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We present the gravitational-wave flux balance law in an extreme mass-ratio binary with a spinning
secondary. This law relates the flux of energy (angular momentum) radiated to null infinity and through the
event horizon to the local change in the secondary’s orbital energy (angular momentum) for generic,
nonresonant bound orbits in Kerr spacetime. As an explicit example we compute these quantities for a spin-
aligned body moving on a circular orbit around a Schwarzschild black hole. We perform this calculation
both analytically, via a high-order post-Newtonian expansion, and numerically in two different gauges.
Using these results we demonstrate explicitly that our new balance law holds.
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I. INTRODUCTION

Gravitational wave physics is now firmly established as
an observational science. Ground-based detectors regularly
observe the binary mergers of stellar-mass black holes and
neutron stars [1]. Looking to the future, the construction of
the space-based millihertz detector, LISA [2], will open a
new window on binaries with a total mass in the range
10*-107 M. One particularly interesting class of such
systems is extreme mass-ratio inspirals (EMRIs) [3]. In
these binaries, a compact object, such as a stellar mass
black hole or neutron star, spirals into a massive black
hole driven by the emission of gravitational waves. These
systems have a (small) mass ratio in the range of 10™#~107".
In general EMRIs are not expected to completely circularize
by the time of merger, resulting in a rich orbital and wave-
form structure that carries with it detailed information about
the spacetime of the EMRI [4]. Additional complexity is
added by the expectation that both the primary (larger) and
secondary (smaller) compact object will be spinning, with no
preferred alignment between the secondary’s spin and the
orbital angular momentum. Modeling the effects of the spin
of the secondary is the focus of the present work.

Extracting EMRI signals from the LISA data stream will
require precise theoretical waveform models of these
binaries. This is because the instantaneous signal-to-noise
ratio of a typical EMRI will be very small, and so the
waveforms can only be separated from the instrumental
noise and the potentially many other competing sources by
semicoherent matched filtering techniques [3].
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The small mass ratio in EMRIs naturally suggests black
hole perturbation theory as a modeling approach. With this
method, the spacetime of the binary is expanded around the
analytically known spacetime of the primary. The leading-
order contribution to the waveform phase comes from the
orbit-averaged fluxes of gravitational radiation. These were
calculated for a nonspinning secondary moving along a
circular orbit about a Kerr black hole in the 1970s [5].
These calculations were extended to eccentric [6] and fully
generic (inclined) motion [7-9] in the 2000s. The wave-
forms that can be constructed from these results will likely
be sufficient for detection of the very loudest EMRIs. In
order to detect the many weaker signals, to perform
accurate parameter estimation, and to enable precision
tests of general relativity, it is necessary to go beyond
the leading-order model and include (so-called) postadia-
batic contributions [10].

The contributions at postadiabatic order are substantially
more challenging to calculate than the leading-order fluxes.
This is because, often, the local metric perturbation near the
secondary must be constructed and appropriately regular-
ized whereas the leading-order fluxes can be computed
from the asymptotic metric perturbation. Black hole per-
turbation calculations that involve the local metric pertur-
bation are called self-force calculations—see [11-13] for
reviews of foundations and calculation methods. With this
in mind, the contributions to an EMRI waveform at the first
postadiabatic order come from the conservative and oscil-
latory dissipative first-order (in the mass ratio) self-force,
the orbit-averaged dissipative second-order self-force, and
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an orbit-averaged contribution from the spin of the small
body. The first two of these have received a great deal of
attention—see Refs. [14-20] and [21-30], respectively.
The influence of the secondary’s spin on the inspiral has
been less well studied and is the topic of the present work.

Our goal here is to understand how the inspiral (and by
extension the waveform from the EMRI) is influenced by
the spin of the secondary. For a nonspinning secondary,
well-known balance laws [7,31-36] can be used to relate
the leading-order fluxes to the first-order self-force con-
tribution, and thus to the evolution of the inspiral. In this
work we derive, for the first time, the appropriate balance
law including the contribution from the spin of the
secondary in the extreme mass-ratio inspiral context.

We obtain the flux balance law: For a small companion
with spin, the flux of energy F = FZ + F" out to future
null infinity, Z*, and down the horizon, H" (which can be
evaluated entirely from metric perturbation 4, at Z7* and
HT) is equivalent to the rate of change of the quasicon-
served energy £ associated with the spin and orbital motion
of the small companion to linear order in the mass ratio and
spin of the small companion. For the case of quasicircular
orbits, we obtain the succinct result

DE 1 1
- = 5 uul Lehlly ~ ﬂSﬁuﬂvgﬁghfﬂ =u'F, (L1)

where ¢ is the timelike Killing vector of the background
metric,  and S are the mass and the spin tensor of the
small companion, hlﬁ is the Detweiler-Whiting regular
part of the metric perturbation, and u“ is the worldline four-
velocity. Further, we derive that an orbit-averaged version
of (1.1) holds for generic orbits and arbitrary Killing vector
in Kerr spacetime. In particular, our result is directly
applicable to the quasiconserved angular momentum L,
associated with the angular Killing vector of black hole
backgrounds. The intermediate geometric result of (1.1)
can be obtained either from direct expansion of traditional
self-force formulas (as we show in Sec. III), or from a
specialization and multipole expansion of results from
Ref. [37].

The power of obtaining such flux balance laws are
twofold. First, providing a direct relation between the local
metric perturbation and the asymptotic losses of energy and
angular momentum gives a gauge-invariant tool for check-
ing the dissipative part of local self-force calculations.
In the nonspinning case these have long been used for
benchmarking [15,20]. Second, flux balance laws enable a
dramatic simplification of the computational cost in comput-
ing the effects of the orbit averaged dissipative self-force;
fluxes are much easier to compute than local self-forces as
they only require knowledge of the asymptotic and not the
local metric perturbation. In the nonspinning case the net
result of this statement is that to adiabatic order, the fluxes
are entirely sufficient to drive an inspiral. For the case of

a spinning secondary which we consider here, the situation
is more complicated. The fluxes will be sufficient in
determining the evolution of constants of motion associated
with Killing vectors &£,. However, these constants of motion
E will determine the four-velocity u* using the following
relation:

B =u, + isaﬁva\:ﬁ. (1.2)
Thus, to determine the evolution of the 4-velocity one will
need also to evolve the spin tensor S%. The governing
equation for this evolution will be given in Sec. II and
requires knowledge of the local metric perturbation.

We explicitly verify our balance law in the case of a
spinning body whose spin vector is aligned with the orbital
angular momentum, and which is moving along a circular
orbit of a Schwarzschild black hole. We perform this
calculation in two gauges: the radiation gauge (via the
Teukolsky formalism) and Lorenz gauge. In the former
approach, we made our computations both numerically and
analytically (as a high-order post-Newtonian expansion)
and in the latter approach the computations were carried out
numerically. We find excellent agreement between the two
gauges for the (gauge-invariant) fluxes and local dissipative
force. We also confirm that our flux balance law (1.1) holds
to the numerical precision of our calculation, and exactly
(to the relevant PN order) in the analytic case.

It is important to note that our work is not the first
calculation of the radiated flux, F, for a spinning body.
These have been carried out before [38—42] (though we
perform our calculations to a much higher precision). Our
work presents, for the first time, the derivation of a new
balance law for spinning bodies; the first calculation of
the local dissipative force; an explicit numerical check that
this balance law holds; and a comparison with a post-
Newtonian expansion at 5.5 pN order.

The layout of this paper is as follows. In Sec. I we
provide the self-forced equations of motion for a spinning
body. In Sec. III we derive the balance law including the
contribution from the spin of the secondary. This calcu-
lation is valid for arbitrary nonresonant orbital configura-
tions to linear order in the spin of the secondary. In Sec. IV
we specialize to the case of a spin-aligned body on a
circular orbit about a Schwarzschild black hole. In Sec. V
we describe the calculation of the fluxes and local force
within the Teukolsky framework (with further details given
in the appendices). In Sec. VI we do the same, but in the
Lorenz gauge. The results of these two sections are
compared in Sec. VII and we conclude with Sec. VIIIL.
Throughout this work we used geometrized units such that
the speed of light and the gravitational constant are set to
unity (G = ¢ = 1). We define M to be the mass of the
primary. We use both prefix (V,) and postfix ., notations
for covariant derivatives, choosing the notation that is most
clear in a given expression. We denote symmetrization of
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indices using round brackets [e.g. T, = I (Top + Tpa)]
for symmetrization and square brackets [e.g. T, =
(T 45 — Tp,)] for antisymmetrization, and exclude indices
from symmetrization by surrounding them by vertical bars

le.g Tiapy) = 3 (Tapy + Typa) -

II. SELF-FORCED EQUATIONS OF MOTION
FOR A SPINNING COMPANION

We consider an object of mass y in a binary system with
a black hole of much greater mass M > u. Both compan-
ions are permitted to possess spin, which we denote in
scaling arguments as S; for the spin of the primary and S,
for the spin of the secondary. The perturbative expansion of
the equations of motion and field equations are performed
using the mass ratio ¢ = u/M and the dimensionless spin
parameter o = S,/uM (henceforth we refer to o as the
“spin” of the secondary). We consider self-force effects to
linear order in ¢ and €. Concretely, a system for which this
expansion is relevant is one for which € < ¢ <« 1, and for
which higher multipole moments contribute at O(ce?).

In fact, the analysis and balance law which we present
are perfectly valid for determining the contributions linear
in spin in the more generic case where ¢ < 1 and 6 <« 1
hold separately. For the generic case, the analysis presented
here does not give a complete approximation for the
equations of motion, as other effects will enter at orders
comparable to the linear-in-spin contributions presented
below. However, the linear-in-spin effects are fully captured
by our analysis, so a complete perturbation can be obtained
by simply adding the O(o¢) part described here to spin-
independent contributions at the same perturbative order.

The most relevant case for self-force computations is
€ ~ o, which describes a compact secondary, such as a
black hole or neutron star. For this case, the leading spin
effects will enter at O(e?), which is the same order as the
second-order self-force. Therefore, for spinning bodies, the
leading spin contribution discussed here should be regarded
as similarly important for full phase accuracy as the second-
order self-force pursued by other investigations [29,30].

We consider a perturbation of the form

gaﬂ = gaﬁ + haﬂ + O<€2)7 (21)
where our goal is to capture in /4 the contributions from
the small companion through O(s). We neglect effects
which are second order in the mass ratio, quadratic and
higher in the spin of the small companion, or of quadrupole
or higher multipole order. For brevity, we use the notation
O(€?) to indicate that we are neglecting all of these higher-
order contributions.

The fully general form for the self-force on an extended
body may be derived from a Green’s function treatment of
the metric perturbation sourced by that body. A careful
presentation of the generic spacetime integrals required to

derive the self-force equations of motion to arbitrary order
in the mass ratio and to arbitrary multipolar order were
derived and extended by Refs. [37,43—46]. We refer to the
set of equations obtained by the derivation in those
publications as the Dixon-Harte equations of motion. In
this work, we make use of the Dixon-Harte equations of
motion specialized to first order in the mass ratio ¢ and
dimensionless spin ¢. Below, we describe these special-
izations first to leading (zeroth) order in self-field effects,
obtaining the Matthisson-Papapetrou-Dixon equations for a
freely falling point particle with spin in an arbitrary
background spacetime; next, we show the specialization
for the less well-known equations of motion to linear order
in the spin and self-field effects.

A. Perturbative expansion of the self-forced motion

The Dixon-Harte formalism derives the equation of
motion for an extended body (in our case, the small
companion) under the effects both of the background
metric associated with the large companion g,4, and of
the metric perturbations sourced by the secondary’s own
motion. The generic result is the evolution equations of the
overall momentum and spin of the small object in terms of
linear combinations of four-integrals over the stress-energy
distribution of the body. Due to the length of the expres-
sions and their notational complexity, we do not reproduce
the generic expressions here, and instead refer the inter-
ested reader to their full presentation [37,45]. Wherever
possible, we follow the notation of Ref. [37], and note
below all exceptions where we specialize or deviate from
that notation.

For the present discussion, we make use of the linear
momentum vector p* and the spin tensor %, defined along
the center-of-mass worldline of the small companion. We
define these quantities on a choice of hypersurface foliation
¥, and with respect to a worldline z#(z) for proper time 7
along that worldline. Note that the generic treatment by
Ref. [37] uses the distinct time variable s, which reduces to
7+ O(e?*) under the specializations used in this paper.

We use Synge’s worldfunction o(z#,x*) [47] and its
derivatives for a covariant notion of distance and dis-
placement vectors. (Notationally, Synge’s worldfunction
is here distinguished from the spin parameter ¢ by its
bitensor arguments.) Synge’s worldfunction is a bitensor
which takes the value of half the square of the affine
parameter A>/2 of the geodesic which joins the points z#
and x*'. The first covariant derivative of Synge’s world-
function 0., (2, x*') = 6,/(z#, ¥") is a covariant analog of
the displacement vector between the two points, in the
tangent space of x*'. Further details regarding bitensors and
Synge’s worldfunction may be found in Ref. [11]. In
particular, the relationship between the tangent vector,
unique shortest geodesic between the two spacetime points,
and Synge’s worldfunction is nicely illustrated in Fig. 5 of

064013-3



SARP AKCAY et al.

PHYS. REV. D 102, 064013 (2020)

Ref. [11]. The full Dixon-Harte formalism proceeds using
an intricate bitensor treatment necessary for a nonpertur-
bative description of linear and angular momentum evo-
lution. For the perturbative expansion in powers of the mass
ratio €, the linear momentum and spin of the small
companion to the order required by this paper are

p= [z g ), (2.22)

SHv = / d=, T () g¥ (2%, x% )" (. x7),  (2.2b)

in which the primed indices are used for the tangent space
away from the worldline, and g¢* y denotes the parallel
propagator. The rest mass of the small companion is related

to the linear momentum vector by y = /—p, p".

In the Dixon-Harte construction, the center-of-mass
worldline is freely specifiable in the definition of the
multipole moments; different choices of z# give rise to
different values of p* and S% while preserving the form of
the resulting equations of motion. To fix the remaining
freedom in z#, one makes a choice of the center-of-mass
condition, often choosing components of the spin tensor
5% to be considered as the “mass dipole” and setting those
components to zero. This type of constraint on the spin
tensor is referred to as a “spin supplementary condition”.
For this paper, we work with moments defined using the
Tulczyjew spin supplementary condition [48]

S%ps =0. (2.3)

Applying the expansion in powers of small separation
from the worldline o(z#,x*') < M? and in powers of the
dimensionless parameters € and ce that parametrize the
strength of the metric perturbation sourced by the small
companion, the leading-order motion derived by special-
izing the Dixon-Harte formalism reduces to the well-known
Mathisson-Papapetrou-Dixon (MPD) equations of motion
for a spinning test particle [43,49,50]

Dp*® 1
d’; = =5 RS0 . (2.4a)
DS”
= 2plru®l + N7, (2.4b)

for force and torque terms F* and N”° that will generally be
suppressed by the mass ratio e.

The Dixon-Harte formalism also offers a prescription for
determining the expansion of p* in terms of the worldline
four-velocity u# = % and the higher multipole moments of
the small companion. Performing the specialization to the
present perturbative treatment, we find that this relationship
is simply

P = uu® + O(e?), (2:5)

and therefore, the leading equations of motion may also be
written as

Du” 1
at = = =g RS+ Oe) (260)
DS"®
= O(e). (2.6b)
dr

For use in subsequent sections, it is also useful to invert
the Dixon-Harte moments (2.2) expanded in the mass ratio
¢ for the monopole and dipole moments to obtain a series
expansion for the stress-energy tensor

Ty = uTY) + poTly) + O(e), (2.7)

where both Té’;} and T((;;) are O(1) (note, however, that they
both have subleading dependence on ¢ and ¢ via the
worldline). To simplify the expression of Tf;;), we introduce

the scaled spin parameter $* = $*/(ou) ~ O(M). Then,
the two contributions to the stress energy are

Wap(x) = 7754(% _Z”(T))u“ ) (t
T (x) /d = D),

T (x) = /dth (54()&‘—7\/__2”(1-))) ul®(2)SP° (7).

(2.8a)

(2.8b)

Our use of the Dixon-Harte formalism is primarily
motivated by the requirement of having a rigorous foun-
dation for the next order of perturbative expansion which
contains the first-order monopole-sourced self-force, the
first-order spin-sourced self-force, and the first-order self-
torque. All of these ingredients prove important in the full
flux balance law for a small companion with spin, as shown
in Sec. IIL

Using the fact that perturbations to the connection and
the Riemann tensor can be written as tensor expressions
with respect to the background g, given by1

er[)’y&(g) = R(l/}y& + (h(llRlﬂy(S - h/}[(s;la\y] + ha[(s;\/ﬂy]
+ h(lﬁ;[ﬁy])e + 0(62)’ (29)

1
5. (g)-T%(9) = Egaé(hﬂﬁ;y + hsyp = hpps)e + O(€7)

(2.10)

'Here, as in the rest of the paper we omit for notational
compactness the explicit dependence of expanded quantities on
Jap» and simply note that the Riemann tensor and covariant
derivative on the right-hand side are those associated with the
background g,.
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and also accounting for the perturbation to the proper time
(see, e.g., Sec. 19.1 of Ref. [11]), we now expand the
Dixon-Harte equations of motion to subleading order in the
mass ratio ¢ and the dimensionless spin parameter o.
Making use of the notation common in the self-force
literature which constructs a separation between the “sin-
gular” and “regular” parts of the metric perturbation, and
denoting the regular part of the metric perturbation with
superscript R, we find the equations of motion through

O(e) are

1 ~s 1
a% = Eau/’S{stR,we(; - Ee(g"’1 + uut) W ul (2hf 5 — BT

—ouf S’&(hﬁRyﬂea - h[?&;/le + hg;ﬂe + hﬁ;&)]’

(2.11a)
DS‘J’5 alPS AR R R
dr = —eouS g (hﬂ/};a + ha/l;/} - h(l[)’;/l)
1 -
- EeaSy‘su"uﬁu’lhfm, (2.11b)

where haR} is the Detweiler-Whiting regular field. In the

limit ¢ — 0, the first of these equations becomes the
well-known MiSaTaQuWa (self-force) equation of motion
[51,52].

III. FLUX-BALANCE LAW TO LINEAR
ORDER IN SPIN

The perturbative context in which we work leads us to

a description of the motion of the small companion and
the radiation that it sources as perturbed fields in the
background spacetime of the large companion. Then, any
symmetries of the background spacetime might be antici-
pated to give rise to conservation laws, such that certain
quantities near the small companion might be inferred from
field data far from the system. The relevant symmetries can
be described using the Killing vectors of the background
spacetime, which obey the defining property
Viuép = 0. (3.1)

Specifically, for Schwarzschild and Kerr spacetimes,
there exist two Killing vectors & = {1,0,0,0} and
f’(z ={0,0,0, 1}, associated with the invariance of the

metric under time translations and rotations. We note that
the Killing tensor of the Kerr metric should also be
anticipated to give a balance law, associated with a
relationship between the Carter constant of the small
companion’s orbit and asymptotic field quantities, but this
derivation for a spinning body is left for future explorations
of the topic.

It is a well-known property that geodesic orbits of pure
monopole masses (S% = 0) preserve the orbital parameters

EW = u%g,, (3.2)
for each Killing vector & of the background spacetime. The
two conserved parameters obtained from Schwarzschild
Killing vectors are interpreted as the energy and angular
momentum for the timelike and angular Killing vectors,
respectively.

The conservation law for general test-mass (for which
S% = () motion follows similarly, and gives rise to the
result that the MPD equations of motion (2.4) preserve the
conserved parameters

B = utg, + gsaﬁva(:ﬂ. (3.3)
These adjusted conserved parameters have the interpreta-
tion of the sum of energy and angular momentum con-
tributions from the orbital motion of the small companion
and from its intrinsic spin. The constancy of these param-
eters gives rise to important simplifications in the derivation
of the test mass motion, and the extension of such identities
to radiation-reaction motion offers the possibility of com-
puting aspects of the adiabatic evolution of self-forced
orbits from field variables. Such a computation can then
avoid potentially costly local computation of the instanta-
neous force on the small companion.

“Flux-balance” laws for EMRI motion are concrete
conservation identities between the evolution of the now
quasiconserved quantities (3.3) of the small companion
during radiation-reaction and quantities computable from
gravitational wave amplitudes evaluated at the null surfaces
of the future horizon H* and future null infinity Z* for a
black hole inspiral in an asymptotically flat spacetime.
Despite the difficulty in defining a reasonable effective
energy or angular momentum associated with the gravita-
tional perturbations sourced by the small object within the
strong-field region, these balance laws offer the simple
interpretation of an amount of energy or angular momen-
tum “lost” to radiation by the small companion, and
escaping to H™ or Z* in the form of gravitational waves
(see Fig. 1).

There are several existing derivations which show the
direct relation between the evolution of the energy, angular
momentum, and Carter constant (for Kerr backgrounds) for
monopolar test masses. The original derivation of the flux
balance law by Ref. [53] made use of the evolution of the
momentum of the small object directly in terms of radiative
fields, which were then used in a calculation using the
Green’s function for the fields to show the balance of
energy and angular momentum. The derivation was sub-
sequently extended to the Carter constant by Ref. [31]. In
Ref. [33], the flux balance law for the energy, angular
momentum, and Carter constant was derived using a
simpler mathematical method, which serves as the foun-
dation for our derivation. Due to the similarity of the
methods for the monopole and dipole computations, we
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Self-torqued spin vector
Small companion

FIG. 1. As the small companion’s energy and angular momen-
tum from its orbit and spin vector evolves, generating gravita-
tional radiation, an equivalent orbit-averaged flux of energy and
angular momentum escapes to Z* and down the horizon H*. The
“in” and “up” modes used in this paper are constructed to vanish
at 7~ and ‘H~, respectively. Both sets of modes have non-
vanishing contribution to the flux at H* and Z*. Note that the
arrow indicating the spin vector is shown as a cartoon of the
secular spin evolution, and the orientation does not have detailed
meaning with respect to the axes of the spacetime diagram.

anticipate that the flux balance law for a small companion
with spin could also be extended to the Carter constant. A
more recent investigation [36] has applied a Hamiltonian
method to extend flux balance relations to resonant orbits.

A. Conservation identity including spin

Each Killing vector, &, of a spacetime gives rise to a
conserved orbital parameter, =, for test-body motion in that
spacetime. Taking advantage of the defining property of a
Killing vector V(afﬁ) = 0, we derive the equation of motion
for the conserved quantity E by differentiating Eq. (3.3),

D=

dr
o ~ o} ~

=&a;+ > UV, (SP)V &5 + 3 u'S"PV, N . (3.4)

We are interested primarily in the overall dissipation of
the orbital conserved quantities, and wish to ignore in these
computations any oscillatory changes that might occur
during the interaction of the small companion and its
radiation. To evaluate the dissipative effects as separate
from any conservative oscillations, we define an “orbital”
averaging operation (...):

(f(z)) = 2‘_T / A, (3.5)

T

where the limits of the integral are understood to obey the
restriction M?/u > T > M. A more careful formulation of
an orbit averaging operator can be obtained by use of
multiscale techniques [10,26]. The expression (3.5) is not
purely an average over oscillatory degrees of freedom, as
the radiation-reaction force will cause the orbital param-
eters to evolve slightly over time 7. However, neglecting
resonances, the difference in the above orbit-average and a
version which treats the oscillatory contributions more
carefully is second order in the mass ratio €, so may be
neglected in our derivation.

We now consider the expansion of Eq. (3.4) for the
evolution of the conserved quantity = associated with the
Killing vector &. First, we expand (3.4) by substituting
the acceleration (2.11a) and torque (2.11b). In addition, it
is useful to apply the identity for the second covariant
derivative of a Killing vector

vavyéﬁ = géRéa}/ﬂ' (36)
Combining the contributions to the orbit-averaged flux
value we find

DE 1
<E> = <— E‘fa(gaﬂ + “{z“i)[“yuﬁ(zhﬁ;a - h%;ﬁ)
- Guﬂg&(kﬁ/Ry/}e& - h;}é;/l;e + h%;ﬁ;e + h[%;é;e)]

1 ~
a E uaasﬁ(sgﬂ(h/%;a + hﬁ;ﬂ - hz’;};}‘)é&y

1 -
- ZGS75§5;yu“uﬂu’lh§M>. (3.7)

We wish to manipulate this expression to a tidy form
which depends exclusively on the radiative field, so that
we can make a direct comparison with asymptotic flux
amplitudes. To begin these manipulations, we identify the
oscillatory terms that can be related to covariant derivatives
with respect to 7, and remove them via (D(...)/d7) =
O(e?). Dropping these terms, the orbit-averaged dissipation
rate can be simplified to

2
R R R R
X (MR pes = Pgspie + Mg + Mpicsie)

D= 1 1 -
<E> = <— u“uﬂﬁéhzj + Eaﬁa(ga‘ + ugut)uP §%

1 -
_ zauaSﬂégM(th;a + hzgﬁ - hZ}m)éj&y>. (3.8)

We now take advantage of the symmetries of the Riemann
tensor and commute covariant derivatives of the metric
perturbation using the standard identity
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VQVﬁh% - Vﬁvah% - —hZ,iRl(gaﬂ - thiyaﬂ' (39)

Via manipulations of the multiple covariant derivatives and
symmetries of Riemann, we reexpress the second term of
(3.8) as

[\ R R R R
S e(hAyR;/ﬂ€5 - hﬂ&;i;e + h/lé;ﬂ;e + hﬂl;ﬁ;e)

= Sée(_h%Rye/lﬂ - h};%;e;/l + hﬁ;e;ﬂ)' (3.10)

Using (3.10) in (3.8), expanding, and integrating by parts
for the derivatives u*V,, the resulting equation is

2
_ gauﬁs&h;%&;e;a _ uﬂgagﬁSﬁehR )

ade

DE 1 1 ~
<E> = <— u“uﬂﬁghgﬂ + > 6(—§1uﬂS5€hZ,%R7dﬂ

1 -
_ zauaSﬁégﬂ(h:{%;a + hZEA;/} - h(?ﬁgll)ﬁé;},>.
(3.11)

Again taking advantage of the Killing vector identity (3.6),
we remove another total time derivative using

1 = I -
- 5 f’luﬂSéehz,%RQﬂﬁ - E u“Sﬁ‘Sgy’lhfﬁ;avy@

1 -
= —Euﬂv,,(hgsﬁfvrzge). (3.12)
Finally, the remaining terms are equivalent to the covariant
derivative of the Lie derivative of the metric perturbation,

S’V‘Suﬂvaﬁgh;’% _ éagyéuﬁh};/;&a _ Sy‘su"hg;ﬁrfﬂ”
+ 8,°u TR s+ §0uEl (R 5.
(3.13)

Therefore, when all terms are collected, we conclude that
the orbit-averaged dissipation can be expressed as

DE | B
<E> — —5 <O'Sy51/£ﬁv(3£§hz?/;y - uauﬁﬁghz‘?ﬁ) (314)

Noting that the time average is the identity operation in the
circular orbit case, this reduces in that case to the local
piece (i.e. the left-hand side) of the flux balance law given
in Eq. (1.1).

Equation (3.14) can also be derived by a multipole
expansion of the Dixon-Harte formalism [37,45]. In par-
ticular, the equations presented in Ref. [37] give the
expansion in terms of integrals over extended bodies for
a more general class of vectors £, and for the instantaneous
evolution of the quasiconserved parameters =Z. We leave
further investigation of the relationship between the power-
ful Dixon-Harte formalism for equations of motion and
asymptotic fluxes for future work.

B. Relation to radiative metric perturbations

While not immediately obvious, it is easy to show that to
linear order in o, Eq. (3.14) in fact depends only on the
radiative metric perturbation. To see this, we can rewrite the
first term in (3.14) in terms of the regular Lorenz-gauge
two-point function

1

[\

- 1 (u")
) R\ 4
<SJ/ Mﬂvlsﬁéhﬂ) = E At /A[d X

) Ta’ B .

% /At d4x/T(ﬂ)a/}(£«fG§/;’d/}’

(3.15)

Note that we have picked up an orbit-averaged u' from the
ratio of the implicit period of the time-average operation
(...) (in 7) and the period A of the time integration of the
Green’s function. We emphasize that this reasoning, like
the time-averaging operation itself, should be treated in the
multiscale expansion framework if this procedure is to be
extended to higher order in the mass ratio; our present
expansion relies on the source 7% being treated as the
instantaneously geodesic source.

The second term in (3.14) may be similarly rewritten as

1 t
:—ﬂ/ d*x
2 At Ja;

4 1 (u)af R
X Atd X' TW (‘CéG(lﬂa//}/

1
E <u“uﬂ£§h§ﬁ>

VTP (3.16)

The defining properties of the regular two-point func-
tion, and the fact that £ is a Killing vector, gives rise to the
identity LSGZSW 5. x) = —Eérfoﬂy, 5(x.x"). Therefore,
the sum of the two expressions (3.15) and (3.16) depends
only on the antisymmetric combination Gpr,a, g (X, X) =

R — (Rad Rad :
Gupas(X' . X) = Gy (x.X'), where Ggt,, (x,x') is the
radiative two-point function. Thus, to O(c), we can rewrite

(3.14) in terms of radiative metric perturbations,

D= 1 a Rad o)Rad
<dr> =5l W L (W™ + 2607, (3.17)
where hfl’;})Rad is the radiative part of the perturbation

sourced by T{(l’;;) and h((:/yi)Rad
(0)

Q

is the radiative part of the

perturbation sourced by T

C. Asymptotic fluxes

We now complete the derivation of the flux balance law
by relating the sum of terms on the right-hand sides of
Egs. (3.15) and (3.16) to the asymptotic mode amplitudes
of the metric perturbation. First, we combine the two terms
in a form that emphasizes the symmetries of the equation,
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I

X LGy (x, X' )T (x') + O(6?),

D=
dr

where the stress-energy tensor 7% is given by Eq. (2.7),
and where we have truncated at order O(c?) [note,
however, that our expression includes O(c?) contributions
necessary to give rise to a nicely symmetric form of the
equation]. Note the similarities of this expression to the
more general forms derived in Ref. [37]. Our expression
(3.18) is simpler than Eq. (216) of Ref. [37] by virtue of our
use of a true Killing vector of the background spacetime,
and by our multipole expansion to linear order in the spin of
the small companion.

Equation (3.18) can be used to relate the rate of change
of orbital quantities E to suitably normalized mode ampli-
tudes of any set of homogeneous modes for which the
radiative two-point function can be written in a separated
form,

(3.18)

ity ) = [ o3 AnTlKnap (1) ()

— Rpap(X)Knap (&) e =], (3.19)

for complex mode functions x, &, collections of mode
numbers A, and normalization constants .4, . The two-point
function generated by (3.19) is antisymmetric and real, as
required by the construction of a radiative two-point
function for the metric perturbation.

Now, consider the mode decomposition in which the
functions k.4 form a basis for the metric perturbation,

)C) = Z Z KwAKAaﬂ(x)el

@+ Iga)A’EAaﬂ (X) e_i[Ht’

(3.20)

where we have written the frequency dependence as a sum
to emphasize the discrete spectrum of a bound orbit. Then,
the form of the radiative two-point function gives a simple
formula for the radiative mode amplitudes K, of the metric
perturbation:

1
Rad AR out
G(l/}a//}’ (x’x ) =Re / dw e § :s mw ;ﬂfmu)aﬁ

—re [ o

The mode normalization coefficients A% gown
explicitly derived in Refs. [33,36], and the corresponding
mode normalization coefficients for in and up modes can be
derived by similar methods to those described in the

appendix of Ref. [33].

and ALY are

( )sﬁ;l;;w adp (X/)

1 )
Kop=idy /A dxy/TGongg (X TP (). (3.21)
t

For the final substitution of the two-point function mode
expansion into (3.18), we further assume that the modes
Kpqp(x) are eigenfunctions of the operator £: with eigen-
values id:. Then, we may rewrite the rate of change of the
quasiconserved orbital quantities E as

(3.22)

D= <l/tt>ﬂé:
=Y =32k, A
<d7> z,\: Anp Kl

Note that the At is canceled in the final evaluation of the
combination of modes. This cancellation can be intui-
tively understood by considering the symmetric expres-
sion (3.19) as a “total derivative” expression on spacetime,
giving rise to a flux integrated over the 2 4 1 spacetime
boundary. The cancellation can also be seen more directly
by considering the bound orbit as possessing the discrete
sum of frequency modes as was performed in the similar
derivation [33].

The above discussion is given to emphasize the generic
requirements of the mode decomposition such that the
flux balance law may be given in terms of a sum over
mode amplitudes. We now specialize the discussion to
the radiation gauge, for which the separability of the
radiative two-point function is well documented by prior
investigations [33,36,53]. The radiation gauge mode
decompositions are defined in terms of the formalism
of metric reconstruction from Teukolsky modes discussed
in detail in Sec. V. The homogeneous modes of the
radiation gauge are labeled by their frequency @, spin-
weighted spheroidal harmonic numbers ¢ and m, and
either “in” and “up” (corresponding to solutions which
vanish at the past horizon H~ and past null infinity Z~,
respectively) or “out” and “down” (which vanish at the
future horizon H* and future null infinity Z%, respec-
tively). In the Teukolsky formalism, the radiative two-
point function takes the form

down _down ~down !
+ s'Afmw s”fmwaﬁ(x)sﬂfmw ap (X )

Z Afmw; fmam/?’(x) ”fmwa/}’(x) + Afmws fmwaﬂ( ) _;szwa’ﬁ’(xl)' (3'23)
[
Defining, then, the mode amplitudes,
infup __ . sin/up 1 4 in/up af
mew Z'Afmw A_t Atd V9 ﬂfmwaﬂ(x)T (X),
(3.24)
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and noting that the radiation gauge mode functions are
eigenfunctions of £; and L, , with eigenvalues iw and im,
respectively, we obtain the flux balance laws,

D(C; <ut> 1 |sz;1m{u|2 |Szl;l;)nm|2 2
(%) = el [l o)

H w ‘m sY Cmw ‘mw
(3.25a)
DLz> () = m = [ Zowol® | [ Zimol
= . me. 4 + O(c?),
(i) =T n S e
(3.25b)
in/up

where the amplitudes Z,, ~ are understood to be com-
puted from T% as given in Eq. (2.7). In Sec. V we will
explicitly evaluate these mode amplitudes and compute the
fluxes for the case of an aligned-spin secondary in a circular
orbit about a Schwarzschild black hole. A similar deriva-
tion also follows in the Lorenz gauge, the only caveat being
that the equations for the Lorenz gauge metric perturbation
only separate cleanly into modes in the Schwarzschild case.
In that case, one obtains similar expressions for the fluxes
in terms of amplitudes of the modes of the metric
perturbation (see, e.g. Sec. IV of Ref. [54] for a derivation
of the energy flux). We use this alternative formulation in
our Lorenz gauge calculation described in Sec. VI.

IV. SPECIALIZATION TO CIRCULAR,
SPIN-ALIGNED ORBITS IN
SCHWARZSCHILD SPACETIME

Thus far, our discussion has applied to generic orbits in
Kerr spacetime. Hereafter, we specialize to the case where
the primary is a Schwarzschild black hole of mass M,
corresponding to a spacetime with line element

ds* = —fdi* + f~'dr* + r?(d6* + sin> d¢?),  (4.1)
where f =1 — 27M We also specialize to the case where the
secondary is moving on a circular orbit in the equatorial
plane, with its spin vector parallel to the orbital angular
momentum. We proceed by first recasting the stress energy

into an explicit form which we further manipulate in
Secs. VB and VI A to suit our computational approaches.

A. Circular, spin-aligned orbits in
Schwarzschild spacetime

For a spinning compact object on an aligned, circular,
equatorial orbit with radius r, the only nonzero component

of the (normalized) spin vector SV = —%eﬂaﬂ},u"gﬁ” is
;S‘e =-M/ ro- Accordingly, the (normalized) spin tensor
St = —e"'S,uz has four nonzero components,

o= M, .

4.2
. " (4.2)

The orbital energy, &, is given by Eq. (3.3) with & = &' and
B = &£ Writing £ = & + 6&, we have

:C/‘: fO E —— (M/r0)5/2 (43)
V1=3M/ry 7 V1=-3M/ry"

where f,=1-2M

ro

through O(s), we get Q = Q + 6Q, + O(6?), where [55]

R M 3M?
Q= /5, Q,=-"+.
r 2rb

Likewise, expanding the r-component of the four-velocity
through O(s), we obtain u' = ' + ou!, + O(c?), where

Expanding the orbital frequency

(4.4)

o 1 . M2
_21’0(1’0 - 3M>3/2 '

- /1-3M/r, o =

(4.5)

B. Explicit form of the stress-energy tensor

Starting with Eq. (2.8) for the stress-energy source, it is
convenient to explicitly perform the proper time integration
and to expand the dipole term out to yield [56]

TWr (1, x) = — — wvrs[x — z(t)), (4.6a)
T (1, x) = -7 [0,{3" 1 V53 [x — z(1)]}
+ i vesd[x — z(1)]]. (4.6b)

where z(t) = (rg, n/2,Q1)" is the spatial location of the
worldline at time ¢ and V* = dx®/dt = u®/u'. The §*,T%,,
V¥ and u* terms in the spin source are all evaluated on
the worldline z(z), but g is a function of the spacetime
coordinates (z, X).

For circular equatorial motion we have §*[x —z(¢)] =
0,096y, where we have introduced the shorthand o, =
8(r—ry), 6p=06(0—7/2), 65=05(¢p—Qt). Expanding
into components (and noting that we can use Q = in
T since we are working to linear order in ), we get

Ky
Ty — 2 ind 5r595¢’ (478_)
Tioh = r?sin@ [K7D5r505¢ + Kgb‘sré@é;ﬁ + K{;Uéw‘gé‘ﬁ]’

(4.7b)
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where
Kgl/ = MﬂVU'x:zv K;lw = _Sp<ﬂrzzfvg|x:z7 Klzw = _(Swl)(ﬂvu) - Qgt(ﬂvy))|x:z’ K/BW - _S‘r(ﬂVWlX:Z_ (48)
Explicitly, the nonzero components of K:* are
K§ =u', Kgp =u?, Kg”ﬁ = (u?)?/u’,
—M3/? M?
K = LK =K = ——,
ro(ro —2M)\/ro —3M ry "o —3M
Krr:_M3/2(r0_2M) 7”0—3M K¢¢:_M3/2(}’0—2M)
! r ’ ! rg/ro —3M
Ktr:K”:\/rO—:SM K,¢:K¢,:\/A_/I\/r0—3M
2 2 7 3/2 ’ 2 2 2)’3 ’
ry 0
" \/M W Pt }"()—M b \/M(rO—ZM)
Ki=——"—_. K =k{=-—— 0 k=Y (4.9)
r0—3M 2r0 rO—3M rO\/r0—3M
The total stress energy is then given by 7" = —£— where
KW = [(KI(;D =+ 0K’f”)5,595(/, =+ O'Kgy5r(395/¢ + UK’;D5;595¢] (410)

Note that the dependence on (¢, x) only appears through the
prefactor and through 6,, §, and 5¢; the K; are constants
that only depend on r, and M.

V. COMPUTATION WITH THE TEUKOLSKY
FORMALISM AND RADIATION GAUGE

In Sec. VII we will give explicit results demonstrating
flux balance using two largely independent calculations,
one in Lorenz gauge and another using the Teukolsky
formalism and metric reconstruction in radiation gauge.
The practical computation of the flux balance calculation in
the radiation gauge is mostly standard, following the same

(1) The Kinnersley tetrad is

1
= (£71,1,0,0), ' =2(1,-£,0,0), m' =
(2) The spin coefficients are
— _1 p/ — i
p r’ 2r

|
methodology as in the nonspinning case. For completeness,
we give an overview of the most pertinent points in the
procedure below, and refer the reader to Refs. [19,20,57—
62] for detailed discussions of the practical details both in
the post-Newtonian and numerical contexts, and to
Refs. [63—-67] for further details on the formalism for
metric reconstruction.

A. Specialization of Teukolsky formalism to
Schwarzschild spacetime

We now specialize the Teukolsky formalism to
Schwarzschild spacetime, in which case note the following:

(3) The Geroch-Held-Penrose (GHP) [68] derivative operators are

P=/"9,+0, P=

N[ =

1
0 =—= (09 +icscHO, — scotd),

V2r

1 1
—(0,0,1,icscO), m* =——(0,0,1,—icsch). 5.1
75 (0.0.1.iesd). i = (0.0.1~ieseh). (1)
M
T:T/ZO, lP2:——3 (52)
r
(0, — f0, - 2bM/P?),
1
0 =—(0g—icscHO, + scoth), 53
\/ir(e l ¢ TS ) (5.3)
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where s and b are, respectively, the spin weight and (5) The spin-weighted spherical harmonics, Y ,,(0, ¢),
boost weight of the quantity being acted on. satisfy the equation

(4) The Teukolsky equations for the Weyl scalars (i.e.
the tetrad projections of the Weyl tensor, o = Cj,.im

and w4 = C,;z,m) are separable using the ansatz i (1 _)(2)i M—i—ﬁ— Aem| oY o =0,
dy dy 1—y2
—iw 5.6
vo= [T 03 S WY enl0. 9 >0
— =2 m=—

(5.4) where y =cos6f, and where the eigenvalue is

shem =€ (€ +1)—s(s+1). They are unit-normalized

- v on the sphere, [ Y., (0.9)Y . (0,0)dQ =
A DS S Wm0 Y OB on e sphers, [ iten(09)Fow (6.0)

- =2m=—¢ mnt

(6) The radial functions (R,,,, satisfy the Teukolsky

(5.5) radial equation,

d d K? =2is(r—-M)K .
[A—S E <AS+1 E) + i ) + disor — Aem | sWemo = s T tmes (5'7)

where A = r(r —2M) and K = r*o.
(7) We work with a basis of radiative homogeneous solutions, R? ~and R}  which vanish at H~ and Z-,
respectively. We choose to normalize these such that transmission coefficients are 1. Our homogeneous solutions

therefore have the asymptotic behavior

0 bOREEE AT
R},’me(r> in.ref 125 yior ininc —1_—iwr, s (58&)
R e+ R, re r — 00
up.inc tior, upref A —s —iwr,
up Rfma) e + stma) A™% r—ry
“'R’“pmw(r) ~ up.trans _ 125 1 ’ (Sgb)
R r Setlor- () r— 0o

‘mw

where r, = r +2M In5 and ry = 2M.
(8) When acting on the spin- welghted spherical harmonics, d and & are essentially spin-raising and lowering operators,

V2rd[Y 1, (0.9)] = —[€(€ + 1) = s(s + D]V2 Y 1,,(6. ¢), (5.9a)

V21 (Y, (0.9)] = [£(6 +1) = s(s = )]V Y1, (0, 9). (5.9b)

Complex conjugating, we have the related identities
\/Eré[sifin(g’ ¢)] = [If(l’ﬂ + 1) - S(S - 1)}1/25—1Yfm(9’ ¢)’ (5103)

V2r8 [ (0, )] = =[£(£ + 1) = s(s + 1))/, V0,06, ). (5.10b)
(9) The Teukolsky-Starobinsky identities (valid in regions where y and y, satisfy the homogeneous Teukolsky
equation) yield identities relating the positive spin-weight spheroidal and radial functions to the negative spin-weight

ones [69,70],

1
Dg(—Zme(u) = Zcfmwﬂ//fmwv (5113)

A? (D8)4(A22l//fmw) = 4éfmw72¥/fmwv (Sllb)
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(10)

(I

L_1LoLy Ly Y o) = DY o (5.11c)
LELILTLY( Y o) = DY o, (5.114)
where D, =0,-%42n, Di=0,+% +

2n=M, L, =0, +m cscO+ncotd and L) =
Og—m cscf+n cotf are essentially mode ver-
sions of the GHP differential operators. The con-
stants of proportionality are given by Cgp, =
D+ (=1)"12iMw and D = (£—-1)¢(£ +1) x
(¢ 4 2). This particular choice of C,,,, ensures that
the s = 42 and s = —2 modes represent the same
physical perturbation.”

Inhomogeneous solutions of the radial Teukolsky
equation can be constructed from a linear combina-
tion of the basis functions,

20 (N)2R (1)
+ Cfmw(r>2Rfmw( ) (512)

zlllfmw(r) =

—Zmew(r) C;]mw( ) 2Rfmw( )
+72Cfmu)(r)72Rup (r), (513)

‘mw

where the weighting coefficients are determined by
the variation of parameters,

rr ‘Rugnw r
C;lm(u( ) = : ‘;(I’/)(A) sTfmm(r,)dr/a (5143)
u Rln ( )
O ()= | el ), (har,  (5.14b)
H W( )A

Where W( ) R?mw( )ar[sR;l;)nm(r)] - SR;];'L(U(r) 2
0,[,R (r)] is the Wronskian [in practice, it is
convenient to use the fact that AS*'W(r) = const].

The fluxes of energy through infinity and the

horizon can be determined from the “in” and “
normalization coefficients [57],
o i 2
27 ,C3,,(rw)|
]_"HZZ | 2 fmw , 5153
; ,; At 47[0)2 ( )
© ¢ 2
T _ 127_, Chn (7))
F Z;ZT’ (5.15b)
=2 m=1
where ay,,, = 256(2MrH)5(a‘;é:r4e‘22)(w2+1682)w4 with &=
1 rma
m.

*An alternative proportionality constant can be derived such
that the s = +2 and s = —2 modes have the same transmission
coefficient; see [70] for details.
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(12) Solutions of the Teukolsky equation can be related

back to solutions for the metric perturbation /%, by
use of a Hertz potential [63—66,71]. In fact, there
are two different Hertz potentials: w™®S, which
produces a metric perturbation in the ingoing
radiation gauge (satisfying [“h,; =0 and h = 0);
and wORS, which produces a metric perturbation in
the outgoing radiation gauge (satisfying n“h,; =0
and h = 0).

In the outgoing radiation gauge (ORG), the
metric perturbation may be written in terms of a
second-order differential operator acting on a GHP
type {4,0} (i.e. s = b =2, the same as y,) Hertz
potential, y™G.* In terms of this Hertz potential,
the ORG metric perturbation is given explicitly by
hORS = R[(S%)TyORG], where

(SP)" = nenb (3 = 7)(@ + 37)
+ mm? (P = p') (P + 3p’)
— nl@mf >[(1>’ —p + 7)) +37)
+ (0 =7+ ) (P +3p) (5.16)

is the adjoint of Sjﬁ (given below) and where
¥1/3yORG s a solution of the equation satisfied

by w, (equivalently, the adjoint of the equation

satisfied by ‘1’54/ 31;/4), but with a different source.

The ORG Hertz potential may be obtained either
by solving this sourced Teukolsky equation or by
solving either one of a pair of fourth-order differ-
ential equations sourced by the perturbed Weyl
scalars, often referred to as the “angular” and
“radial” inversion equations. In regions where
y, satisfies the homogeneous Teukolsky equation,
the ORG Hertz potential satisfies a homogenous
equation and the angular inversion equation sim-
plifies significantly, to the point where it can be
inverted algebraically. When written in terms of
modes, this gives the modes of the ORG Hertz
potential, wORS in terms of the modes of the Weyl
scalar,

wORG — g (=)D - + llewzl/’wfm
‘mw |Cfmw|

(5.17)

’Some authors [19] define a slightly different ORG
Hertz potential related to ours by ¥

~ORG __ \Ile/ 3WORG and

= (S ")“{‘_4/ 3. Both conventions yield the same metric

perturbation, (S4)THORG = (S4*)TyORG,
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B. Explicit source for the Teukolsky equation

We now construct the explicit expressions for the source for the Teukolsky equation for a spinning secondary in a circular
orbit around a Schwarzschild black hole with its spin parallel to the orbital angular momentum. To do so, we apply the
operator* S% given by

S¥ = (3 —7 —40)[(P=2p)1“mP) — (8 — 7)I°VP] + (P — 4p — p)[(8 = 27) [ @mP) — (P — p)m*m”), (5.18a)
ST = (0 — 7 — 42)[(P — 27 )ni?) — (0 — D)n“nP] + (P — 4p' — §)[(0' = 20)nl@mP) — (P — )P (5.18b)
to the stress-energy tensor given in Eq. (4.7) then decompose into spin-weighted spherical harmonic and Fourier modes,

© T 2 _ _
T omo = —4 / el / / Som (0, 9)WSIPSPT 5 sin 0dBdepr. (5.19)
) 0 0

In doing so, we exploit the fact that angular derivatives (which appear via d and & in S can be shifted onto the harmonic
by integrating by parts. This is particularly simple in the Schwarzschild case, where T = 0 = 7’ so that the adjoints of the
operators are given by ' = —d and (8')" = —3'. We therefore have the identities

V2r / Y (0, $)0X(0, ) sin0dOdep = —[£(£ + 1) — s(s — 1)]1/2/Sl)7fm(9, $)X(0, p) sin 0dOdep, (5.20a)

V2r / T (0.)IX(6, p) sin0dOdp = [£(£ + 1) — s(s + 1)]'/2 / 1 Von(6,)X (0, ) sin 0dOdp (5.20b)

for any sufficiently smooth function X (6, ¢) of appropriate type such that the integrand has zero spin weight.
Using the fact that the projection of the stress energy onto the Kinnersley tetrad is given by

H 2 gt tr rr H < tr rr
T),=55—IfK'-2fK" + K"|, T,, = - K"+ 2fK" + K",
1 r2f2 sin® [f f + ] nn 47‘2 sin@ [f + f + ]
p reQ [ re /,t SIHH PP
Ty = \[rf [fK'® — K], Tpin = 2\/_r [fK'® + K"?], T =Tm === ——— K%, (5.21)
we obtain an expression for the source for the Teukolsky equation of the form
sT tmo = /"[ (f}?)l(l) + T(fn>1m + TE”n)m)] (5.22)

along with the condition @ = m€ which follows from the #-integral. The individual terms in the s = +2 case are given by

2 > b4 . ,
T = 72,2 V= DEE D+ DT e (5 , o) (F2KSy + oKy = 2imafKY)5, + of*KL5]), (5.232)

1 imo c
fma) - V - 1 f + 2 Yfm( ) |: F3K(t)4]) - 6F4K£¢)5r + (EKE)? _—K;¢ + GF3K§¢>5; +§Kg¢5;,/:| s

2f
(5.23Db)
T = 227, (2 0) [F\K}!8, + (F2K§! + oF | K§7)8, + (K§! + oF,K4")8! + oK478" (r — ry)), (5.23¢)
where we have introduced the shorthand K§| = Ki” + oK'”, and where
“In fact, there are two operators Sgﬁ and SZﬂ which produce sources for y (of spin-weight s = +2) and 4 (of spin-weight s = =2),

respectively.
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4 ‘6 2 3

1 iw im(r—3M iw

with f' = 0,f = 2M/r*. Note that whereas Klf,p2,3 are constant in r, the F; are functions of r. Similarly, the terms for

s = —2 are

2
0) r

T = ST 20T on (5.0) (7K + oKy + 2imos K, + oK)

2

(5.25a)

_ _ _ 1 _
STl = UL T T (5.0) (PR - aFukP)o 4 (3K + 57K+ oFok? )+ dr.

f26

=25 Cma 2

™ -1y, <Z 0) [FIKY'5, + (FK? + 6F\ K97)8, + (KLY + 6F,K2)) 6! + oK1 8)).

Inserting these into the variation of parameters inte-
gral, we obtain expressions for the weighting coefficients,

s ?ma;(r) 9(1‘0—}") fmu)( ) and Cfmw( ) 9(}" rO) x
CP (ro) where the coefficients for both “in” and “up” can

be found in Appendix B.

C. Numerical and analytical solutions
to the Teukolsky equation

1. Post-Newtonian calculation in the
small mass-ratio limit

Our post-Newtonian solutions to the Teukolsky equation
are formed by making the following assumptions
) r~rg>M

Physically, this implies that the small body is at
all times far from the central black hole, and that
we are calculating the field near this radius. For
example our solutions will not be valid in the regime
r>ry> M.

(i) o xQ~ry?

This is required when the small body moves on a
bound (in our case circular) orbit. As one would
expect for a periodic orbit, this condition is implic-
itly enforced by setting the allowed frequencies to be
multiples of the orbital frequency @ = m€, where Q
is given by Eq. (4.4).

These two assumptions are sufficient to construct analytic
solutions to the Teukolsky equation as an asymptotic
expansion in u = Zr‘—’fo following procedures outlined in, e.g.,

Refs. [61,62]. The main difference with many previous
works is that at each order in the expansion, we will also
introduce an expansion in the dimensionless spin of the
small black hole o, which enters via the frequencies of
the homogeneous solutions, and with the source terms
when constructing inhomogeneous solutions. For reasons

2f
(5.25b)

(5.25¢)

|

outlined above we work to linear order in o. As is
standard, we will exchange the “gauge dependent” expan-
sion parameter u with the more physical frequency
variable y = (MQ)*3. This is a seemingly arbitrary
choice in this work, but would play a more significant
role when working either to higher orders in the mass
ratio, with quantities which are not zero as the mass ratio
goes to zero, with gauge-dependent quantities, or when
working with the effective-one-body approach, see for
example Refs. [42,55].

2. Numerical computation

The numerical computation follows a very similar
path as the post-Newtonian calculation outlined above,
with the main exception that the homogeneous solutions to
the Teukolsky equation are computed numerically. In
practice we compute the s = —2 homogeneous solutions
using the semianalytic Mano, Suzuki and Takasugi (MST)
method (see Ref. [72] for a review of the formalism and
Refs. [58,59] for discussion of numerical techniques we
employ). Once the homogeneous solutions are in hand, the
inhomogeneous solutions are constructed via the standard
variation of parameters approach—see Eqs. (5.14). From
the inhomogeneous solutions, the asymptotic energy flux
at the spacetime boundaries can be computed using
Eq. (5.15). To reconstruct the metric, we first transform
the s = —2 Teukolsky solutions to the s = +2 solutions
using the Teukolsky-Starobinsky identities, Eq. (3.14).”
The metric is then reconstructed in the ORG as described
above and the change to the local energy is computed via

This is a legacy step required to connect two pieces of
code, one that computes s = —2 Teukolsky solutions and
another that computes the metric perturbation from the s =
+2 solutions.
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Eq. (3.14). The numerical Teukolsky code uses arbitrary
precision throughout as this is required by some pieces of
the MST calculation.

VI. COMPUTATION IN THE LORENZ GAUGE

The Lorenz gauge has been heavily employed in self-
force computations as the original regularization proce-
dure was formulated in this gauge [51,52]. It also has the
advantage of working directly with the metric perturbation,
thus avoiding the complicated metric reconstruction pro-
cedure required when working with the Teukolsky formal-
ism. This comes at the expense of having to solve a coupled
set of ODEs unlike in the Teukolsky case, where one solves
for a single variable master function.

Lorenz gauge computations have been carried out in the
time domain with 1+ 1 [14,15,54,73] and 2 + 1 [74,75]
dimensional decompositions as well as in the frequency
domain [16-18,27]. In this work, we employ the fre-
quency-domain approach. For a spinning body, the decom-
position of the metric perturbation into tensor spherical and
frequency modes is the same as for the geodesic case, and
as such we only briefly review this below. The mode
decomposition of the source for a spinning body, however,
is new and we discuss this in detail before a brief review of
our numerical scheme.

In our setup, an orbiting particle of mass x and spin ¢
induces a metric perturbation h,, over the background
(Schwarzschild) spacetime, g,,. We will find it convenient
to write the associated field equations with respect to the

trace-reversed metric perturbation, ﬁﬂb, given by
By = hy, — % 9, Tr(h). (6.1)
With this the Lorenz-gauge condition is given by
v, i =0, (6.2)

where V is the covariant derivative with respect to the
background metric. Applying the gauge condition to the
field equations, we get the Lorenz-gauge linearized
Einstein equation,

Oh,, +2R?,° h,, = =162T,,, (6.3)
where [J =V, V¥, R is the Riemann tensor of the back-
ground spacetime, and 7 is the stress-energy tensor given
in Eq. (4.6).

We proceed by decomposing ﬁ,w onto a basis of tensor
spherical harmonics and Fourier modes. For circular orbits
the Fourier mode frequencies are discrete, being given by
o = w,, = mL. Thus the integral over w in the standard
Fourier decomposition reduces to a sum over m in this case.
Therefore we may expand P_z/w as

"0, i r)eTont, (6.4)

=’—:ZZ

‘m i=1

where Y/(“? ‘m

i =1...10 and the a(ff) are /-dependent factors, with both
given explicitly in Appendix A of Ref. [27]. The decom-
position of the source is similar and is discussed in detail in
the next section. Substituting the decomposition (6.4) into
the field equations (6.3) results in separable equations. The
spherical symmetry of the background geometry ensures
that the #m-modes decouple, though in general within each
¢m-mode a subset of the i-fields remain coupled. The
resulting radial equation takes the form

form a tensor spherical harmonic basis with

O, By = 4 2MO R = Tg(65)
where LI is the scalar wave operator
O =t T Ly -02) 66)
‘m fd m
with
2M 2+ 1
Vo(r) = f[7+%} (6.7)

The J 5,21 in Eq. (6.5) come from the decomposition of the

source. When the test body is spinning, J ,Ef,)n contains terms
proportional to §(r — ry) and & (r — ry). The M’s are first-
order differential operators that couple together the /()’s.
Their explicit forms can be found in, e.g., Appendix B of
Ref. [27]. For a given £m-mode we have k,, fields coupled
together through the M’s.

The retarded solution to Eq. (6.5) is constructed in two
steps. First, the homogeneous solutions are computed by
applying retarded boundary conditions then numerically
integrating the homogeneous equations. Details on the
boundary conditions can be found in, e.g., Ref. [16]. As
Eq. (6.5) is a second-order differential equation, the space
of homogeneous solutions will be 2k,,, dimensional. Let us
define the “inner” and “outer” homogeneous solutions by
fz§1>_ and E;'H, respectively, where j = 1, ..., k,,, indexes
the basis of solutions. In this context inner means either
ingoing radiation and/or regularity at the horizon (and the
same with outer but at spatial infinity).

The inhomogeneous solutions to Eq. (6.5) are then
computed using the method of variation of parameters.
This involves integrating a matrix of homogeneous sol-
utions against the source. The &- and &-functions in
the source means that this integration can be done analyti-
cally and the inhomogeneous solutions can be written
explicitly as
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RO (r) = B~ ()0 (rg — r) + KD 0(r — ry),
k

where )+ = Z Cjoﬁ§i>i(r), (6.8)
J=1
where © is the Heaviside step function and
C- [7'0)]
Jjo ) —1 o
=0 (r0)< _ ) (6.9)
<c,~+0 [A9],,

Hereafter [-], represents the difference in the one-sided
limits evaluated at ry and ® is a matrix of homogeneous
solutions given by

To

(6.10)

In the next section, we discuss how the vector of jump
conditions in the right-hand side of Eq. (6.9) are calculated.
|

A. Lorenz-gauge source

We begin by decomposing the source (4.6) into tensor
spherical harmonics of the form

10
T =wYy Y Te 0Vl O.¢ir).  (6.11)

£m i=1

The T%(t, r) can be computed explicitly using the ortho-

gonality relations of the tensor harmonics [27]. The

decomposition for the monopole source is well known

[16,17] so we focus on the spin-dipole, O(s), term here.

The standard form for the sources of the frequency-
domain Lorenz-gauge field equations (6.5) is given by

r

T (6.12)

(i) _
j = _167T .
‘m (,)f ‘m

For a spinning body with stress energy given by Eq. (4.7)
the decomposed source is given explicitly by

A mx* R
j;:,)l(r) _ 1%5 (6 + 6aiN)s(r — ro) + o (r — ro)}{ ;;’”* EZZ 22 2 ; ;913 6.1%)
where the geodesic terms are given by
aVl=f2/ry,  aP =0 a¥=fo/r, a¥=2imfQ  a¥ =0,
a® =@ a" = Q¢+ 1) - 2m?), =20, a¥ =0, a9 =2imr Q% (6.14)

These coefficients are the same as those given in Eq. (B12) of Ref. [27]. When the secondary is spinning the additional

terms are given by

o A 2 7 A
oS = folforoiis + 2M(4M — r)Q)/r3, o = —imMfo(fo — RO/ 1,

a£;4) = 2im§2(f0r011; + MZQ)/rO,

where i, = ul /ii' and

pe = -Mf3.
Y = —mfl, B = —Mfo(£(€+ 1) - 2mP),

As a check on these sources, we have explicitly verified that
they are divergence free at the mode level.

To compute the junction conditions [-], required in
Eq. (6.9) we substitute Eq. (6.8) into the radial equa-
tion (6.5). Matching coefficients of the &’s and §’s we
arrive at

= imMQQ3M —ry)/r3  ay

(3) o
ag = foliy/ro,

o) = m2MQ(ry — 3M)/r3, ) = rolit Q2
o) = e+ 1) = 2mriit 2, o =/ (im).  of

(10)

= 2imMryiit Q?,  (6.15)

g =0, B =-MpQ B =—imMfo(ro-M)/r5, =0,

A =9 (im), B =0, L = —2imfy.
(6.16)
. 167€6
0], = ——=2 5, (6.17)
0
_ 162€ . : -
[ /(])]m — Z [a) +6(a,(,j) _,_NE;C))ﬁl(Tk))] (6.18)

064013-16



DISSIPATION IN EXTREME-MASS RATIO BINARIES WITH A ...

PHYS. REV. D 102, 064013 (2020)
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FIG. 2. The ¢ =2, m = 2 mode of the Lorenz gauge metric perturbation for a particle orbiting at a radius of r, = 10M with no spin
(left panel) and with spin magnitude ¢ = 0.9 (right panel). In the nonspinning case the metric perturbation is continuous at the particle
whereas for the spinning case some of the fields of the metric perturbation are discontinuous. For this mode, we see that the i = 1 and
i = 3 fields are discontinuous while the i = 5 remains continuous. To avoid cluttering the figure we have not shown the i = {2,4,6,7}

fields, which exhibit similar behavior to the ones shown.

The N/ 8{)) come from the first-order derivatives that appear

in the MEQ) for the i =1, 2, 4, 8 fields. Curiously the

contributions from i =2 cancel out leaving the only
nonzero contributions as

NO Y =ampd /r, (6.19)
)
@, g0 2MPs |
N@ Y RIS (6.19b)
(8)
® g0 = Mo 6.19
N (k)ﬂo‘ (r0—2M)r0' ( ' C)

The junction conditions (6.17) tell us that in the non-
spinning case (o = 0) the modes of the retarded field will
be continuous at the particle with a discontinuity in some of
their derivatives. In the spinning case, both the fields and
their derivative can be discontinuous at the particle.

B. Numerical calculation

As this work is only concerned with the radiated flux and
the dissipative local force, we are not required to calculate
any static (@ = 0) modes. For circular orbits, this translates
to calculating modes with [ > 2 and m # 0. Unlike for the
static modes, the field equations for the radiative modes do
not admit closed-form analytic solutions. In the Lorenz
gauge case, we opt to solve for these modes by numerically
integrating the field equations. Our procedure for this
follows closely to Ref. [27].

For each Im-mode we begin by solving for the homo-
geneous solutions by applying appropriate boundary con-
ditions following Ref. [16]. We then numerically integrate
the field equations in Mathematica using the NDSolve []

function. These two steps differ from previous work only
by the mode frequency which is now given by @ = mQ
rather than @ = m<Q. This gives us a basis of homogeneous
5_1)
geneous solutions are then constructed via Eq. (6.8). The
radiated flux is then computed directly from the weighting

coefficients, Cj%’s (see formula in Ref. [16]). The metric

solutions, / i, that span the solution space. The inhomo-

perturbation is constructed from the /()’s using the formula
in Appendix A.6 of Ref. [27]. We give an example of the
metric perturbation for the £ = 2, m = 2 mode in Fig. 2.
From the values of the metric perturbation and its deriv-
atives at the particle we then compute the change to the
local energy using Eq. (3.14).

VII. EXPLICIT RESULTS FOR THE
FLUX AND LOCAL FORCES

In this section we given explicit analytic PN as well as
numerical results for the radiated fluxes and the rate of
change of the local energy. Using these results, we verify
that the flux balance law given in Eq. (1.1) holds through
O(o).

A. Analytical post-Newtonian results

We include in our calculation modes with # < 6. This
results in expressions for the asymptotic fluxes and the
local forcings valid to 5.5 PN order.

When working in the radiation gauge, as we do for
the PN calculation, we find the interesting behavior that
both of the terms appearing in the right-hand side of
(1.1) are, at O(o), divergent in ¢ and discontinuous when
taking the radial limit to the position of the particle from
the left and from the right. Explicitly we see that in the
large-Z limit
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_6(£+1) ), 3(278° +4067 -8/ - 9)

ZAviQ) +
(SN Lehy) == o T = e+ 3)

oy32 + Oy, (7.1a)

_ 6 32743 + 4162 - 7¢ — 12)

58,69 £ o1 _ 11/2 13/2 7, 7.1b

(SN L) =537 T e e -neevs) @ OV (7.10)
6(£+1) 3(27¢3 + 402 — 8¢ - 9)

abr.n Nt — 1/2 13/2 7 7.1

Wl Lehay) ==V "+ ez —nee sy @ T O (7.1c)
6¢ 3(276% +416% = 7¢ - 12)

a /}[’ h -—__ 11/2 13/2 1) 7 . 7.1d

Wl leh)” =52 e pe-npe s @ O (7.1d)

Given the relative sign difference between these two terms in (1.1) we see that all polynomial divergence is removed in the
combination. For the low-# values the two terms are explicitly not equal. For example, at £ = 2:

1139
(Sy‘suﬂvr(so)L',,:h},ﬂ)+ = 18oy'/2 + ¥0y13/2 + O, (7.2a)
- 347

(SuPV Lehyg)™ = 30y'12 =S50y 4 O(), (7.2b)

64 14384 256z 579
(uu Lehap)™ = ?ys + 180y!1/2 — 315 y° (—5 + e 0'>y13/2 +0O>B), (7.2¢)

64 14384 256z 1467

ap -5 12 _ 6 _ 13/2 7

(Ul Lehp) =Y + 3oy 315 ) ( s =0 0>y +O00u"). (7.2d)

This verifies that, as one would expect for a purely radiative quantity, the mode sum of the dissipated energy is
exponentially convergent in #. This delicate cancellation of polynomial behavior in £ serves as a useful consistency check
within the calculation.

Combining these expressions and computing the sum over Z-modes we arrive at our 5.5 PN accurate expression which is
identical to that calculated from the asymptotic Teukolsky fluxes:

1 DE 32 1247 5 44711 8191 13
ys [1 St AN (471——0))/3/2—— 2 (__”__G)yS/Z

uldr 336 4 9072~ 672" 16
6643739519 1712 16 , 3424 856, 31\ (16285 0535 \ .,
(69854400 105737 ~ 05 1°8(2) g5 loely) 6’m>y +< 504 " 1336 ")
. ( MOOTITANGT 230597 1369 , 39931, 4TS 230507, 7163 M)y4
3178375200 4410 | 126 294 1568 8820 672
. {265978667519 L8 13696 o M)
745113600 105 105 105
(e Sy )
( 8400614911451 916628467 424203 , 83217611
36315119941600 ' 7858620 |~ 6804 1122660
LIS OI668A6T, 384707 M) X
196 15717240 3024
8399300750401 177293 8521283 142155 177293
{101708006400 "+ 176 7t Tea0 71082 ~ gy 7 log(3) + 555 wloe(y)
(— 72232;8308;09(?7 + %Iy —30n% — %mg(z) + 1‘:;25 log(3) + %log(y)>a} “/2] +0ou"). (1.3
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TABLE I.  Contribution to the radiated flux and rate of change of the local energy for a spinning body moving on a circular orbit of
radius r about a Schwarzschild black hole. All the data in this table has been adimensionalzied such that, e.g., F2 = [M?/(u%6)]F 1t
The flux results, presented in the second through forth columns, are made with both a Teukolsky and a Lorenz gauge code. In these
columns we present all the digits that agree between these two codes. The second column shows the geodesic (¢ = 0) results for the total
flux (horizon plus infinity). As these are presented elsewhere in the literature [16] we truncate the data in this column at 11 significant
digits. The third and forth columns give the O(c) contribution to the horizon and infinity flux, respectively. For the local force we find
excellent agreement between the radiation and Lorenz gauge results to a relative error of better than 1073, This lower precision (relative
to the flux) comes from the complicated metric reconstruction into the radiation gauge. Thus we instead show results from the Lorenz-
gauge code which works with extended precision, truncating the result based on how well the flux balance formula is satisfied. The fifth
column shows the O(¢) contribution to the local force. The final column shows the relative difference A™ = |1 — (Fu'),/(dE/dz),|.
This difference is always less than 4 x 10~!! which shows the excellent numerical agreement we find using the flux balance law. Orbits
with ry < 20 were computed with /,,, = 20 which is our truncation value for the /-mode sums in Egs. (6.4), (6.11). All other orbits were

computed with /,,,, = 15. The data in the second through fifth columns can be found digitally in the Black Hole Perturbation Toolkit

[76].

N P FH FI (d€/dr), A

6 9.4033935628 x 107%  —2.4411027706 x 10~° —5.050521990 x 10~ —7.6294600853 x 1074 2.7 x 1071
8 1.9610454858 x 10~*  —5.8512615270699 x 10~8 —6.2795524582 x 1073 —8.2793540332 x 107 5.1 x 10713
10 6.1516316785 x 10™°  —4.02409747536897 x 10~° —1.3528384048576 x 10~ —1.66725567034 x 107 6.9 x 10713
12 24291700945 x 10~5  —4.917303952656 x 10~10 —3.967615345444 x 107° —4.694436955265 x 107° 4.7 x 10713
20 1.8714709114 x 107  —1.7044774934187 x 10712 —1.363681646442 x 1077 —1.499163835028 x 1077 1.0 x 10713
30  2.4864755005 x 1077 —2.144634376248 x 10~14 —9.6955394911065 x 10  —1.03086338505 x 1078 4.1 x 10713
40 59501545594 x 10~ —9.927811950102 x 10~1° —1.49558022978768 x 107° —1.56494549168 x 10° 2.3 x 10712
50 1.9624578561 x 1078 —9.25922620716 x 10~17 —3.51467899595 x 10~10 —3.64338707066 x 10710 1.5 x 10712
60  7.9264448530 x 107  —1.33975153331 x 10717 —1.07706168184 x 10710 —1.1096468581 x 10710 3.5x%x 1071
70 3.6818812737 x 10~  —2.620714098344 x 1018 —3.963027373213 x 10~ —4.0651669377 x 101! 3.3 x 10712
80 1.8945359109 x 1072  —6.38761880534 x 10~1° —1.66688751664 x 10~ —1.7043065115 x 10~!! 2.9x 107!
90 1.0541122976 x 1072 —1.84096376783 x 10~1° —7.7649000465 x 10712 —7.919293126 x 10712 1.3x 10711
100 6.2382034734 x 10710 —6.05434134454 x 10~20 —3.92050069646 x 1012 —3.9904601554 x 10~12 5.4 x 10712

This PN series can be found digitally in the
PostNewtonianSelfForce package of the Black Hole Pertur-
bation Toolkit [76]. We note also that as extra verification
the linear in o terms here agree with the leading order in
the mass-ratio terms of the flux expansions from post-
Newtonian theory, e.g. Eq. (414) of [77].

B. Numerical results

An important feature of our numerical results is that,
despite the orbital dynamics and the perturbation source
being linear in o, the calculated flux and local forces are
not. This occurs because our calculation contains products
of terms that have been linearized in ¢ as well as products
with a term that is quadratic in ¢. The latter comes from the
calculation of the homogeneous solutions to the Teukolsky
or Lorenz-gauge equations which both have an @’ =
(mQ)? term in their potentials. In principle, one could
expand the field equations to leading order in o, write down
new boundary conditions and solve for the linear in o piece
of the homogeneous solutions. With this, one would have
all the terms in the calculation expanded to leading order in
o and could then carefully ensure that only the linear terms
were retained when any products of these terms were taken.
We have not attempted to do this in this work. Instead, at
each orbital radius we compute the fluxes and change to the
local energy for a range of values of o, fit the results to a

polynomial in ¢ and extract the linear in ¢ piece. With this
approach we observe in our results that the agreement
between the Teukolsky and Lorenz-gauge calculations
holds to high precision through O(c)—see Table I for
details. We do not find this observation holds for the higher
order in ¢ terms but then we would not expect them to.
In fitting for the linear-in-o piece of the result, we com-
pute the fluxes and local forces for o = {0, £0.1, +0.2,
+0.3,+0.5,40.7, £0.9}. We then perform a least-squares
fit to a tenth-order polynormal in ¢ and extract up to the
linear-in-o piece.6 The need to compute data for many
different values of ¢ at each orbital radius adds greatly to
the computation burden of the calculation. Fortunately,
circular orbit calculations in the frequency domain are suf-
ficiently fast that this is not a problem. For, e.g., eccentric
orbits the cost of the frequency domain calculation rises
rapidly as the eccentricity of the orbit increases [18]. In this
case, the additional computational cost of repeating the

%The order of the polynomial in this fit may seem high but note
that the solutions to the Teukolsky equation have contributions up
to at least O(c?) as the homogeneous equations are O(s?) via the
@? in the field equations and the Teukolsky source is O(c). The
metric reconstruction procedure then introduces many additional
powers of o. In principle we could linearize the metric
reconstruction formula with respect to ¢ but instead, as our data
is of high quality, we find it easier to perform a high-order fit.
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TABLE II. The same as a Table I but computed at fixed values of y. This data is used to make the comparison with the PN series
presented in Fig. 3. All the data in this table is computed using our Lorenz-gauge code. All digits shown are accurate with the error bars
being set by the difference in between the left-hand and right-hand sides of the flux balance formula in Eq. (1.1) (this difference is given
in the final column). All the data in this table can be found digitally in the Black Hole Perturbation Toolkit [76]. Orbits with
{y 20.16,0.05 <y < 0.16,y < 0.05} were computed with [, = {30,20, 15}, respectively.

A

y P FH FI (dE/dx), Al

0.2 2.79273701868 x 1073 3.77193403191 x 1077 —6.104060211 x 104 —9.64540266941 x 1074 3.0x 10713
0.18  1.46844806236 x 1073 7.605414762924 x 10~ —2.60585846715 x 1074 —3.841007341364 x 10™* 6.5 x 1074
0.16  7.467542778218 x 10~*  1.089805069009 x 10~  —1.050643019744 x 10™* —1.456828594266 x 10™* 1.4 x 10714
0.14  3.5876589417 x 10~* 8.0692632306 x 10710 —3.894(0747125 x 1075 —5.1130646432 x 1075 7.5 x 10712
0.12  1.582281533 x 10~* —6.539052356 x 107! —1.280679512 x 1073 —1.600857564 x 1073 9.9 x 10~
0.1 6.151631678 x 1073 —2.669935713 x 101! —3.549175593 x 10°° —4.242108121 x 107° 3.4 x 107!
0.09  3.590633623 x 107> —1.014769938 x 101! —1.710319876 x 10~° —2.001789881 x 107° 1.5%x 10711
0.08  1.9757908533 x 107> —3.1009617821 x 10712 —7.6206608517 x 1077 —8.7415330798 x 1077 6.0 x 10712
0.07  1.0079767299 x 107> —7.5507222921 x 10~ —3.0721180533 x 1077 —3.4564113472 x 1077 2.0 x 10712
0.06  4.6528705441 x 10=° —1.4058811966 x 10713 —1.0855179435 x 1077 —1.1987555833 x 1077 1.1 x 10712
0.05  1.8714709114 x 107° —1.8506079813 x 10~'*  —3.2008999168 x 1078 —3.4718654292 x 1078 1.2 x 10712
0.04  6.1579196033 x 1077 —1.4966312714 x 1075 —7.255453657 x 10~ —7.7343411813 x 10~ 1.9 x 10712
0.03  1.47265886605 x 107 —5.67900033301 x 107 —1.08380957 x 10~° —1.13614119765 x 10~  5.5x 10713
0.02  1.9624578561 x 1078 —5.4913567205 x 10719  —7.5512423521 x 10711 —7.7885118542 x 10°11 4.7 x 10712
0.015  4.6933548927 x 10~ —2.0239012136 x 10720 —1.1490337069 x 10~ —1.1757935781 x 10~!! 1.9 x 10712
0.01  6.238203473 x 10710 —1.91947959 x 10722 —8.140678916 x 10713 —8.265607122 x 10713 7.3 x 10711

calculation for many values of ¢ is likely to be too
burdensome and fully linearizing the calculation in ¢ as
outlined above would be advantageous.

separate the flux into the piece radiated to infinity and the
piece radiated down the horizon. Concentrating on the
O(o) piece we write

Using the fitting method described above we can
separate the spinning and nonspinning contributions to
the energy flux in the form

F(ro) = F(ro) + 0F ,(ro).

We will also define (-), as an operator that extracts the
O(o) piece of a quantity, e.g., (F), = F,. We can further

Folro) = Fit(ro) + Fo(ro). (7.5)
We give results for F2¢(r), FZ(ry), and the rate of change
of the local energy in Table I. We also give the same
quantities computed at fixed y in Table II. In all cases we
find excellent agreement between the asymptotic fluxes and

(7.4)
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10-5 AFI(12) + aFHs) 10-5 AFS(T) v AFo(10)
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FIG. 3. Comparison between the (Lorenz-gauge) numerical data and the post-Newtonian series for the linear-in-o contribution to the

flux. Left: difference between the numerical and PN results for the horizon flux. In this panel we define the normalized horizon flux by
FIt = FI/(—96/5y%/?). We also define F H(PN) (n) as the (normalized) PN series for the horizon flux truncated at O(y") and plot these
as solid curves for y < 0.1. The difference between the numerical and PN results is then given by AF" (n) = | F¥* — F TEN) (n)|. As we
subtract ever higher-order PN series from the numerical data we see that the residual drops in amplitude. This cross-check on our
numerical and analytic results gives us confidence that both are correct. Right: same as the left panel but for the infinity flux. In this panel

the normalized infinity flux is given by FZ = FZ/(-8y'3/2).

064013-20



DISSIPATION IN EXTREME-MASS RATIO BINARIES WITH A ...

PHYS. REV. D 102, 064013 (2020)

the local change in the energy, as indicated by the fifth
column in the tables. We also compare our numerical
results with our PN series and find excellent agreement—
see Fig. 3. As a further check, we have compared our data
for FZ against the results from the time-domain Teukolsky
code presented in Ref. [39]. That comparison is presented
in Ref. [42] where we found agreement to within the ~1%
level error bars on the time-domain results.

For all the orbital radii we have explored we find that the
flux decreases for a spin-aligned binary (with respect to a
nonspinning binary). This decrease in the flux will lead to
spin-aligned binaries taking longer to inspiral than non-
spinning binaries. It is interesting to note that this is
consistent with the “orbital hangup” effect observed in
numerical relativity simulations [78].

VIII. CONCLUSION

In order to produce a postadiabatic waveform for
EMRISs it is crucial to include the effects of the spin of
the secondary. Formally these effects enter the waveform
phase at the same order as the first-order conservative
and second-order dissipative self-force effects. No EMRI
inspiral and waveform model is complete at postadiabatic
order without including all these contributions. While the
self-force contributions have received considerable atten-
tion, the equally-as-important spinning contributions have
not. This paper represents a significant step forward in
addressing these spinning contributions in complemen-
tary ways.

On a formal level, we provide a clear mapping from the
“easy to compute” asymptotic fluxes to the local evolution
of the energy and angular momentum. These relations are
valid for arbitrary spin and nonresonant orbital configura-
tions in both Schwarzschild and Kerr spacetime. Since the
relation between the four-velocity of a spinning particle and
its quasiconserved energy depends on the spin tensor,
knowledge of these asymptotic fluxes does not completely
allow one to compute an inspiral. It is also necessary to
integrate the evolution equation for the spin tensor. Notably
this equation only depends on the first-order metric
perturbation, i.e., it is independent of the dipolar contri-
bution to the stress-energy tensor. Thus, while our flux
balance law does not completely determine the evolution, it
completely replaces the computation of the local metric
perturbation sourced by the dipolar stress energy with the
computation of the asymptotic amplitudes of the Teukolsky
functions.

On a computational level, we have developed codes
which calculate both the local metric perturbation and the
asymptotic fluxes to linear order in the spin of the small
body. These codes are in two different gauges: radiation
and Lorenz. We developed two radiation gauge codes, one
analytic in the form of a post-Newtonian series, and the
other numerical. The Lorenz gauge code is numerical. The
main result from these codes for this paper is an explicit

validation of the energy flux balance law for a spinning
particle in Schwarzschild spacetime on a circular orbit,
with its spin vector aligned with the orbital angular
momentum. More generally, these codes provide the
foundation for the much more generic codes which will
be needed to drive more complicated orbital and spin
configurations.

There are a large number of ways in which the work of
this paper can be applied or extended. We give these below
(in no particular order):

(1) Omitted from this work is a derivation of a flux
balance law for the Carter constant. We expect that
the methods used here should be applicable to relate
the Carter constant evolution to asymptotic quan-
tities in a similar manner to the nonspinning case.

(i1) Our expressions are not valid for cases of orbital
resonance. A recent work by Isoyama et al. [36]
successfully derived flux balance expressions for the
nonspinning case which are valid during orbital
resonance. While the calculations are more involved
for the spinning particle case, the extension should
be feasible.

(iii) Extending our numerical and analytical codes to
more complicated orbits, generic spin orientation,
and Kerr spacetime are all important future steps.
So far, the radiated fluxes have been computed
for circular equatorial orbits in Kerr spacetime
[39,79,80], but the local force has not been calcu-
lated. Making these calculations will further test our
flux balance expression, which will be useful to
ultimately drive fully generic orbit evolutions.

(iv) It is slightly unsatisfactory that the evolution equa-
tion for the spin tensor is dependent on the local
metric perturbation. While this is purely the first-
order nonspinning metric perturbation which will
already be needed for self-force calculations, it
would be aesthetically pleasing if the spin-forcing
term could be fully related to the asymptotic
amplitudes of the Teukolsky equation. Much like
the Carter constant, we would expect that this
relation would not explicitly be in terms of the
asymptotic fluxes of energy and angular momentum.

(v) As a consequence of our numerical methodology,
the final results of both numerical codes contain
spurious contributions which are nonlinear in the
spin. This necessitates an expensive fitting pro-
cedure to accurately extract the desired linear-in-¢
piece. In more complicated orbital and spin situa-
tions where each numerical computation is orders of
magnitude more costly, this fitting may potentially
be a significant problem. Thus, developing a code
which can directly compute purely the linear-in-o
contributions would be extremely valuable. Alter-
natively this may be a situation where high-order
post-Newtonian expansions, which analytically ex-
tract the linear-in-o terms, may be a useful approach

064013-21



SARP AKCAY et al.

PHYS. REV. D 102, 064013 (2020)

to cover large portions of the parameter space. Since
the spin-dependent contributions are second order in
the mass ratio, their accuracy requirements are
significantly lower than those for the first-order
fluxes, and thus the errors introduced by the post-
Newtonian approximation will be substantially less
important.

(vi) The results of this work should be incorporated
into practical inspiral evolution schemes. The
conservative effects from a spinning secondary
have been examined [81,82], but as yet, the influ-
ence of the dissipative spin effects remains to be
explored.

(vii) In this work we have concentrated on the dissipative
sector, but one could also calculate conservative
effects. These effects are not directly important for
EMRI modeling as they contribute to the waveform
phase at one order below the required postadiabatic
order. Nonetheless they are potentially very interest-
ing when comparing with other approaches to the
two-body problem. Calculation of conservative
gauge invariants for a spinning secondary has been
done in the PN regime for the redshift invariant [55].
Extending this to numerical calculations in the
strong-field and to other invariants [83-87] is a
natural next step.

|

% / dt el / (0, (/5)66(

K
]Tinﬁ 5,595;5) sin OdOdqp.
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APPENDIX A: ADDITIONAL DETAILS FOR THE
DERIVATION OF THE SOURCE TERMS

We now present explicit details of the computation of the
sources for the Teukolsky equation. As a representative
example, consider Eq. (5.23a), which is obtained by acting
with 80 on 7'; [given in Eq. (5.21)]. Focusing on the 5,5;,)
term in 7, we have

ir

(A1)

Applying (5.20a) twice and shifting the derivative on 6, onto the harmonic by integrating by parts, this becomes

2w

We can now immediately perform the integrals to obtain

L dzefwt/immf—w(ﬂ1)(f+2)0?"’"(9,¢>< b

tr

5,595¢> sin 0dOdep. (A2)

2fr*sin@

im\/E =17 + (7 T 27 <f o) K3

277 ) 2frt (A3)

along with the condition @ = m€. The remaining terms in Eq. (5.23a) can be computed in a similar fashion, but starting
with &, instead of 5;,), which results in an overall factor of im for the latter. The expressions for the other terms in Eq. (5.23)

can be simplified in a similar fashion keeping in mind that the operator P contains partial derivatives with respect to ¢ and r
coordinates, which introduces terms involving € and r.

APPENDIX B: VARIATION-OF-PARAMETERS WEIGHTING COEFFICIENTS

The variation-of-parameters weighting coefficients that appear in Sec. V B are given by

2/ - DEE+ 1) (€ +2)yYn(2.0)
A?)W(m)
+ (r§ oK, — 20r0fo(rofy + fo)KY = 2imerdfoKYy + 615K " )yR pe(10)]

8i\/ (=12 +2),7pn(%.0) [1 v
- ASW(FO) EO'l’gf%K3 ZRZma)(r0>

chmm(r()) = [_Ur(z)f(z)th2len1w(r0)
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and

72Cfmw(r0> =

y 1 . 1 b
< rofo "/ ar8f0(4r0f{) +6fy+ za)rO)K;‘/’ + EzmarUfOK 4) SR, (o)

iw .
+ (r?) (rof6 + fo+ 7”0) (sz'K£¢ - fOK(t)qi)

1
+ 5 730 (R 16210 + i) + 2rofo(rof§ + 6 +2ie) + 6f%;>1<’3¢> 2Rfmw<ro>}

2 Yfm(gvo) P
- 2A3W(27' ) [(rgfo /)/) + ZrOUfO( 3r0f0 - 6f0 - erw)K{/) ) le{mw( ) O-rlgf()l({i)(lS le{/ma)( )
0 0
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with AST™'W(ry) the invariant Wronskian.
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