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We calculate the linear vacuum perturbations of a Kerr black hole surrounded by a slowly-varying
external spacetime to third order in the ratio of the black-hole mass to the radius of curvature of the
external spacetime. This expansion applies to two relevant physical scenarios: (i) a small Kerr black
hole immersed in the gravitational field of a much larger external black hole, and (ii) a Kerr black hole
moving slowly around another external black hole of comparable mass. This small-hole/slow-motion
approximation allows us to parametrize the perturbation through slowly-varying, time-dependent
electric and magnetic tidal tensors, which then enable us to separate the Teukolsky equation and
compute the Newman-Penrose scalar analytically to third order in our expansion parameter. We
obtain generic expressions for the mass and angular momentum flux through the perturbed black
hole horizon, as well as the rate of change of the horizon surface area, in terms of certain invariants
constructed from the electric and magnetic tidal tensors. We conclude by applying these results to

the second scenario described above.

PACS numbers:

I. INTRODUCTION

The Kerr metric describes the external spacetime of a
spinning black hole (BH) in General Relativity and it is
the most general, stationary and axisymmetric solution
to the vacuum Einstein equations [1-6]. Real astrophysi-
cal BHs, however, are not in vacuum, but rather subject
to vacuum, gravitational perturbations from surround-
ing objects. These perturbations will result in a change
of the BH intrinsic parameters, characterized by mass
and angular momentum flux through the horizon. Since
this flux could affect the gravitational-waves (GWs) emit-
ted by BH binary systems through a modification to the
balance law and, thus, the GW frequency evolution, it
is important to fully understand the horizon dynamics
involved.

The effect of tidal perturbations on GWs emitted dur-
ing BH inspirals varies depending on the system consid-
ered [7-10]. On the one hand, for quasi-circular, compa-
rable mass BH inspirals, the effect of these fluxes on the
GW phase amounts to less than one radian for an event
in the LIGO frequency band [8]. On the other hand, for
quasi-circular, extreme mass-ratio inspirals, such tidal ef-
fects can increase the duration of the signal up to twenty
days in two years for an event in the frequency band of a
space-borne detector [11-13]. For eccentric and inclined
EMRISs, this effect could be even larger [14-16].

Poisson [17] developed a general formalism for calculat-
ing the linear, vacuum, gravitational perturbations of a
BH due to a dynamical external universe. In this formal-
ism, one assumes the external universe is slowly-varying,
such that the perturbations produced can be expanded
in powers of the ratio of the BH mass to the radius of
curvature of the external universe. This external uni-
verse is parametrized by the Weyl tensor, which can be
written in terms of electric and magnetic tidal tensors
and their derivatives. With these expansions, the equa-
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tion that governs the evolution of linear perturbations,
the Teukolsky equation, can be separated and perturba-
tively solved. Its solutions can then be used to compute
the fluxes of mass and angular momentum across the
perturbed horizon, as well as the increase in the horizon
surface area.

Poisson’s work treats rotating and non-rotating BHs in
two different frameworks: the metric formalism (which is
applicable to non-rotating BHs only) and the curvature
formalism (which is applicable to both rotating and non-
rotating BHs). The metric formalism consists of directly
perturbing the Schwarzschild metric and solving the lin-
earized Einstein equations. This perturbed metric allows
for the calculation of the Regge-Wheeler [18] and Zer-
illi [19] master functions, which can be then used to cal-
culate the horizon fluxes. The curvature formalism con-
sists of perturbatively solving the time-domain Teukolsky
equation [20-22] for the Newman-Penrose (NP) scalar
1. This scalar is then used to obtain generic formulas
for the horizon fluxes. Although the Schwarzschild case
has been studied extensively mostly through the met-
ric formalism [17, 23-28], the Kerr analysis through the
curvature formalism has only been carried out to leading-
order in inverse powers of the radius of curvature of the
external universe [17, 26, 29].

The purpose of this paper is to solve for the linear
vacuum perturbations and the associated tidal fluxes of
a perturbed Kerr metric to next-to-leading order in in-
verse powers of the radius of curvature of the external
universe using the curvature formalism. We use this for-
malism because a typical metric perturbation of the Kerr
spacetime, in terms of tensor spherical harmonics, does
not allow for the separation of the linearized Einstein
equations in all coordinates. Instead, we choose to work
with curvature perturbations, and more specifically with
the NP scalar 1, whose evolution equation, the Teukol-
sky equation, can be separated and thus perturbatively



solved.

We begin by assuming that the external universe
causes a vacuum perturbation that is slowly-varying.
The Weyl tensor of the external universe can then be
decomposed into electric and magnetic tidal tensors that
depend only on time. After projecting this Weyl tensor
onto an appropriate tetrad, we obtain an asymptotic 5™
that automatically satisfies the Teukolsky equation in the
asymptotic region. We construct a full 1y by promoting
the radial dependence of ;™ to arbitrary functions of
radius. These functions are such that 1y satisfies the
Teukolsky equation not just asymptotically, but down to
the BH horizon, while approaching 4™ in the asymp-
totic region. With vy in hand, we can compute the mass
and angular momentum fluxes, as well as the increase in
horizon area within the curvature formalism.

The main results of this paper are this fully analytic
NP scalar, together with the mass and angular momen-
tum fluxes derived from it in terms of certain invari-
ants that parametrize the external universe geometry [see
Egs. (103) and (104)]. These quantities scale as

(M) ~ O(M°/R?) (1)

(J) ~ O(M®/R") + O(M®/R?), (2)

where R is the radius of curvature of the external space-
time, M is the mass of the perturbed BH and J the
magnitude of its spin angular momentum. Similarly, the
rate of change of the horizon’s surface area scales as [see
Eq. (105)]

(A) ~ O(M®JR*) + O(M®/R?). (3)

Although the Newman-Penrose scalar obtained here is
valid for arbitrarily fast-rotating backgrounds, certain as-
sumptions used when computing the fluxes in the small-
hole/slow-motion approximation prohibit us from tak-
ing the slow-rotation limit and comparing our results
to Schwarzschild BH ones. To achieve this compari-
son, we modify these assumptions to obtain expressions
for the fluxes valid in the slow-rotation limit. We show
that the fluxes obtained with these new assumptions re-
duce correctly to the ones obtained in the metric for-
malism when considering linear vacuum perturbations of
the Schwarzschild metric. We thus provide two sets of
expressions for the tidal fluxes: one set valid for slowly-
rotating BHs and one set valid for rapidly-rotating BHs.
The construction of a set of expressions valid uniformly
for all rotations is left for future work.

This paper is divided as follows: Section II describes
the curvature formalism and the perturbative scheme em-
ployed; Section III computes the asymptotic form of the
Weyl tensor and the NP scalar; Section IV computes the
exact form of the NP scalar vy. Section V computes the
Teukolsky potential ¥ and the mass and angular momen-
tum fluxes; Section VI computes the mass and angular
momentum fluxes in the limit of a slowly-rotating BHs;

Section VII applies our results to certain astrophysically
motivated scenarios. Section VIII concludes and points
to future research.

Henceforth, we employ the following conventions. We
use geometrized units, where G = 1 and ¢ = 1. The
symbol O(a) stands for terms of relative order a. Greek
indices range over spacetime coordinates, while Latin
indices in between parentheses denote tetrad compo-
nents. The Einstein summation convention is assumed
all throughout the paper, where repeated indices are to
be summed over unless otherwise specified.

II. THE CURVATURE FORMALISM AND THE
SMALL-HOLE/SLOW-MOTION
APPROXIMATION

A. The Curvature Formalism

The curvature formalism is described in detail in [17]
and here we only present the basic ideas that are relevant
to this paper.

Let us consider a background Kerr BH with mass M
and spin angular momentum with magnitude J = aM.
Its perturbations can be characterized by the NP scalar
1, which can be written in terms of the perturbed Weyl
tensor 0Cnp+s5 as

Yo = —0Capysl"mP1Im? (4)

where [¢ and m® are two tetrad 4-vectors. This scalar,
when computed in the Kinnersley tetrad, diverges at the
unperturbed horizon. Therefore, it is more convenient to
express ¥ in terms of the Hartle-Hawking tetrad. Using
ingoing Kerr coordinates (v, r,6,), that are related to
Boyer-Lindquist coordinates (tgy, 7'sr., 051, ¢s) through
the transformation

2 2
v:tBL—i-/%dT, r=Ts, (5)
1
0 =0g., 7/}:¢BL+Q/Zdra (6)

the curvature variable ¥ (the so-called Teukolsky poten-
tial) is then free of divergences on the horizon [17] and
defined by

A2
50 (K)

V(0,0,0) = —o(HI)],_, | =~ 1o oy

T=T4

T=T4+

(7)
Here, 1o(K) and ¢o(HH) are the NP scalars in the Kin-
nersley and Hartle-Hawking tetrad respectively, A =
2 —2Mr +a® and ro = M + VM2 — a2 is the radial
location of the unperturbed Kerr horizon. The axial sym-
metry of the Kerr solution allows us to decompose ¥ in
azimuthal modes

U(v,0,9) =Y U™ (v,0)e™ (8)



that evolve independently.
Defining the integrated curvatures

(I)T(U7 6‘) _ em;/ e—(m—imQH)v’\Ijm(v/7 9)dv’ 7 (9)

@T(’U7 9) = / eimQHUI\Ijm(’U/, e)dvl , (10)

— 00

where k = (ry. — M)/(r3 + a?) is the surface gravity of
the unperturbed Kerr horizon, Qy = a/(r1 + a?) is the
angular velocity of the unperturbed horizon, and using
the dynamics of the perturbed horizon, we can calculate
the change in its surface area via [17]

K . T2 a2
S idy =" Z/(|<I>T|2)sin6d6. (11)

8w

Using the first law of BH mechanics
-
8

and the fact that

(A) = (M) - Qu(J), (12)

w

<M>m-,w = E<j>m,wv (13)

for any (m,w) Fourier mode, the mass and angular mo-
mentum fluxes are [17]

(M) = ri+a’ ; {2&/(|<I>T|2) sin 0df

4k

~ imQu / (@7 o™ —@T@T>sin9d9] e

> (im) / (PTO™ — O™ sin Hdf .
m#0
(15)

B. The Small-Hole/Slow-Motion Approximation

For a non-rotating BH, there are only two relevant
length scales: the mass of the BH M and the radius
of curvature of the external universe R. The assumption
that the external universe is varying slowly implies that

M
— <. 1
= < (16)

If we assume that our perturbed BH is in a circular orbit
around some other object of mass M.,,,, then R is given
by the GW wavelength, which leads to

M M

— 3 1 17
R <h (17)

where V is the orbital velocity.

The above requirement can be met in two ways: the
small-hole approximation or the slow-motion approrima-
tion. In the former, M/M.,,, < V=3, so our perturbed
BH is immersed in the gravitational field of a much
larger BH and the orbital velocity is unrestricted. Of
course, since V' cannot exceed one, this condition trans-
lates to M /M.,,, < 1. In the slow-motion approximation,
V < (14 Mgy /M)'/? so the BH moves slowly and the
masses of the BHs are unrestricted. Since the masses are
positive, this condition can be met if one requires that
V<1

The rotating case is slightly different, since now we
have two length scales associated with the perturbed BH.
One of them is again M, while the second is the time scale
associated with rotation

1 r2 + a?
Trot =5 - +
QH a

C2M(1+ /1 —=x?) (18)
X )

where we have defined the dimensionless spin parameter

X = a/M. The requirement that the external universe

be slowly-varying implies that both M and T.,, be small

compared to R. The second condition gives

M

— 19
7 <X (19)
and since 0 < x < 1 for Kerr black holes, this is a stronger
constraint than Eq. (16). This, in turn, changes the defin-
ing conditions of the slow-motion/small-hole approxima-
tions into

3
EST Ve < x. (20)
Thus, in the small-hole approximation, we must require
that M /My, < x/V?3, while in the slow-motion approx-
imation we must have V < x'/3(1 + Mex/M)'/3. For
equal-mass, slowly-rotating BHs in a circular orbit, which
come into contact with a velocity of roughly V' ~ 0.4,
the above condition puts a limit on how small y can be,
namely x > 0.03.

The above constraint prohibits us from taking the
x = 0 limit and comparing our results to those obtained
within Schwarzschild BH perturbation theory [17]. The
slowly-rotating case requires a different analysis, where
our expansion parameter no longer is forced to satisfy
M/R < x, but rather M/R = O(x). Physically, this
is because in the y — 0 limit, the rotational timescale
formally diverges (see Eq. (18)), and thus, we cannot
require that the radius of curvature of the external uni-
verse be much larger than it. The slow-rotation limit of
the small-hole/slow-motion approximation is described
in more detail in Sec. VI.

III. ASYMPTOTIC FORM OF THE
NEWMAN-PENROSE SCALAR

Since the perturbations we are dealing with are of vac-
uum type, in the sense that there is no matter in the



vicinity of the background BH, the effect of the exter-
nal universe is fully described by its Weyl tensor in the
neighborhood of the background BH. Our first task is,
therefore, to determine its asymptotic form through or-
der O(R73).

To perform this computation we may ignore the grav-
itational field of the BH, which at r» > r, is negligible
compared to the tidal effects of the external gravitational
field. If we imagine that the BH moves on a timelike
geodesic v in the external gravitational field, we may ex-
press the external Weyl tensor through a Taylor expan-
sion in powers of r at fixed v [27]. The Taylor expansion
is implemented formally as

2
’ ’ ’ ’ ’ T
CaB’y5 :gaa gﬁﬁ g’y’Y 956 Co/,@’v’(s’ - Ca’B”y’(g’;e’UE‘f'O(ﬁ)],

(21)
where Cng+s is the Weyl tensor evaluated at a point = off
the worldline, while Cys /5 is the Weyl tensor evaluated
at the advanced point z’ on the world line, which is linked
to x by a future-directed (from x to 2’) null geodesic. The
quantity o(z,z’) is half the squared geodesic distance
between x and z’, o/ is its gradient with respect to xo‘/,
and g, (x,2’) is the parallel propagator from z to z’.

Following the methods described in Appendix D of [27],
we erect a tetrad (u®,e2’) on the worldline v, which
we parallel transport off the worldline with g% ,. Ten-
sors on and off the worldline can be decomposed on the
tetrad, which we indicate for example via Cyopo(z) =
Cavggeg‘u"*efu‘s, in which ef = g%, e and u® = g, u®
It may be shown that the frame components of the paral-
lel propagator differ from the Minkowski metric by terms
of order r? and higher, so that they play no role in an
expansion of the Weyl tensor through O(r). Making use
of 0 = ru® —2%2 — BEq. (D4) of [27] — we find that
the frame components of the Weyl tensor are

Caob0(v,7,0,%) = Canpo (v, 0) — 7Canpo (v, 0)

+2°Caopo)e(v,0) + O(r? /RY),  (22a)
Cabeo (v,7,0,1) = Capeo (v, 0) — 7Clapeo (v, 0)

+ 2 Capeofe (v,0) + O(r?/RY),  (22b)
Cabed(v,7,0,9) = Capea(v,0) — rCapea (v, 0)

+ 2°Capedle(v,0) + O(r? /RY),  (22¢)

in which z* = [rsinfcos,rsinfsiny,r cosb)
is a Cartesian system defined in the wusual way
from the spherical polar coordinates (r,0,),

Ca V/,@/(;/ Ele uV 66 6

B ue

Caovo = and Couopolfe =

Carnyrprserey "’ € with the other projections
defined in an analogous way.

The frame components of the Weyl tensor and its
derivatives evaluated at r = 0 can be expressed in
terms of the irreducible components provided by the tidal
quadrupole moments £, and B, and tidal octupole mo-
ments Egpe and Bgpe, which are all symmetric-tracefree
(STF) tensors in the Cartesian system x®. The relevant

relations are listed in Appendix D of [27], but we repeat
them here for completeness:

Caobo(v,0) = Eap, (23a)
Cabeo(v,0) = €qppBBP,, (23b)
Cabea(v,0) = —€app€caqEr? (23c)
a0b0|e(v7 0) = ab|87 (23d)
Cabeole(v,0) = €appB cles (23e)
Cabed|e(V,0) = —€abp€edq€ e (23f)

with the covariant derivatives of the quadrupole tidal ten-
sors
(24a)

1 . .
8ab|c = Eabe + g (ﬁachpb + €bchpa)a

4 1 . .
_Babc - § (Eacpgpb + Ebcpgpa) .

Bab\c = 3

(24b)
It is a straightforward task to insert the irreducible de-
compositions within Eq. (22) to obtain an expansion of
the Weyl tensor through order r.

We can now compute the NP scalar

U)O = _Oa'yﬁ

where [“ and m® are members of the null tetrad involved
in the decomposition of the Weyl tensor. In our compu-
tation, the null tetrad at (v,r,0,1) differs from the null
tetrad at (v,0,6,1) by terms of O(r?), which can be ig-
nored. Therefore, the null vectors are given by [0 = 1,
[ =n®*=2%/r, and

s1om71Pm?, (25)

a

m® = E (cos 8 cosp—isinip, cos O sin +i cosh, — sin ).
(26)

With this, we find that

Yo = —Caopomm® + 2Capon®m’m® — Caepanmn’m?.
(27)

An explicit computation of ¢y through O(r) is facili-
tated by the introduction of the quantities

ag = E11 + &2, (28a)
ag+1 = E13 F 123, (28b)
o 4o = E11 — Exn F 2112, (28¢)
B2,0 = B11 + Baa, (28d)
B2,41 = Bis F iBas, (28e)
Ba,+2 = Bi1 — Baa F 2iB12 (28f)
and

a3 = E113 + Ea23, (29a)
oz 41 =E111 + €122 F Z'(5112 + 5222)7 (29b)
ag 12 = E113 — E223 T 2iE103, (29¢)
o343 = E111 — 3E122 F (3E112 — Ea22), (29d)

3
153,0 = Bi1s + Baas, (29e)



3 .

ZB&:I:l =B + Bz F 1(3112 + 5222), (29f)
3 .

Zﬁ3,i2 = Bi13 — Baa3 F 2iB23, (29g)
3 .

Zﬁ&is = Bi11 — 3B122 F (38112 — Bas2), (29h)

which act as substitutes for the linearly independent com-
ponents of the tidal moments. This calculation is also
aided by the introduction of the spin-weight s = +2
(scalar) spherical harmonics

)Yy = —g sin’ 0, (30a)
2ViE = —sinf(cos§ F 1)e*, (30b)
sV = i(cos@ T 1)2e®2, (30¢)

and
)YY = —g sin? @ cos 6, (31a)
WV = gsin9(3cos6‘:|: 1)(cosf T 1)e*™, (31b)
SV = 2(3 cos ) + 2)(cos O F 1)%eE2Y, (31c)
SV = % sin f(cos § F 1)2e*3, (31d)

These functions are mutually orthogonal, but for our con-
venience they are not normalized.

Putting all of this together, we find that the asymptotic
form of the Weyl scalar is given by

Yo ~ 1y =~ Z zam 25" (0,) — TZ Z3m 2Y3" (0, 1))

m m

+ %rzm:zgmﬁgm(e,w) +O0(r*/RY), (32)

where we have defined

2em (V) = apm (V) + i8em (V) , (33)

and an overdot indicates differentiation with respect to v.
The asymptotic NP scalar satisfies the Teukolsky equa-
tion in the asymptotic region, which we have verified ex-
plicitly.

An alternative way to derive g™ goes as follows.
One starts with the metric of a vacuum spacetime ex-
pressed in null coordinates (v, 6, ¢) in a neighborhood
of a geodesic worldline situated at » = 0; this metric
is presented in Sec. IIT B of Ref. [27]. One then com-
putes the Weyl tensor for this metric, and projects it
onto the tetrad described previously. The end result is
again Eq. (32). We have carried out the calculation both
ways and found agreement.

IV. THE FULL NEWMAN-PENROSE SCALAR

In this section, we compute the full NP scalar 1y asso-
ciated with a perturbed spinning BH metric. It is defined
by Eq. (4) and in what follows, we use its asymptotic form
constructed in Sec III to determine the full scalar that
solves the Teukolsky equation everywhere inside r < R,
including at r = r4.

A. Teukolsky equation

It is convenient to work with the Fourier transform of
109, which can be resolved in mode functions that separate
the variables:

o = Z Zom (W) Rem (1) QS’ém(ﬁ)eimw , (34)

‘m

where Ry, (r) are free functions of radius, 25" (#) are
spin-weight 42 spheroidal harmonics and the overhead
tilde stands for the Fourier transform. The angular func-
tions reduce to spin-weight s = 42 (scalar) spherical
harmonics in the limit as 1y becomes time-independent
(the zero-frequency limit). Notice that all advanced time
derivatives of 1y simply pull down factors of —iw when
working in terms of the Fourier transform.

This separation of variables allows us to decouple the
Teukolsky equation in Kerr coordinates into an angular
equation [22, 30]

1 . om m2
—Sineae (Sln9 g2 S ) + <_sin2 0

— 4aw cos O

4m cosb

7 4cot?> O+ B™ — 4) 28 = O(w?), (35)

sin
and a radial equation [22, 30]

A 9, R™ +2[3(r — M) — iK] 9, R"™
—w + Giwr — )\] R™ = O(w?). (36)
Here, E*™ is a separation constant, we have defined K =
(r2 + a2) w—am, A = B — 2amw — 6, lincarized in w
and we have set s = +2. These expressions correct a typo
in Eq. (2.10) of [22]: the term explicitly proportional to
w inside the square brackets of Eq. (36) should really be
2(2s—1)iwr, instead of —2(2s+1)iwr in Eq. (2.10) of [22].
One can recast the radial equation in a more amenable
form by transforming to

r—=r4

8
Il

ik (37)
ry —Tr—

Doing so, the radial equation becomes



z(z 4 1)0, R™ + (62 + 3 + 2iym) 0, R™ + [4i’ym
— 2iw(ry — r_){ [z(1+ )+ (2p—1)(z + p)] O R + {

—-3(x+p) - zmvw} Rém} = 0(w?).

00+ 1)

where we have defined vy = a/(ry—r_), p =14 /(rp—r_)
and we have used the eigenvalue

8am

Efm:é(éﬂ)—m

w+ Ow?), (39)

in the Mw < 1 limit for s = +2. Note that this equation
reduces exactly to Eq. (9.25) in [17] when w = 0 and
(=2

The rest of this section is devoted to finding the solu-
tions to the angular and radial sector of the Teukolsky
equation to O(w). Notice though that up until now no
assumption has been made on the rate of rotation of the
background black hole, i.e. x is unrestricted and we have
only expanded in Mw < 1.

B. Angular Sector

Spin-weighted spheroidal harmonics satisfy the angular
equation. In general, they must be solved for numerically,
but in the limit of small w one can represent them as a
finite sum of spin-weighted spherical harmonics of the
same weight [21]

20+1
2004+ 1

5§l = QYZm(97’¢)) — daw Z
=y
(£1mO|¢'m) (¢1 — 20[¢' — 2)

T e 6v), (40

whose eigenvalues were given in Eq. (39). The quan-
tity (j1jamima|JM) are the usual Clebsch-Gordan coef-
ficients.

In this paper, we are interested in the £ =2 and ¢ = 3
modes only. With our choice of normalization for the
spin-weighted spherical harmonics, the angular functions
are given by

2520 = 2Y20 — gaw 2Y30, (41)
16 .

2S2i1 _ ( 2Y2i1 + 4—5aw 2Y3i1) e:Fu/J 7 (42)
2 )

QSzﬂ _ < 2y2i2 _ §aw 2Y3i2> e F2iv , (43)

2530 = Ly (44)

(2z+1)

T 7) — (0 +3)(t—-2)| R™

22z + 1) [z(1+ )+ (2p— 1)(z +p)]
x(1+x)
(38)
283ﬂ:1 — 2y3ﬂ:1 e:Fi’LZJ7 (45)
283ﬂ:2 — 2y3ﬂ:2 eIQi’l[) , (46)
, G343 — Ly 343 (Fiy (47)

The ¢ = 3 modes do not require any O(w) corrections.
For future convenience, we will also write the spheroidal
harmonics as

2 8m = (2Y€m + aw b'™ 2Y(€+1)m)e¢imw ) (48)
where
2 16 2
p20 p2EL p2E2y _ (2 02 ¥ —=0. (4
(b7, 0%, 0%) 545 9)° 0- (49)

We have checked that these spheroidal harmonics satisfy
the angular equation in Eq. (35) with the eigenvalues of
Eq. (39) to O(w?).

C. Radial Sector

Usually, when working to all orders in w, Eq. (38)
is solved numerically, after imposing certain boundary
conditions at spatial infinity and at the horizon. When
working to linear order in w, however, solutions can
be found analytically in terms of hypergeometric func-
tions [21, 31, 32]. When expressed in closed form, these
solutions are rather complicated and require the impo-
sition of certain recursion relations. For this reason, we
will re-derive them here and present explicit solutions at
O(1) and O(w) for the £ = 2 and ¢ = 3 modes separately.

1. Expansion of the radial function

Let us then decompose the radial functions as
le — le,o 4 wREm,l 4 O(w2) , (50)

where R0 and R™! are assumed to be w-independent.
With this decomposition, the radial equation to O(w?)
becomes

{z(x +1)0sz + [3 (22 + 1) + 2iym)| O,

4 .
+ 057 [iym (1 + 2z)



- i(m 3)(£ — 2)z (z + 1)} } RO —0. (51

Note that this equation reduces exactly to Eq. (9.25)
in [17) when ¢ = 2. Similarly, the radial equation to
linear order in w is

{x(:v + 1)0ps + [3 (22 + 1) + 2iym] 0,

4 .
+ P [iym (1 + 2z)

— 2(6-1—3)(@—2)90(:6—1—1)]}1#7”’1 =T (52)

where the source 7" has nothing to do with a matter
source, but rather it is constructed from the zeroth-order
solution R and its first time derivative, namely

T = 2(r, — r){ [z(1+ ) + (2p — 1)(z + p)] 9, R™°

N [2(23: +D[z(1+2)+ (20— 1)(z + p)]
z(1+x)

3z 4p) — imy%] Rfva} L)

2. Boundary Conditions

Asymptotically, we know that g should approach
Eq. (32) as r > r4. Let us then impose this condi-
tion to see what the boundary conditions on Ry, should
be at spatial infinity. Fourier transforming Eq. (32) and
setting this equal to Eq. (34) we have

- wWr N
Z |:Z2m QY2 4 3 %m QY2 4 Zar oY~
m
> [ZamRom (2Y 2™ +6aw oY 5™) + Zgpm Ry oY

m

(54)

where we have replaced Zom = —iwZs, and we have
rewritten the spheroidal harmonics as in Eq. (48).

Let us now look at different ¢ modes separately.
Clearly, all terms proportional to »Y 2™ must be set to
zero independently from those proportional to oY 3™ |
Let us then decompose the radial function as in Eq. (50)
with ¢ = 2, so as to separate the term of O(1) from the
term of O(w). For the (¢,m) = (2, m) mode to O(1), we
have

R¥™0 1, (55)

while to O(w) we find

R2mL %r. (56)

Similarly, for the (¢,m) = (3, m) mode we have

RO~ (57)

to leading order in w.

The radial function must also satisfy a regularity con-
dition at the event horizon. Because R‘™(r) is associated
with a Weyl scalar 1y constructed with the Kinnersley
tetrad, which is singular on the event horizon, the radial
function itself cannot be expected to be nonsingular at
r = r4. Instead, the relation of Eq. (7) implies that it is
A2R*™(r) that must be smooth at r = r,. In terms of
the new radial coordinate z, this means that 2 R™(x)
must be smooth at z = 0.

3. Radial Solution: m = 0 Case

Let us first concentrate on the solution when m = 0,
as this is easier than when m # 0. To leading order in w,
we find the solutions

0 =1 00 o (1)
1+
(2z +1)(62% + 62 — 1)
222(1 + x)?

(58)

R0 = 0300 (25 4- 1) + 300 {60 (224 1)In <H%>

24023 + 13022 + 1202* + 10z — 1] | (50)

z2(1 4 x)?

where CiOQ’O and C?%° are constants of integration.

Let us now impose the boundary conditions in
Egs. (55) and (57). Asymptotically expanding the two
solutions, about = = oo, we find

R0~ P+ O(a?), (60)
R3O ~ 203902 1+ O(1). (61)
Imposing Eqgs. (55) and (57),

1 a
0= Le ey =L )

CQO.,O -1
! ’ 2 2y

The selection of C3° and C3° is based on the require-
ment that 22 R“™(z) be smooth at = 0. Expanding the
solutions about x = 0, we find that

1

R20.0 200 | _ 1
2 222

+;+61nx+(9(1)} , (63)
30,0 30,0 1 12
RPP ~ 5™ —F—F?—I—GOID:E—I—O(I) . (64)

In order to eliminate the logarithmic terms, which would
break smoothness of the Teukolsky function at the event
horizon, we must choose C3" = 0 = C3%°. To leading
order in w, the solutions then become

1
ROO=Z(py ). 65
5 T+ 5 (65)

R20.0 _ 1



Let us now move on to the ¢ = 2 mode of the radial
solution to linear order in w. The O(w) piece of the £ =3
solution is not needed as it would contribute to O(R™%)
in 1. The ¢ = 2 solution contains a homogeneous piece
plus an inhomogeneous piece. The homogeneous piece is
the same as that of Eq. (58). Including the inhomoge-
neous solution, we find

R20:1_ 0201+0201{61< x )I
1+

(22 + 1)(622 + 62 — 1)
222(1 + z)? }

+ In(z) <ﬂ +4ivya + 2iM) —In(z+1) <E + 4i~ya>
v v

. -
+ ;—“x — MO+ 2) - (14 2)2,

. - (66)

where Ci%’l are constants of integration.
Let us now impose the boundary conditions. Asymp-
totically expanding about x = oo, we find

R¥1 ~ %:17 +2iM In(z) + CI' + Oz

~ ér - %u +2iM In(z) + C201 (67)
The solution automatically satisfies the boundary con-
ditions in Eq. (57). We are free to choose 2" as we
wish, since it only affects the sub-leading behavior of our
solution. Here we choose to leave it arbitrary, since it
won’t affect the final solution, as will become clear in the
analysis of Sec. V.

Asymptotically expanding the ¢ = 2 solution about

x =0, we find
201 C20 1 ;
RO~ 2 +In(z )(60220’1+2z’M+%+4i7a> :

(68)
The above solution possesses two types of divergences at
the horizon; a logarithmic and a polynomial one. The
requirement that the Teukolsky potential be smooth at
the event horizon forces us to eliminate the logarithmic
one by setting

(69)

4. Radial Solution: m # 0 Case

Let us first work to O(1).
are

The solutions to Eq. (51)

REm 0 Rém 0

Im,
Rh,2 0 ) (70)

where we have defined the two sets of homogeneous
solutions [(Rfﬁo,RQm %) for the ¢ = 2 mode and

(R, Ryy") for the ¢ = 3 mode] via
PF(—4,1; =1+ 2imy; —x)

(71)

Riﬁ“o = A,%"{x_2(1 +x)”

R2m,07A2m 1 1 2
n2 = Apz |\ LT T ; (72)

RO = APaT? (14 ) 2F(=5,2; —1 + 2imy; —x)
(73)
2iym
R0 = A3 (2mey + 3i + 6ix) (1 + —) . (T4)
' x

and F'(a,b;c; z) is the hypergeometric function.
Let us now impose smoothness and the appropriate
boundary conditions. The homogeneous solutions Ri’g’o

and Ri";o lead to a Teukolsky potential that is not
smooth at z = O We therefore set the integration con-
stants Ah n=10= A" ho such that these solution do not
contribute. Then by settlng

Ap = —%mv (1+imny) (1+4m>y?) (75)
Ay = _1L80ma (1+imy) (14 4m>?) (3 + 2im~y) .

(76)

Ri"} 0 and RZ 1" are normalized such that R2m R |

and R?’mo — r as x — o0o. Moreover, these solutlons

have a well defined Taylor expansion about z = 0. Note
that no natural logarithm terms appear here, although
clearly they both diverge as 72 as  — 0.

Let us now concentrate on the ¢ = 2 mode of the so-
lution to O(w). As before, the ¢ = 3 mode would con-
tribute to 1y at O(R~%), and we thus neglect it. The
¢ = 2 solution to O(w) will contain a homogeneous plus
an inhomogeneous piece. The homogeneous one will be
proportional to Egs. (71) and (72), while the inhomoge-
neous piece is the particular solution that can be obtained
with the method of variation of constants by

2m,1 2m R}217772170(§)T2m (5)
=T | erwe
am oy [ B (T ()
O [ e 7

where W is the Wronskian associated with R,QLT’O and

R2m 0 The first integrand in Eq. (77) is a polynomial in
& and can be integrated immediately. The second term
leads to a sum of hypergeometric functions, which can be
manipulated with the identity

alb—c)zF(a+ 1,b;c+ 1;2)=c(c—1) F(a— 1,b;¢c — 1; 2)
—cle—14 (a—b)z] F(a,b;c; 2), (78)

which can be derived from the Gauss relations for hy-
pergeometric functions. By repeated application of this
identity, the second term can be expressed in a form that
features o F1[1, 1; 3 4+ 2iémy; —z] only. The full inhomoge-
neous solution has then the form

R2m,1

2m,0 2m,0 m,
= AR,7" + BR,)" + RO™ (79)



where A and B are constants. As before, we set B = 0
by requiring smoothness of the Teukolsky function at the
event horizon.

The choice of A deserves further discussion. In the
limit as ¢ — oo the particular solution behaves as
R2™' — ir/3, while the homogeneous solution RZT’I’O —

1. Therefore, the asymptotic value of R?™! at infinity is
specified by R2™!. The constant A determines the sub-
leading behavior of the solution at spatial infinity. What
should we choose this subleading behavior to be? The
answer to this question can be discovered by studying
the x — 0 limit. One can check that the particular solu-
tion diverges in this limit, but there is no physical reason
for this to be the case. Indeed, the Teukolsky equation
was solved under the assumption that Mw < 1, and with
w = O(R™1), this condition becomes M/R < 1. At no
point did we expand in y < 1, and thus, there is no phys-

where A?™ is given by Eq. (75) and « is an arbitrary
constant, which in principle could depend on m and y
through terms of O(x?) or higher. The factor multiplying
it was inserted for later convenience. Notice that the first
term in A fixes the slow-rotation limit of R?™ 1!, while the
second accounts for extra freedom to modify the fast-
rotation limit.

With this choice of A, the inhomogeneous solution is

; 2
om1 M T ,
1= ———F(1,1;3 + 2iym; —
T @ 1)L L1384 20ymi—z)
1 A C
+——— | 5+ — + O + O3z + Cyz? + Cs2

(x+1)2 |22 =z

81
ical reason for the limit to be singular. Therefore, we will (81)
choose A such that this singular behavior is eliminated:
A= W; (2p—1)+iMa, (80)  in which k,, = im~y and
6A™
’ |
(14 Em) (1 + 26 Km [1063, — (5 + 18p) K, + 3p(8p — 1)] ) 4
Ch = n A ——— 82
! 9ip(1 — 2k RS a— (82a)
o = 128k2 + (164 — 264p) k3 + (4 — 552p + 576p2)k2, — (41 + 294p — 720p?) Ky, — (9 — 30p — T2p?) .
* 36ip(1 — 2km) *
+iMa(l + &) (1 + 25m) , (82b)
16K2, + (20 — 24p)k3, — 24p(3 — 4p)Kk2, — (5 + 42p — 96p?) ki, — (1 — 10p + 8p?) .
Cy = 168m m m Mo(1+ hm), (82
s 2ip(L+ 2rm) (1 — 2rm) re FiMa(l+fm),  (82)
2k 2K3 4—12 192p%)k2, — 2p — 144p*) Kk — 3(1 —2p)(1 — 4
04:3/~”»m+3ﬂm+( Op + 92p%)k5, — (8+172p p”)Em — 3(1 = 2p)( p)”HMa’ (824)
6ip(1+ £m)(1 4+ 26m)(1 — 26.m)
1a
Cs=—. 82
T3y (82e)

Since the hypergeometric function behaves as In(z)/x
when x > 1, in the limit z — oo the above solution
behaves as R?™! — ir/3, and satisfies the boundary
condition in Eq. (57).

D. Summary of Results

The Fourier transform of the full NP scalar can be
written as

7 ~ 2m,0 2 ~ 3m,0 3
Yo = — E Zom B, YT — E Zam B, | YO
m m
~ 2
_ § WZam, (RQm,l 2y2m 4 ameth?O 2y3m) ,
m

(83)

where the radial functions are given by Egs. (71), (73),
(81) and the b*™ coefficients are given by Eq. (49), with
the (un-normalized) spin-weighted spherical harmonics
of Egs. (30)-(31). One can easily compute ¢y by inverse
Fourier-transforming the above equation.

V. THE TEUKOLSKY POTENTIAL
AND THE FLUXES

A. The Teukolsky potential

The Teukolsky potential can be calculated from
Eq. (7). In terms of the quantity z, defined in Eq. (37),
the Fourier-transformed potential ¥ is given by
?(1+xz)? -

Az +p)2+ 7z]wo(K) L (84)

U(w, ) = —



In order to return to the time-domain and express
U(v,04) as a function of v, we can inverse Fourier-
transform W(w,#4). One can see that (v, %) is given
by \i!(w, 9‘4) with the replacement wZzs,,, — i29,,. Decom-
posing ¥ (v, #4) in Fourier modes

U(v,0,9) =Y W™ (v,0)e™ . (85)

and evaluating the right-hand side of Eq. (84), we obtain

04

\Ifm(v, 9) = TU)Q(ZQm

( — OéMng)A;QJE 2Y2m (9, O)
1 03 . 2m

— EH—JMZ2W 2Y (9,0)
4

+i SXM A 29, 6™ 2Y 2™ (6,0)

g
(14 0)
5
ﬁ1\414,2;,’;(3 + 26m) 23m 2Y 2" (6,0),
(86)

where 0 = /1 — x2. The freedom to choose « is now
seen to correspond to the freedom to redefine the tidal
moments according to

29m — 2o9m — O[MZQm + O(R74) (87)

With a complex and m-dependent, the freedom is com-
plete: each component zo, can be redefined indepen-
dently of any other components. In the following, we
restrict this freedom by demanding that « be real and
independent of m. In this case, the redefinition is the
same for each component, and it corresponds to the uni-
form tensorial redefinitions

5‘ab — 5‘ab - aMgab + O(R_4) )
Bay — Bap — OzMBab + O(R74) ,

(88)
(89)

of the tidal moments.

The integrals in Egs. (9) and (10) can be evaluated
perturbatively to the appropriate order. Assuming that
U™ varies slowly on a time scale 7 = (U /™))"t ~ R
(since the time dependence of ¥ comes from external
universe perturbations), we can write for the m # 0 case,

i 1 1
oy = k—imQy [1+ (Ii—imQH)T+O ((Ii—imQH)2T2>:| ’
(90)
. eimQH pm i 1
o= im$Qp [1 i (mQm)T +0 ((mQH)%’Q)} '
(91)

The assumption under which the above expressions where
derived, namely that U™ varies slowly, makes use of the
stronger condition given by Eq. (19). Therefore, the slow
rotation limit is inaccessible in all results that follow.
This limit requires an alternative treatment, which will
be presented in Sec. VI.
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Let us discuss the expressions for ®' further. The
function outside the square brackets has terms of
O(M/R?) (proportional to z9,) and O(M?/R3) (pro-
portional to z3,, and Z2,,), while the second term in the
square brackets is of O(M/R). Therefore, combining this
with the leading-order terms that scale as O(M/R?),
one finds terms of O(M?/R3). The next-order terms
scale as O(M?/R?) and the lowest-order corrections that
these induce will be of O(M?3/R*), which can thus be ne-
glected.

Substituting the expression for ¥ in Eqgs. (90) and
(91), expressing £ and Qg in terms of M and a, and
using the dimensionless parameter x, we find

m 2eimQH MO’3 2}/Qm
T = :

(1+0)(imx — o)

x[120(1 4 0)Aj"t + (imx — 0)(1 + 0 + 60 A})] }

M zop,
6(imy — o)

{—O'ZQmA}%:? +

(92)
2ie!™mH N g3 5y 2m My
o — _ mA2m m
: ot (i
x[12i0(1 + 0) A3 — mx(1 + o + 60 A3} |
(93)

plus terms that contribute to O(M?/R%).
The canceling of subleading terms in the above equa-
tions must be done carefully and keeping in mind that
T in the end has to be squared and averaged over. Ini-
tially, ®' have terms that go as

2 : 2 3 : 3
QL ~ zom oY 7"+ Zom oY T A+ 23 2V A+ Zop 2V
. 2 .. 2 . 3 . 3
+ Zom 2Y T+ Zom oV T+ 23 2V + Zopy 2V

+ Fom 2Y" + O (MP/R) . (94)

The terms in the first line come from W™, the ones in
the second line come from W™ and those in the third
line come from U™. When squaring the above quantity,
the two lowest-order terms will come from the squar-
ing of the zg,, 2Y?™ term and the cross term between
Zom 2Y 2™ and Za,, 2Y?™. They will be of O(M?/R?)
and O(M?/R?) respectively. All other terms can be ne-
glected to the order of approximation considered here.

B. The fluxes

Substituting Eqgs. (92)-(93) into Egs. (14)-(15), we find

. xM? (S(Zamzam)) (0?2 + m?x?) (402 + m2x?)
(M) = 45 Z m
m#0
(95)
and
xM°

(J) = Y (@ +m*P)o® + mP) (|z2m )

45 oy

)



2 S (o zam )i + m?)
m#0
x(40% + m*x*)a — 20(1 +0)(20% + m2X2)]
+ (S(Z2mzom)) [(Bm*x* + 13m*x?0” —

(96)

Notice that this agrees exactly with Eq. (9.32) in [17].
Finally, using Eq. (11) or the first law of BH mechanics,
we can calculate the change of the horizon area

8x2M?°

<A> = 450

D (0% +m*P) (0% + m*x*)(|zam )
m#0

Y1+ 0) }
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as O(MS/RS) in (M), and they are beyond the order of
approximation considered here.

We can rewrite these expressions using Eqgs. (28), (29),
(33) and the invariants

Ey = EpE?, By = BB, (98)

By = EpsPE%5°, By = Baps'Bs°, (99)
By = (Eps®s®)?,  Bs = (Bayss’)?, (100)
By = €qEP EIsC By = €4 B BIs° (101)
E5; = epqcé’gé'qsasbsc Bs = epchngsasbsc (102)

where s* = (0,0, 1) is the direction of the BH spin. Doing
so we find

167er
Trom 2 (REmman e + 1)
(%)
x (40% +m?x )a —20(1 4+ 0)(20% + m?x?)] (M) = (M), (103)
+ (S(Zamzom )V [2(1 + ) (mAx* + 4m2x%0? — 40™)]} . . . . .
(97) () = (JD) + (D) + (T, (104)
One might notice that the above results do not depend
on the ¢ = 3 part of ¥™. This is because the fluxes (A) = (A®) 4 (AD)Y 4 (AB)y | (105)
are obtained by squaring ®. Any ¢ = 3 terms in ¥
result in quantities that scale as O(M7/R%) in (J) and  where we have defined
J
. 2M°
(M®) = ==X [<4(3%7 + 1) (Ea + Ba) + 15x*(Es + Bs)] (106a)
7(4) 2M°x 2 2 2
(JW) = —T[S(l +3x°)(E1 + B1) — 3(4 4 17x°){E2 + Ba) + 15x°(E3 + Bs)], (106b)
+(5) 2M6Xa o7 . N7 . 9,7 .
(o) = I [8(1+3x")(EL + B1) — 3(4 + 17x") (L2 + B2) + 15X (L3 + Bs)], (106¢)
. 4MS (o +1 . . . . . .
(J®) = —%[4@((% +1)(E1+B1) — 30x(3x”* + 2)(E2+ Ba) 4 30x*(E3+ Bs)
—4(1 = 15x2 + 2x")(Es+ Ba) — 3x2(13 + 2x°)(Es + Bs)] (106d)
() 16D\ ) ) )
(AW) = T[é%(l +3X")(E1 + B1) — 3(4 + 17x7)(E2 + B2) + 15x"(E3 + Bs)], (106e)
: 16w MSy2a . . . . . .
(AP) = - 81+ 3)(Br + Br) = 3(4 + 17x°)(Es + Ba) + 15x*(Bs + By)], (1061)
. 327 Mb(o + 1 . . . . . .
(A®)y = #[4@(2(;8 + 1)(E1+Bi) — 30x*(3x” + 2)(Ea+Bs) + 30x* (E3+Bs)
= 8X(1 = 6x? + X")(Ea+Ba) — 6x°(4 + x*)(E5+Bs)] - (106g)

In the above expressions, the superscript denotes the
order of each term in 1/R. For example, (M®) is of
O(M®/R5) and (JW) is of O(M®/R*). The subscript
represents terms that depend on the integration constant
a. The presence of these terms (( .0(¢5)> and (A,(f)>) means
that the equations are subject to an ambiguity related to
the choice of a. In order to resolve the ambiguity, we
need to perform a matching calculation between the per-

turbed metric associated with the ¥y computed here and
a PN metric valid far from the BH. This procedure deter-
mines « along with the explicit expressions for the tidal
moments in terms of the post-Newtonian specification of
the orbit [25, 33-36].



C. Rigid-Rotation Limit

When the tidal field is in a state of rigid rotation with
angular frequency 2, the Weyl scalar vy depends on v
and v through the combination ) — Qv only. This implies
that the tidal moments £, and By satisfy the relations

(107)

in which zgm are constant amplitudes. It is then easy to
verify that with tidal moments of this form, the invariants
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satisfy the identities

El = EQ = Eg = 0, (108&)
Ey = Q(2E, — 3E>), (108b)
E5 = Q(Eg — E3) . (108C)

Similar identities are satisfied by the magnetic tidal ten-
sor invariants. Therefore, in the case of rigid rotation,

the terms containing « are identically zero ( 'é5)>rr =

<A&5)>rr = 0 and one is left with

(M), =~ QJfox [B(1+3x*)(E1 + B1) = 3(4 + 17x°)(Ez + Bz) + 15x*(Es + Ba)] (1092)
(JO),, = —%[8(1 +3x%) (B + B1) = 3(4 + 17x*)(E2 + Ba) + 15x° (B3 + By)] (109b)
(JO),, = 4]”6(27;1)9[8(1 —15x% + 2x")(E1+B1) — 3(4 — 73x* + 6x*) (B2 + Ba) — 3x°(13 + 2x*)(Es+ B)] ,

(109¢)
(AW, = 7167;];?‘2 [8(1 4 3x2)(Ey + B1) — 3(4 + 17x3)(Es + Bs) + 15x(E3 + Bs)], (109d)
(AP) | = —327TMG(—0+1)Q[16X(1 —6x? + X" (E1+By) — 6x(4 — 28x% + 3x?)(E2+ Bs) — 6x3(4 4+ x?) (B3 +Bs)] .

450

Clearly then, when considering the realistic astrophysical
scenario of a quasicircular binary black hole inspiral in
the slow-motion approximation, the fluxes will not suffer
from any ambiguity in a. We present results for this
particular scenario in Sec. VIL.

VI. THE SLOW-ROTATION LIMIT

Although the g calculated here is perfectly well-
behaved in the x — 0 limit, the integrated curvatures,
and therefore the fluxes, make use of the small-hole/slow-
motion approximation, which makes this limit inaccessi-
ble [see e.g. Eq. (19)]. In particular, this implies that
Egs. (103) and (104) will not reduce to Egs. (8.38) and
(8.39) of [17] in the x — 0 limit.

The mathematical reasons for why this limit is inac-
cessible becomes clearer if one considers the assumptions
involved in the evaluation of Eqgs. (9) and (10). As dis-
cussed in Sec. V, we can approximate those integrals
with Egs. (90) and (91) by assuming that the exponen-
tials vary rapidly compared to W™, which is justified if
M/R < x. Then, each integration by parts brings out
a term that is O(R™!) smaller than the previous one.
This method, however, breaks down when the exponen-
tials vary slowly compared to ¥, as in the Qg ~ x — 0
limit, which forces Eq. (91) to diverge.

(109¢)

The above discussion suggests that the small x limit
of the integrated potentials and fluxes requires a special
treatment. In this limit, the timescale associated with
Qu ~ x/(4M) is comparable to R: x = O(M/R). The
horizon fluxes can be computed as an expansion in powers
of x and treating Mw = O(M/R) as a quantity of first-
order in . In this section, we calculate specifically the
rate of change of the BH’s surface area, which can be
given by a simple expression; expressions for (M) and
<J ) are more complicated, and must be written in terms
of integrals of the tidal tensors.

Using x instead of w as an expansion parameter and
keeping in mind that aw = O(x?), the small y limit of
Eq. (86) is

1
ym = ——M(imQH2’2m =+ Z"Qm) 2Yv2m(9, O) + O(X2) ,

12
(110)

in the time domain. )

The calculation of (A) requires that we first obtain
O (v,0) via Eq. (9). We evaluate the integral by taking
advantage of the fact that both e and W™ (v, 0)
vary over a timescale R that is much longer than ' ~
4M. Integration by parts returns

m 1im vym
Y = —c Quogm (111)



up to terms that are smaller by a factor of O(M/R) =

O(x). Inserting this in Eq. (11), discarding corrections
of O(x?) and defining the new invariants
Es =EpE%,  Bg = BB, (112)
gives
Sy 16 6,02 2
— 400 (Ey + Ba) + (o + Bg)) - (113)
In the limit x — 0, this becomes
K, 16
—(Ay= —M"(Es + B 114
87r< ) 15 (E6 + Bs) , (114)

which agrees with the Schwarzschild expression in [17].
When Qg ~ x/(4M) is large compared with R™!, we
obtain instead

K, . 32 69

B ~ 2202 [2<E1 + By —3(Bs + BQ>} . (115)
8 45
which agrees with Eq. (105) in the regime y < 1.

In the case of rigid rotation, the tidal fields satisfy
the relations given in Eq. (108) and through a similar
calculation we can find that for the new invariant Fg,

E¢ = 20%(2F) — 3E>) . (116)
A similar identity is true for Bg. With these, it follows
that Eq. (113) reduces to

. 32
Ay = ZM0(Q - )’ [2<E1 + By) — 3(Ey + BQ>} ,
8 45
(117)
when the tidal fields are rigidly rotating.
For. rigid rotgtion, (A) gives rise to separate expressions
for (M) and (J). We rely on the first law of BH mechan-
ics, (k/8m)(A) = (M) — Qu(J), and the rigid-rotation

relation (M) = Q(J), to obtain

(M) = %Mﬁﬂ(ﬁ — Q) [2<E1 +Bi) —3(Ex + Bg)] :
(118)
and
.32
() = EM°(2—n) [2<E1+Bl>—3<E2+BQ>}. (119)

These expressions agree with the results in Sec. IX F of
[17] in the regime x < 1. According to our conventions,
the sign of ) is measured relative to the BH rotation.
Assuming that the tidal invariant within square brack-
ets is positive, we have that the BH gains mass when
Q> 0 and Q > Qpy; otherwise the BH loses mass (the
tidal dynamics is superradiant). We also have that the
BH gains angular momentum when > Qy, and loses
angular momentum when < Q. In all circumstances,
the tidal dynamics produce an increase in surface area.
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VII. APPLICATIONS: BH IN A CIRCULAR
BINARY SYSTEM IN THE SLOW-MOTION
APPROXIMATION

Let us apply the main results of Sec. V to the case
where the perturbed BH is in a circular binary around
another BH with mass M, ,. We consider the case where
the orbital velocity is small (slow-motion approximation),
V <« 1. If the BH is in a circular orbit with radius b, the
orbital angular velocity and the relative orbital velocity
are given by [25]

Q- q/% [1 _ %(3 Lo, (120)
V= ,/%, (121)

respectively, where ¢ = L-§ =41, n = MM, /M2 is
the symmetric mass ratio and Mp = M + M., the total
mass. Then, the non-vanishing frame components of the
tidal tensors are given by [25]

1 M, M
- __ Mexs 1 2 4
2(5114—522) T { +—2MTV +0OWV )} ,
(122)
1 _ 3M..[, M..+3Mp_, ,
2(511 Ezo)= TE {1 I VZ+O(V*) | cos 20,
(123)
_ 3Mext Mext + 3MT 2 4 .
&2 = TE [1 R V2 +O(V*)| sin2Qt,
(124)
3M...
Bis =~ VeosQt +O(V?3), (125)
3Mesi o, .
Basg = —b—3V51th +0(V?), (126)

to the appropriate order.
Substituting Eqgs. (122)-(126) into Egs. (103) and (104)
we find

} M3
(M) = Sep <—) x(1+3x*) V7P
Mr

3
+ Zen? (£> V' [3(23x* + 6)
T
B o M oy (M
2(1+3X)MT 2 (143x%) Vi

16 M\
+ =% —) (6+1)(1-152+2xHVIE+O(V19),
5 My
(127)



+5 (F) Mz
)(f&f)

The third term in Eq. (127) is of higher order than what
we are allowed to keep here. For circular orbits, however,
(M) = Q(J), and, thus, we can obtain this term from the
third term in Eq. (128). The results agree with [17] to

M
[12+51x) (4+12X2)F V1
T

(0 +1)(1 = 15x2 + 2xH Ve

(128)

O(R2). Using the first law of BH mechanics, we find
that the change in the horizon area is
o6dm L, M\ 21+ 3x?)
Ay = —n*(— ) Mp2—"2y12
()= (1) e
167 o M\° M ] x>
—qu (E) My [(12+51x2)—(4+12x2)M—T X?Vl‘*
2567 MN\" (0 + 1)1 —6x2+ x*
- 6772 (F) MT( )( X X )XV15
T g
(V'9). (129)

As expected from the discussion of Sec. V C, the fluxes
are not subject to the o abiguity. This is a result of the
fact that the BH is in rigid rotation around its compan-
ion.

Finally, these expressions, kept to O(x?), are also valid
in the slow-rotation limit, as one can easily verify form di-
rect substitution of the tidal tensors given in Egs. (122)-
(126) in Egs. (117)-(119).

VIII. CONCLUSIONS

We studied how the properties of a rotating BH are
modified when it is subject to external vacuum perturba-
tions, extending previous calculations to O(R~3) (where
R is the radius of curvature of the external geometry) in
the slow-motion/small-hole approximation. We mainly
used the NP scalar iy to describe these perturbations,
where 1y must satisfy the Teukolsky equation.

The asymptotic behavior of ¢y depends on the external
universe and it is constructed as follows. Working under
the assumption that the external universe induces a small
perturbation on the background spacetime and it varies
slowly (that is, we expand all quantities in powers of
M/R, where M is the mass of the BH), we parametrized
the Weyl tensor of the external spacetime through time-
dependent symmetric and trace-free tidal tensors &g,
Babs Eape and Bgpe. Then, the asymptotic form of g
can be obtained by Taylor expanding the Weyl tensor to
the appropriate order in R~ and expressed in terms of
the above mentioned tidal tensors. Then, projecting the
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Weyl tensor onto a tetrad, one obtains the asymptotic
form of 1.

This asymptotic NP scalar suggests a decomposition
of the Fourier-transformed 1y into multipole modes. The
decomposition introduces some unknown radial functions
that can be determined by solving the Teukolsky equa-
tion perturbatively in w = O(R™!) < 1. The resulting
1/30 is then valid close to the unperturbed horizon, outside
the asymptotic region. The time dependence of this full
scalar is still given by the tidal tensors, while its angu-
lar dependence is given by spin-weighted spheroidal har-
monics. In order to obtain the fluxes of energy and spin
angular momentum across the horizon, we evaluated g
on the (unperturbed) horizon with the Hartle-Hawking
tetrad to construct the Teukolsky potential.

No external universe structure is specified when ob-
taining these results. The only restriction imposed on
the external universe is that it be slowly-varying and
its tidal effects on the background BH be small. Once
the external universe is specified, for example through a
post-Newtonian metric, the tidal tensors could also be
determined by asymptotic matching [34, 35, 37].

To conclude, we applied our results to an astrophysi-
cally motivated scenario: a binary system composed of
two rotating BHs. We assumed that the external universe
perturbations are due to a Kerr BH and calculated the
fluxes of mass and angular momentum and the change of
horizon surface of the background BH for the case of a
slow-motion orbit.

The calculation of the mass and angular momentum
fluxes across the BH horizon is a definite step towards
understanding the perturbed dynamics around rotating
BHs. These fluxes are necessary to self-consistently cal-
culate the evolution of the orbit, and thus, the emitted
gravitational radiation. However, in order to fully de-
scribe the perturbed spacetime, we need its metric, which
could be a possible avenue for future research. The per-
turbed metric close to the event horizon of the perturbed
BH can be constructed from the NP scalar through the
Chrzanowski procedure [29, 38-41] and it would allow us
to study the geometry of the perturbed horizon [27, 28].

By asymptotically matching this Kerr perturbed met-
ric to a spinning binary PN metric that is valid far from
the background BH, we can also obtain a full metric that
describes the dynamics of the entire spacetime [34-37].
Such a metric could provide initial data for numerical
relativity simulations [42, 43], or it could serve as a back-
ground metric for accretion disk studies [44].

ACKNOWLEDGMENTS

We thank Luis Lehner for helpful discussions while
working on this paper. NY acknowledges sup-
port from NSF grant PHY-1114374 and NASA grant
NNX11AI49G, under 00001944. EP acknowledges sup-
port from the Natural Sciences and Engineering Research
Council of Canada.



15

P. Kerr, Phys.Rev.Lett. 11, 237 (1963).
Hawking, Gen.Rel.Grav. 1, 393 (1971).
Hawking, Commun.Math.Phys. 25, 152 (1972).
Israel, Phys. Rev. 164, 1776 (1967).
Israel, Commun.Math.Phys. 8, 245 (1968).
Carter, Phys.Rev.Lett. 26, 331 (1971).
E. Poisson and M. Sasaki, Phys.Rev. D51, 5753 (1995),
arXiv:gr-qc/9412027 [gr-qc].

[8] K. Alvi, Phys.Rev. D64, 104020 (2001), arXiv:gr-
qc/0107080 [gr-qc].

[9] H. Tagoshi, S. Mano, and E. Takasugi, Prog.Theor.Phys.
98, 829 (1997), arXiv:gr-qc/9711072 [gr-qc].

[10] H. Fang and G. Lovelace, Phys. Rev. D 72, 124016
(2005).

[11] S. A. Hughes, Phys.Rev. D64, 064004 (2001), arXiv:gr-
qc/0104041 [gr-qc].

[12] K. Martel, Phys. Rev.
qc/0311017.

[13] R. H. Price and J. T. Whelan, Phys.Rev.Lett. 87, 231101
(2001), arXiv:gr-qc/0107029 [gr-qc].

[14] A.Pound and E. Poisson, Phys.Rev. D77, 044013 (2008),
arXiv:0708.3033 [gr-qc].

[15] N. Yunes, A. Buonanno, S. A. Hughes, M. Cole-
man Miller, and Y. Pan, Phys.Rev.Lett. 104, 091102
(2010), arXiv:0909.4263 [gr-qc|.

[16] N. Yunes, A. Buonanno, S. A. Hughes, Y. Pan, E. Ba-
rausse, M. C. Miller, and W. Throwe, Phys. Rev. D 83,
044044 (2011).

[17] E. Poisson, Phys.Rev. D70, 084044 (2004), arXiv:gr-
qc/0407050 [gr-qc].

[1] R.
2] S.
[3] S.
[4] W
[5] W
[6] B.
(7]

D69, 044025 (2004), gr-

[18] T. Regge and J. A. Wheeler, Phys. Rev. 108, 1063 (1957).
[19] F. J. Zerilli, Phys. Rev. D 2, 2141 (1970).

[20] S. A. Teukolsky, Astrophys. J. 185, 635 (1973).

[21] W. H. Press and S. A. Teukolsky, Astrophys.J. 185, 649

(1973).

[22] S. Teukolsky and W. Press, Astrophys.J. 193, 443 (1974).

[23] E. Poisson, Phys.Rev.Lett. 94, 161103 (2005), arXiv:gr-
qc/0501032 [gr-qc].

[24] K. Martel and E. Poisson, Phys. Rev. D71, 104003
(2005), gr-qc/0502028.

[25] S. Taylor and E. Poisson, Phys.Rev. D78, 084016 (2008),
arXiv:0806.3052 [gr-qc].

[26] S. Comeau and E. Poisson, Phys.Rev. D80, 087501
(2009), arXiv:0908.4518 [gr-qc|.

[27] E. Poisson and I. Vlasov, Phys.Rev. D81, 024029 (2010),
arXiv:0910.4311 [gr-qc].

[28] 1. Vega, E. Poisson, and R. Massey, Class.Quant.Grav.
28, 175006 (2011), arXiv:1106.0510 [gr-qc].

[29] N. Yunes and J. A. Gonzalez, Phys. Rev. D73, 024010
(2006), gr-qc/0510076.

[30] S. A. Teukolsky, Phys. Rev. Lett. 29, 1114 (1972).

[31] S. Mano, H. Suzuki, and E. Takasugi, Prog.Theor.Phys.
95, 1079 (1996), arXiv:gr-qc/9603020 [gr-qc].

[32] Y. Mino, M. Sasaki, and T.
Prog.Theor.Phys.Suppl. 128, 373 (1997),
qc/9712056 [gr-qc].

[33] K. Alvi, Phys. Rev. D61, 124013 (2000), arXiv:gr-
qc/9912113.

[34] N. Yunes, W. Tichy, B. J. Owen, and B. Bruegmann,
(2005), gr-qc/0503011.

[35] N. Yunes and W. Tichy, Phys. Rev. D74, 064013 (2006),
arXiv:gr-qc/0601046.

[36] L. Gallouin, H. Nakano, N. Yunes, and M. Campanelli,
(2012), arXiv:1208.6489 [gr-qc|.

[37] N. K. Johnson-McDaniel, N. Yunes, W. Tichy, and B. J.
Owen, Phys.Rev. D80, 124039 (2009), arXiv:0907.0891
[gr-ac].

[38] P. L. Chrzanowski, Phys. Rev. D11, 2042 (1975).

[39] A. Ori, Phys.Rev. D67, 124010 (2003), arXiv:gr-
qc/0207045 [gr-qc].

[40] R. M. Wald, Phys.Rev.Lett. 41, 203 (1978).

[41] L. S. Kegeles and J. M. Cohen, Phys. Rev. D19, 1641
(1979).

[42] T. Chu, Numerical simulations of black-hole spacetimes,
Ph.D. thesis, California Institute of Technology (2012).

[43] G. Reifenberger and W. Tichy, Phys.Rev. D86, 064003
(2012), arXiv:1205.5502 [gr-qc].

[44] S. C. Noble, B. C. Mundim, H. Nakano, J. H. Kro-
lik, M. Campanelli, et al., Astrophys.J. 755, 51 (2012),
arXiv:1204.1073 [astro-ph.HE].

Tanaka,
arXiv:gr-



