribute at
one order in ¢ higher than the fast-time derivatives [the
algebraic part of Eq. (62)]. We now use a labeling
convention [89] to denote the number of slow-time deriv-
atives in a differential operator. Take, for a simple example,
the operator

azqg(”)

A[gﬂ(n)] = atz

(64)
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As ¢ can be expressed using Eqgs. (57) and (60), we
replace the time derivatives with fast and slow-time
derivatives using Eq. (62), giving

. 0 ‘ 0
Alo™M = [ —ikiQ. +e— | | =ikIQ, +e— | ™)
('] < ik ]+8at)< ik ’+80t>¢ , (65)
. _apm ™
= —(KQ;)%p"") = 2iekiQ; (g; +e (;;2 . (66)

A[p™] can be expressed in orders of slow-time derivatives:

Alp™] = AQ[pM] + AN [pM] + AQ[p™],  (67)
where
A ] = —(kIQ,)2pM, (68)
AN )] i= —2ieki al : (69)
AD[0)] o= g2 P (10)

P

where the number in angular brackets denotes the number
of slow-time derivatives in the differential operator.

We also need to expand additional quantities that appear
in our equations:

=zl tafy+, (71)
|

a

u® = u((l()) + u((ll) 4+ (72)

(@)= (@), (@),
dt dt) () dt)

with the usual multiscale expansion definitions [85].

The operators in our field equations, Egs. (32), (39),
(33), and (40), separate into pieces with various numbers of
slow-time derivatives. Take Eq. (32), we can reexpress it in
the two-timescale approximation as

(73)

5, [hy)] + 3G [y

N )
= 83£/u<(u” b+ e2u' U ) B
, (0)7(0) (1)L7(0) /=g

A [y — H
0) (0) _y W ZP[T]]> 3
_d0u0 g Y 2Bl g o), (74)
b L)LYy = (0)
_ 0)y o =
where  z(}), = (ga + ujgua )2y and (), = (gu+

”{0) u((lo))u?l). Note, Eq. (32) is a first order in ¢ equation,
but implementing the two-timescale approximation has
introduced & pieces in Eq. (74). The second order in &
pieces can be promoted to the second-order field equation,
Eq. (39), giving

1 1
S = ~2G [, W] ~ a6 ) + 1o 0a ) 070

St — 4 7] 1) (0) (0 R(1) e c ¢ R(1
+dn / g ~ %l <2m[1]¢;)u2 "l 4 /4<4hac( (0)°(0), = (0),(0), (g8 — ey 1Ly )>>dr(0)
14

\/__g

(

SH[xH —
v

b) \/_—g
(1)

5 = zple]]
TR FSE B
0[] i = () %(0)4%(0)
4
SHxH —
) M) dg), (76)
Vamt')

where we have also expanded 6°G,, [h,;] and 0, in orders of slow-time derivatives.
As we are interested in first-post-adiabatic modeling here, we have neglected any terms that are O(e?). For example,

82GY [hgllb)] = O(&*), generally 5”GEZ’Z> [hgb)]

= O("*™). Deriving higher-order equations with this algorithm is trivial.

Applying the slow-time derivative expansion algorithm to the scalar perturbation field equations, Egs. (33) and (40), give

8 — zp[]]

000 = 162 /y " g,

[0 — — 87;; g0 _ 00D - 1 7, ¥,V
+16n ( /y mm(pg) 5@ [x\”/:_gzlf, 7] dre
—/ym[l]Za)lVyéwL\/:_;g[T]]dr(o)).

(77)
1
— (VL)) VP + 5 (Voh) Vit
1 SVt = 2[7]] , ; R(1)
-3 /y iy ==t (¢ + uiyyfy Vo )
(78)
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From the field variable coefficients, () @ran, @2)@pqgm,

1 ’ p.q,m 2 ’ m
hi b) “ran and h((l ,3 “ram one can calculate the orbit averaged
self-force:

FgF — gFt(l N |:h((1b) I).q.m’ (p(l),wl,Aq_m}

a (2).0p4m 1)
+ @ Fg [1) 7 ponan] +O(). (79)
Where we have extended Eq. (A1) to include the self-force
from the scalar field. We use the arguments in Ref. [83] to
split the self-force into dissipative and conservative pieces
in a post-adiabatic expansion,

(1)@

FSF — F¢ hab’ P«q.nz’(p(l),a)lw,”}

{0}(1)diss |:
(1).®p.gm (1>,wp_q.m]
+ Fl1y()cons {hﬂ” v

a (2)'wp.qm @
F {1}(2)diss[hab N "-M} +--, (80)

where the numbers in the curly brackets denotes the post-
adiabatic order of the self-force contribution.

We can input Eq. (80) into Eq. (A14) to calculate the
phase evolution. In practice, the phases evolve via Eq. (52);
that is, the evolution of the orbital frequencies is determined

by the self-force coefficients F' g} and F' gi} in Eq. (54). The

self-force coefficients ng} and Fil} can be determined
from the field variable coefficients [similarly to Eq. (80)],

F{O} [ ] F{O} |:hab @p.g.m , q0(1),(11,,_qv,,1:| , (81 )

! 1 Dy qm o
FYQ,. 6M,) = FY) [hib) D @pan,

p2nan. (p(z),w,,‘q_m}, (82)
FIR) = F{ [y e g (83)

The force coefficients in Egs. (81) and (82) can be derived
from the perturbative equations of motion, Egs. (36)
and (44). However, one must account for slow-time deriva-
tive contributions to Eq. (44). To find the additional
contribution one can examine Eq. (36) using Egs. (62),
(71), and (72), giving

a — D (e (a b)Y\ A1) (1)
4@2)stow — 1] (9 P +ufy >”<b0>+2”<1>”<0))0b PR
Lo, o IR .
- ( b+u ”0)( o,'hy, )”z{o)”(o)
a d e
(gh+u )(Zhbde _hdeb) E)“(f)'

(34)

The second-order equation of motion then becomes

a’@ = + a( ) (85)

( )grav 1 + 0?2)

scal slow*

From Egs. (36) and (85) one can derive precise relations
for Eqgs. (81) and (82). The force coefficients in Eq. (83)
can be determined from the orbit averaged fluxes entering

the primary black hole horizon in terms of hilb)’w”""’",

and o) @pam,

This completes the two-timescale expansion of our first-
post-adiabatic accuracy modeling scheme for nonspinning
binaries in scalar-tensor theories of gravity.

VI. SUMMARY AND CONCLUSIONS

In this paper, we have derived a framework for computing
the premiere first-post-adiabatic binary modeling scheme in
theories with a massless scalar field nonminimally coupled
to gravity. As discussed in detail in Sec. II, our main assump-
tions are that any interaction terms for the scalar are sup-
pressed by a coupling with mass-dimension-2 or higher, the
scalar field is shift symmetric, and the solutions of the theory
continuously connect to those of general relativity with a
minimally coupled scalar field. We have used perturbative
scaling arguments, using the suppression of black hole scalar
charge by its mass, to isolate the adiabatic and first-post-
adiabatic contributions. This allows us to ignore most of the
general coupling between the metric and scalar field. This
approach is similar to Refs. [22-24] who developed and
implemented this method to adiabatic order.

We have produced an ansatz for the matter action of a
compact object with a scalar charge, which is the founda-
tion of our formalism. The long-established scalar charged
point particle action, Eq. (10) [50], becomes problematic in
the self-force approach because of divergences in the field
perturbations on the worldline. We have combined the
scalar charged point particle action with the effective metric
approach [62] to produce our ansatz for the particle action,
Eq. (22). The effective metric and effective scalar field are
regular on the worldline, making our action well defined. In
the limit ¢ — 0, Eq. (22) is equivalent to a point-mass
effective action in GR, which is consistent with the first-
and second-order self-force method [31,58—-62]. Our ansatz
and formalism could be checked by calculating a matched
asymptotic expansion [60,90-93] for a scalar charged
compact binary in scalar-tensor theories of gravity.

In Sec. 1V, we derived field equations for the first- and
second-order metric and scalar perturbations, Egs. (32),
(39), (33), and (40). We also derive the first- and second-
order equations of motion for the secondary object,
Egs. (36) and (44). Our formalism also trivially extends to
higher orders. Because Eq. (32) is identical in GR, the first-
order Teukolsky equation holds in our formalism [94,95].
It is straightforward to convert the second-order metric
perturbation field equations [Egs. (75) or (76)] and convert
them to second-order Teukolsky equations by applying the
methods used in Refs. [26,27,96]. Reference [97] presents
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an alternative method for deriving a Teukolsky equation in
alternative theories of gravity. Also, the metric recon-
struction methods developed in GR hold in our formalism
[see Chrzanowski, Cohen, and Kegeles (CCK) [68,69],
Green, Holands, and Zimmerman (GHZ) [27,28],
Aksteiner, Andersson, and Bickdahl (AAB) [70], and
Lorenz gauge [29] metric reconstruction].

In Sec. V, we integrate our formalism into the two-
timescale approximation, allowing for efficient first-post-
adiabatic calculations. Our formalism is also consistent
in the time-domain [84] and the self-consistent approxi-
mation [98]. An additional modeling problem that needs
addressing is resonances [99]. We expect that the methods
used to address resonances in GR, such as those imple-
mented in Ref. [34], will also be applicable to our
formalism.

Remarkably, our formalism has added only one addi-
(1)
(2l
Ref. [22]. Hence, it appears that the scalar charge d and

mle]) capture the effects of the scalar field to first post-

tional parameter, m, , to the adiabatic order formalism of

adiabatic order in a very large class of theories. Our under-

standing of mle])
interesting to investigate how different theories of gravity

generate a nonzero mle]) and how significant this contri-

is currently limited, and it would be

bution is to an EMRI model. It is conceivable that in a
subset of theories, the only significant extra parameter to
the first post-adiabatic order is indeed d. It would also be
interesting to extend our formalism to include a mass of
the scalar field and interactions that do not respect shift
symmetry. The effect of the former has already been studied
at adiabatic order in [24]. We also intend to publish a
follow-up paper that will extend our formalism to include
the first-post-adiabatic effects of the spin and scalar dipole
of the secondary compact object.

The main motivation for this work is to model EMRI
waveforms to first-post-adiabatic accuracy for LISA data
analysis. Accuracy requirement arguments suggest that
calculating the second-order self-force to ~1% accuracy
will likely be sufficient for LISA data analysis [100]. If the
second-order scalar self-force (and the effect of the scalar
field on the gravitational second-order self-force) are sup-
pressed by two orders of magnitude compared to the
gravitational self-force, then their effect may be neglected.
Reference [22] found the adiabatic scalar self-force is
O(1%) of the gravitational self-force for d = 0.3; for
smaller d the scalar self-force is further suppressed. If a
similar relationship is found at first-post-adiabatic order, then
the conservative piece of the first-order scalar self-force and
the dissipative piece of the second-order scalar self-force
may be negligible. Nevertheless, the adiabatic contribution
(the dissipative piece of the first-order self-force) will still be
significant. That is, waveforms in scalar-tensor theories of
gravity will be significantly different from those in GR, but it

may be even easier to model binaries in scalar-tensor theories
of gravity than our formalism suggests.

Implementing our formalism will be a similar difficulty
as computing first-post-adiabatic models in GR. The most
challenging part of such calculations is calculating

52G[h,(ll,,), hglh)] near the worldline. We have shown that this
calculation is identical in GR and our formalism. A method
for calculating 52G[h((llb>, hilg] near the worldline is given in
Ref. [78], but it is inefficient and highly technical. There
are additional, similarly challenging to calculate, pieces in
our formalism (again containing products of divergences
on the worldline): 19,419,V —1g,,(0p"))? in Eq. (39)
and W%V, V010 = (V) )V + 1 (V2h)) V) in
Eq. (40). We propose again using the method in Ref. [78],
or any new methods developed to tackle the problem in GR
(this is currently an active area of research in the self-force
community).

Our formalism could also be used to produce intermediate-
mass-ratio inspiral waveforms. The results in Refs. [79-81]
show encouraging agreement with numerical relativity and
first-post-adiabatic self-force waveforms in GR for quasi-
circular inspirals of Schwarzschild black holes in the mass-
ratio regime of 1:10. These results will soon be used to help
future LVK data analysis (as LVK begins to probe deeper
into the disparate mass ratio regime). Implementing our
formalism, even for the simpler case of nonspinning (or
linear in spin) black hole primary, would be an important
step towards detecting or constraining the existence of a
new fundamental scalar field.
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APPENDIX A: SELF-FORCE FORMALISM IN GR

In this appendix, we summarize the self-force approach
for binary black holes in GR. We focus on the relevance
of first-post-adiabatic waveform models for gravitational
wave observations. Additionally, we show how the first-
and second-order field equations and equations of motion
can be derived from an effective action.

In black hole perturbation theory, the metric (g,;,) is
expressed as an expansion in orders of a small parameter, as
in Eq. (16). In the perturbative self-force approach, the
small parameter is the mass ratio, ¢ = u/M. Working in

GR, gg,)j) is a solution to the Einstein field’s equations. Here,

we take g(ﬁ) to be the Kerr metric [101].
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The presence of the secondary compact object produces
the metric perturbations. These perturbations impart a force
on the compact object, causing it to move off geodesic
motion in the background spacetime. The so-called self-
force per unit mass (F§;) can also be expressed as an
expansion in orders of the mass ratio:

[ J— a 1 a 2
Fgp = eF{, [hih)} +€2F(2) [hih)] +0(). (Al
The effect of the self-force on the motion of the inspiraling
object is described by the equation of motion,

uVyu' = a' = (eFf, + & Ffy)) + O(e?), (A2)
where u® is the four-velocity of the compact object in
the background spacetime, a“ is the four-acceleration,
and V, is the covariant derivative of the background
metric. Equation (A2) is given by the MiSaTaQuWa
equation [58,59] to first order, and by the second-order
equation of motion [60,61] to second order.

1. The self-force action approach
Here, we show that it is possible to derive the GR self-
force equations of motion and field equations, up to second
order, directly from an action. We begin with the action

S(gap ¥] = Sen(8as] + Sim(8an- Pl (A3)

where S, is the matter action, ¥ are the matter fields, and

v—8 Rd*x,

167 (A4)

Sen(8a- @] =

is the Einstein-Hilbert action.

In the compact binary problem, spacetime is a vacuum
everywhere except on the position of the compact object
(the worldline). The matter action in Eq. (A3) can be
replaced by the effective point particle action

Sp:—/ydgz—/m/gaba“ﬁbd%, (A5)
14 14

where g, is the effective metric defined in Eq. (21), 7 is the
proper time in the effective spacetime, and % = dz*/dx.

Varying the action (A3) with respect to the body’s path,
x* — x* + 6x#, results in the equation of motion

(A6)

where @ = Vi,

Expanding Eq. (A6) using the expansions Eq. (21), and
those in Appendix B, one recovers the MiSaTaQuWa
equation,

“ 1., “ (R ()R e
afy =—3 (g(o)c + uu,) (2hd(b;e) - hbe;d)ubu . (A7)

and the second-order equation of motion,

a Lr, . . QR (R
4 =75 [(g(O)c +uu,) (Zhd(b;e) —Ppera >

a a c 1R DR e
+ (gl + 1) B (2h§1(3,;6) _hgg[,)}ubu . (AS)

Additionally, the field equations can be derived by
varying the action (A3). This process is more delicate
because one must vary the Sgy[g,,] with respect to the
metric (g,;,) and S,,[g,5] = S, [Jas] With respect to g,,. The
resulting field equation is [31,62]
5 [xﬂ _ flf’ [;EH b dz.

\/__g

Geroch’s theorem [102] tells us Eq. (A9) is not formally
well defined as a partial differential equation, but it will be
useful for deriving the correct perturbative equations (to at
least second order). A perturbative expansion of Eq. (A9)
using the expansions in Egs. (16), (21), and the those
in Appendix B, gives the first- and second-order field
equations:

Glguw) = 8 / H (A9)

8G o [hY)] = 8 / MM\/__;{;[THMaude, (A10)
&' [v — zp[a]]
V=9

X U (4hﬁ(l)ucub —u Uy (gfg) - u”ud) hfﬁgl)) dr.

8G o W] = =82G o, 1Y) 1\)] + 4n /
14

(Al1)

2. Why second-order self-force and first-post-adiabatic
accuracy?

Next, we summarize which parts of the self-force expan-
sion are required for an accurate model. Summarizing
Ref. [83], we characterize an accurate model as having a
small error on the final position of the compact object over
the course of the inspiral. An inspiral is generally consid-
ered to evolve on a so-called slow-timescale (7) related to
the radiation reaction timescale, 7~ 1,, ~4 = O(1) [84].
This relation can be derived by considering the rate
at which orbital energy is dissipated from the system
through gravitational waves. The rate of energy dissipation
scales as £ = 4 ~ (hglb))2 ~ & [103]. The orbital energy of

M.

ject i ~ ~E E KL M
the compact object is E~pu. As t~% and z~5~7

therefore, 7 ~ %,
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The error in the final position (6z*) relates to the slow-
timescale and the error in the acceleration (6a*) [56]:

1
57 ~ 125at ~ 8—2&1". (A12)

For 6z# to be small, a* = O(&®) is necessary. Hence,
Eq. (A2) must be calculated through second order to
achieve an accurate model over an entire inspiral. That
is, the first- and second-order self-force is required.

In practice, the position of the compact object is
expressed using orbital phases, ¢;. For generic orbits in
Kerr, there are three orbital phases, that is, i = {1,2,3} or
i ={r,0,¢}. The phases obey the expansion [83]

Bl =8l + 4Nl + O (A13)

For the error in Eq. (A13) to be small as ¢ - 0 the

coefficients gbl{l}[t, €] and gbfo}[t, €] must be known. The
appearance of % terms in the expansion of ¢; |z, €] is acquired
from the inspiral evolving over a slow-timescale.

Reference [83] showed that 45;-{0} [t, €], the so-called
adiabatic contribution, depends on the dissipative piece
of the first-order self-force. They additionally showed that

gbl{l}[t, ] depends on the conservative piece of the first-
order self-force and the dissipative piece of the second-
order self-force:

o1l = ¢ [F g [12)] (Al4)

¢l{]}[t’ g] - gbl{l} [F{(ll)cons [hitlh)] ’ F?Z)diss [hgzb)]} ' (AIS)

The reasoning for the conservative self-force being sup-
pressed by one order in e is the conservative self-force
averages out over a generic Kerr geodesic [83]. Equa-
tions (A13), (A14), and (A15) show first-post-adiabatic
accurate models require the full first-order self-force and
the dissipative piece of the second-order self-force.
Reference [83] also provides the framework for imple-
menting a two-timescale approximation to produce first-
post-adiabatic self-force binary waveforms models in GR.

Recently, first-post-adiabatic waveforms have shown
incredible agreement with numerical relativity waveforms
for quasicircular inspirals of Schwarzschild black holes,
even in the 1:10 mass ratio regime [79-81]. These
groundbreaking results suggest that first-post-adiabatic
models will play a key role in future gravitational wave
science, across a mass-ratio range much wider than
expected.

APPENDIX B: NECESSARY EXPANSIONS

In Eq. (23), g appears explicitly in \/—g and implicitly in
i1 and dz. We expand each § dependence perturbatively
around ggob) as follows [31]:

1 1 € 1
- L (l Sl >) LO(eR). (B1)
e 1
N
€ R() 4y, 3E LR 4 b1 3

=1y w0 [y e P+ O(). - (B2)
di R oab_1_ €180 a b o2
E:W=1—§hab wu?+0(e),  (B3)
T

noting’ i = 9 u® and = % dr.

T7, appears in Eq. (4) with indices down whereas in
Eq. (23) it is expressed with indices up. Reference [31]
showed that the indices of the stress-energy tensor are
raised and lowered by the effective metric (not the back-
ground metric). That is,

~ o~ 0) (0) 0) (0)ra
T, = GacObaTiy = €g£zc>g§,d) T(]”> + &2 [ggc) gg, d) Tm”<2>

R(1) (0) g
+ 2ha<(c)g§1>LTm"(l>} +0(&). (B4)

"We require the expansion in Eq. (B2) to an order higher than
Egs. (B1) and (B3) for the expansion of Eq. (26).
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