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Relativistic treatment of accretion disk torques on extreme mass ratio
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We model the motion of a small compact object on a nearly circular orbit around a spinning
supermassive black hole, which is also interacting with a thin equatorial accretion disk surrounding the
latter, through tools from self-force and Hamiltonian perturbation theory. We provide an analytical and
relativistically accurate formalism to calculate the rate of energy and angular momentum exchanged at
Lindblad resonances. We show that strong relativistic effects can potentially cause a reversal in the
direction of the torque on the small compact object if the surface density gradient is not too large. We
analytically explore the dependence of the torque reversal location on the spin of the supermassive black
hole and demonstrate that the ratio of the reversal location to the innermost stable circular orbit is
approximately insensitive to the spin of the supermassive black hole. Our results show that relativistic
torques can be one to two orders of magnitude larger than the Newtonian torque routinely used in the
literature to model disk/small-compact-object interactions close to the supermassive black hole. Our results
highlight the importance of including relativistic effects when modeling environmental effects in extreme

mass-ratio inspirals.
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I. INTRODUCTION

Extreme mass-ratio inspirals (EMRIs), where a small
compact object (SCO) (of mass in the range
10M »—100M ) spirals into a supermassive black hole
(SMBH) (of mass 10°My-10’"M), emit gravitational
waves in the sensitivity band of the Laser Interferometer
Space Antenna (LISA). EMRIs can accumulate >O(10°)
wave-cycles in the LISA band, and thus, they provide
detailed information about the spacetime in the close
vicinity of the SMBH. The relativistic nature of EMRI
orbits and the proximity of the SCO to the SMBH should
allow one to probe the mass and spin of the SMBH, conduct
tests of general relativity, and potentially probe the envi-
ronment around the SMBH [1-7].

Accurate inference of the EMRI system parameters from
a future gravitational-wave signal requires waveform mod-
els that are highly accurate because of the large number of
cycles that accumulate in the LISA band [2]. These high-
accuracy requirements are being tackled successfully in
vacuum (i.e., in the absence of any external matter source
around the SMBH) thanks to advances in self-force and
black hole perturbation theory [8,9]. With the modeling of
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EMRIS in vacuum reaching a mature stage, it is now time to
assess the impact of environmental effects on the EMRI
motion.

Environmental effects have long been expected to be a
small perturbation on EMRIs. This is because EMRIs are
expected to exist at Gpc distances from Earth, and thus,
their gravitational waves are naturally weak. In order to
make them detectable, the SCO must be close enough to the
SMBH, so that the SCO’s velocity is a good fraction of the
speed of light and the gravitational-wave amplitude is not
suppressed. The matter-energy density in the vicinity of
SMBHs is expected to be small relative to the matter-
energy of the SMBH, and thus, any (nonvacuum) envi-
ronmental effects may be thought to be negligible.
However, the large number of gravitational-wave cycles
EMRIs will deposit in the LISA band will allow us to
measure small perturbations from the environment, if the
dephasings caused are on the order of a few radians or
higher [4,5].

A large body of work has now qualitatively assessed how
different environmental effects could be potentially studied
with EMRI signals. A nonexhaustive list of astrophysical
environmental effects include the interaction between the
SCO and the accretion disk of an SMBH [4-7,10-13], mass
accretion on to the SMBH and the SCO [4,5], viscous drag
on the SCO due to gas surrounding the SCO [14], disk-
SCO collisions [15], and perturbations due to the presence
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of a third body [16-20]. In addition, there could be sce-
narios where the SCOs interact with bosonic clouds and
dark matter particles surrounding a SMBH [21-26], or
where EMRIs are part of a three-body system [16,27-30].

If the SMBH is actively accreting, then the dominant
source of environmental effect close to the SMBH is the
energy and angular momentum exchanged due to the inter-
action of the SCO with the accretion disk of the SMBH.
Such disk-SCO interactions are reminiscent of the classical
disk-satellite interactions studied extensively in the proto-
planetary literature [31-37]. While the interactions are
superficially similar, it is essential to recognize that the
SCO is moving in the strong-relativistic potential of the
SMBH at an appreciable fraction of the speed of light.
Moreover, the properties of an accretion disk close to a
SMBH are significantly different from those of a proto-
planetary disk. Although a precise understanding of proper-
ties of accretion disks close to a SMBH is lacking, some
important properties, such as magnetization, turbulence,
and radiation from the plasma, are expected to play an
important role (see [38-40] for recent discussion and
progress). Hence, any realistic model of a disk-SCO inter-
action close to a SMBH should include relativistic effects
and model the microphysics of the accretion disk.

Several studies have assessed the potential for EMRISs to
probe disk-SCO interactions [4-7,12,13,41,42]; however,
except for [43,44], all of these studies have used the disk-
satellite formula derived in the protoplanetary literature to
model the disk-SCO interaction. In addition, the relativistic
model introduced in [43,44] (and studied more recently
in [45]) is a purely numerical approach that relies on the
integration of the Teukolsky equation. In an effort to build
simple relativistic models of disk-SCO interaction close
to a SMBH, we introduced an analytical model in [46]
(Paper I, hereafter), using tools from self-force and
Hamiltonian perturbation theory. The methods introduced
in Paper I model the interaction between the disk and the
SCO as a three-body problem, where a disk particle close
to the orbit of the SCO exchanges energy and angular
momentum with the SCO at Lindblad resonances.' Such
simplified methods were used to study Newtonian proto-
planetary disks in the past [31,32,36,48,49], and our
approach extended these methods to a Schwarzschild
(nonrotating black hole) background setting.

Although our analytical model ignores the microscopic
properties of the disk, it can capture the properties of the
gravitational interaction between the disk and the SCO.
Indeed, we identified two important relativistic effects in
disk-SCO interactions around nonspinning SMBHs that are
not present in Newtonian gravity:

'Lindblad resonances occur when the epicylic frequency of the
SCO orbit is an integer multiple of the forcing frequency of the
density waves raised in the accretion disk. Such resonances are
the dominant source of angular and momentum exchange in disk-
SCO interactions, see [31,47] for a detailed discussion.

(i) A change in the distribution of the inner and outer
Lindblad resonances close to the orbit of the SCO
due to strong relativistic effects.

(i) A potential reversal in the direction of the torque on
the SCO due to the disk if the density gradients are
not too large.

These effects have been confirmed by an independent
work [45] that follows the approach of [43,44].

In this paper, we employ the methods introduced in
Paper I to investigate the impact of the SMBH spin on the
disk-SCO interaction. We provide analytic formula for the
torque and power exchanged due to disk-SCO interactions
and explore the impact of the spin of the SBMH on disk-
SCO interactions. We show that, for retrograde disk and
SCO orbits, the torque reversal can occur at distances as
large as 7.5 Schwarzschild radii from the SMBH. This
effect arises because the ISCO for retrograde orbits pro-
gressively moves outward, as the spin of the SMBH
increases. We also show that the ratio of the torque reversal
location to the location of the innermost stable circular
orbit (ISCO) is approximately insensitive to the spin of the
SMBH. However, the torque reversal location can be
affected by strong density gradients in the disk.

The rest of the paper explains our results in detail and is
organized as follows: In Sec. II, we extrapolate results from
Newtonian theory by substituting the relativistic epicyclic
frequencies to qualitatively show how torque reversal
arises. In Sec. III, we extend the analysis of Paper I to
include the spin of the SMBH and provide an analytic
formula for the rate of energy exchanged at Lindblad
resonances. In Sec. IV, we use a simple analytical model
for the disk surface density to explore how the torque
reversal location depends on the spin of the SMBH and
compare the disk torque to torques from Newtonian theory
and gravitational-wave emission. Our conclusions are
presented in Sec. V. A review of orbital mechanics in a
Kerr background spacetime using action-angle variables is
presented in Appendix A. Henceforth, we use geometric
units, with G =1 = c.

II. QUALITATIVE DISCUSSION OF THE IMPACT
OF SPIN ON TORQUE REVERSAL

As in Sec. II of Paper I, we here qualitatively describe
the impact of spin on the torque imparted by the disk on the
SCO by extrapolating the Newtonian formula derived in the
protoplanetary literature [36]. Our relativistically accurate
results are presented in Sec. III, but the Newtonian
presentation here provides some of the key insights.

Consider a SCO of mass m on an equatorial, circular
orbit around a SMBH of mass M at radius r = p’M2 in
Boyer-Lindquist coordinates that interacts with a thin,
equatorial disk of surface density X(r). We assume that

A prime denotes the orbital elements of the SCO, unless
otherwise stated.
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the angular momentum of the disk and the SCO point in
the same direction, but we let the angular momentum of the
SMBH be arbitrary. The dominant source of torque for
the disk-SCO configuration described above arises from the
exchange of energy and angular momentum at Lindblad
resonances [31]. The location of Lindblad resonances
rr = pirM in Newtonian gravity are given by the roots
of [31,36]

Q(pu) - Qp') = —';?K(pu) (1)

where Q is the angular velocity of the SCO, « is the
epicyclic frequency of the orbit, Xk = £1 denotes whether
the resonance is inside (k= —1) or outside (k = 1) the
orbit of the SCO, and j is the mode-number of the reso-
nances, which is approximately equal to the inverse of the
aspect ratio of the disk.

The orbital frequency and the epicyclic frequencies in a
Kerr spacetime as measured by an observer at infinity are
given by [50-52]

Q(p) M) (2a)
k(p) ZQ(p)\/l —163—3;2+;’52. (2b)

where y = a/M is the dimensionless spin of the SMBH. If
x > 0, the SCO and the disk are in a prograde orbit, and
when y < 0, the orbits are retrograde.

We can use the values of the orbital frequency and the
epicyclic frequency from Eq. (1) to obtain the approximate
locations of the resonances close to the orbit of the SCO
(i.e., those with j > 1), which dominate the interactions.
Solving Eq. (1) in the large j limit, one finds

2k((p")** +x) 6 3;( 8y
_ / - A
Pue=7"P I} + 3(p')3/2j 1 p p 5t p3/2
(p")3? 4 x)? 32)(\/74— —18p’ — 15x?)
oP' )
+0(7). (3)

Observe that the magnitude of the coefficient of the O(j~")
term is the same for the inner and the outer resonances. This
tells us that the inner (k = —1) and outer (k = 1) Lindblad
resonances are symmetrically distributed around the loca-
tion of the SCO to O(j~").

The asymmetry in the location of resonances arises
from the O(j~2) term. The sign of this term depends on
the sign of

I I I I I
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FIG. 1. Location where the inner Lindblad resonances begin to
get closer to the orbit of the SCO as a function of the spin of the
SMBH. Observe that the transition occurs in the inner regions of
the SMBH where EMRI are expected to be detected in the
LISA band.

32/ P+ (P')? = 18p' — 157

(p')?

If Z < O then the outer Lindblad resonances are closer to
the orbit of the SCO than the inner Lindblad resonances,
and this is precisely what happens in the Newtonian limit,
where Zyew = —1. Closer to the SMBH, one could
potentially have Z > 0, implying that the inner Lindblad
resonances are closer to the SCO. In Paper I, we showed
that for a Schwarzschild SMBH (y = 0), the inner Lindblad
resonances are closer than the outer Lindblad resonance
if p’ < 18. The dependence of the transition location
[Z(Plans-¥) = 0] on the spin of the SMBH is shown in
Fig. 1. Observe that the location depends sensitively on the
spin of the SMBH, and if the orbit is retrograde and the
SMBH is maximally spinning, then the location can be as
large as p’ = 25.

The total differential torque on the SCO can be obtained
by using the expressions from [36]. To qualitatively under-
stand the change in the sign of the torque due to relativistic
effects, we proceed as in Paper I and assume that the inner
and outer torque cutoff parameters are the same; then, the
torque is given by [36]

(s < o o [ 2K () + Pk ()]

dz  4q¢*M?
dp' FoQ(p')°Qip'

o) @)

I(p'.x) = (4)
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where ¢ = m/M < 1 is the mass ratio, we have ignored
a positive proportionality constant related to the torque
cutoff parameters, L. is the rate of change of the angular
momentum of the SCO in the z direction, the angular
brackets denote an average over the orbital period of the
SCO, Fy=«(p')/Q(p’), and K, are modified Bessel
functions. The subscript approx highlights the fact that the
above equation is an approximation that extrapolates the
values of the epicyclic frequencies from Newtonian gravity
to general relativity. The fully relativistic expressions
for the differential Lindblad torque will be derived in
Sec. I B. The function G(p') is discussed below and we
have defined

d*log(Q(p'))

d2 10g(p/) (6)

dlog(p') 2=

By inspecting Eq. (5), we see that the arguments of the
Bessel functions depend on F( « k. The epicyclic fre-
quency is zero at the ISCO, implying that the modified
Bessel functions diverge there. This divergence qualita-
tively explains why the magnitude of the torque should
increase as the SCO approaches the ISCO. The torque
reversal phenomena can also be qualitatively understood by
examining Eq. (5). The term proportional to dX/dp’ is
always negative and one can show that, unless the density
gradients are large, this term is subdominant to the term
proportional to X(p’) in Eq. (5). The term proportional to
%(p') can be positive or negative depending on the sign of

—4(— 2 _
g(p/)EK()(g—[i) |:Q]( 4( 1+K1})7221+Ql 292)

+ Fo(—((142K)Q)) + QF + Q)

+ K, (s%?) [—2(1 4 2)Q) + (3 = 2x)) Q2 + 2],
(7)

where k| = —dlog(x(p’))/dlog(p’). In Paper I, we
showed that for SCOs around nonrotating black holes
(i.e., in a Schwarzschild background spacetime), G(p') is
negative only if p’ > 9.94, signaling a change in the sign
of the torque at this separation. Figure 2 shows how the
location of the torque reversal pl. onnewt depends on
the spin of the SMBH. The solid blue curve indicates the
approximate location derived in this section, while the
relativistically accurate location is depicted as a dash-dotted
orange curve, as obtained in Sec. IVA. The green dashed
curve represents the location of the ISCO. The extrapola-
tion used here slightly overestimates the torque reversal
location, but it provides a reasonable order-of-magnitude

‘ ‘ T T T

—— Approx. reversal location |

=== ISCO

—
~
I

Reversal location

— —
D o (e} [\

Reversal location (M)

IS

FIG. 2. Torque reversal location as a function of the spin of the
SMBH. The solid blue curve shows the approximate location
where torque changes sign as a function of the spin of the SMBH
obtained by solving G(p’) = 0 [Eq. (7)]. The orange dash-dotted
curve is the relativistically accurate location obtained by solving
Gi(p) [Eq. (25)]. The green dashed curve shows the location of
the ISCO.

estimate. We also see that the ratio of the reversal location
to the ISCO location is approximately constant with SMBH
spin, a fact we will discuss in more detail in the next
Sections.

III. ENERGY AND ANGULAR MOMENTUM
EXCHANGED DUE TO DISK-SCO INTERACTIONS

The formalism for computing the power and torque
imparted on the SCO due to disk-SCO interaction was
described in detail in Sec. III of Paper I. In Sec. III A below,
we briefly review the key elements of our formalism for
completeness and refer the reader to Paper I for further
details. Next, we concentrate on Lindblad resonances and
provide an analytic formula for the rate of energy and
angular momentum exchange in Sec. III B.

A. Review of formalism to compute energy and angular
momentum exchange

In Sec. III of Paper I, we studied the disk-SCO
interaction by first modeling the local gravitational inter-
action between the SCO and a small particle element of
mass du in the disk. We then integrated over the entire disk
to obtain the total contribution to the disc-SCO interaction.
The formalism can be split into the following three steps:

(i) Step I: Modeling the interaction between the disk

element and the SCO using the singular potentials of
the worldline.
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(i1) Step 2: Obtaining the Hamiltonian for the disk-SCO
system in action-angle variables.
(iii) Step 3: Using Hamiltonian perturbation theory to
obtain the power and torque on the SCO and the disk.
We now briefly review each of these steps and refer the
reader to Sec. III of Paper I for further technical details.

1. Step 1: SCO-disk interaction

Let us assume that the disk mass element moves on a
worldline z# and the SCO moves on worldline z#. The
motion of the disk element can be obtained by varying the
point-particle action

S=- / dt V _g/wzﬂzl/7 (8)

where the metric is given by

9w = g;lfz?rr + égﬂl/ (9)

and gKerr is the Kerr metric of the SMBH, while dg is the
contribution due to the SCO. As we described in Eq. (7) of
Paper I, 6g,, can be separated into a sum of three different
terms,

8y (%) = hui™ (33 2) + hs™ (3 2) + Wi (v 2), (10)

where hﬁ;d” (x; z) is the singular field of the mass element of
the disk, hﬁ,;d" (x; z) is the regular field of the mass element
of the disk, and h}f‘;(x; Z') is an interaction term that is
generated by the SCO. The singular and the regular fields
of the disk’s mass element are its self-field and its radiative
field. The self-field does not contribute to the motion of
the disk element, while the radiative field only induces a
radiative force on it. These contributions can be ignored
when studying disk-SCO interactions.

Therefore, when evaluated in a close neighborhood of
the worldline of the disk element, the perturbation to the
metric can be approximated as

89, (2) ® hit(z:2) = iy (z32') + > (% 7)

~ i (z;2), (11)

where 13;°9(z;7) and h>©(z;7') are the singular and
the regular field contributions from the SCO. In the second
line of the above equation, we have assumed that the
Newtonian-like singular potential of the SCO h,%;,sco(z; 7)
is the dominant contribution to the interaction, and we
ignored the regular field of the SCO by assuming that the

resonant interaction is quasiadiabatic. Moreover, the regu-
lar field of the SCO will be a very high post-Newtonian
contribution to the dynamics, which can be incorporated in
our analysis by using numerical self-force calculations [9].
With this assumption, we can use analytic expressions for
the singular field [53,54] to evaluate the above equation
(see Paper I for further details).

2. Step 2: Disk-SCO Hamiltonian

With the perturbed metric in hand [Eq. (11)], we can use
the Lagrangian of Eq. (8) to obtain the Hamiltonian H for
the disk mass element. Hamilton’s equations for the disk-
SCO system can be written in the following form [see, e.g.,
Eq. (21) of Paper IJ:

P = €immg—§,~, (12a)
Q= g—g emtmg—s, (12b)
P, = eim/dﬂ%, (12¢)
Q’i:gT{I;—Gim/dﬂaa—g, (12d)

where the over dots denote time derivatives, (P;, Q') are
any set of action-angle variables for the disk mass element,
(P}, Q") are a set of general action-angle variables for the
SCO, (R, R’) are the disturbing functions, and €, is an
order counting parameter that is used to perturb the geo-
desic orbit. The disturbing function R quantifies the
perturbation caused on the disk element due to the SCO,
while R’ quantifies the perturbation on the orbit of the SCO
due to the disk element. In the Newtonian limit, the
disturbing functions are the Newtonian field of the disk
and the SCO, and they have exactly the same form since the
mass has been scaled out in Eq. (12), namely

1

Rewt = Riewt PR (13)

while relativistic expressions can be found in Eq. (19) of
Paper 1. Equation (12) is valid for any set of action-angle
variables, but we here use ({A, A}, { P, —w}), as defined in
Eq. (A19). We also expand the disturbing function in a
Fourier series using the angle variables (4, —w). For small
eccentricities, the Fourier series can be written down
schematically as [see Eqs. (49) and (50) of Paper 1]
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1 o0

R=3 Z [R(—j,o.o),(j,oﬁo) cos(jA' = jA) + R—j-1.-10).j.0.0) cOS(jA' = (j + 1)A + @)

2

==

+ R(—j41.10).(.00) €08(jA' = (j = DA = @) + R(_j_100).(j-10) c0s(jA' = (j+ 1) + @)

+ R(_j+100).(.10) €0s(jA = (j = DA —w')] + O(e?, (¢')*, e€'), (14a)
=1 f: R, cos(jA' — jA) + R cos(j = (j+ 1)+ w)
7 (=70.0).(700) COSUA = J (=j=1.-1.0).(.0.0) ©OSUA = U
j=—c0
+ Rl(—j+1,1.,0),(j.,0,0) cos(jA/ = (j— Di—w) + R/(—j—l,O,O),(j,—l,O) cos(jA = (j+ DA+ @)
FRL 0510, €087 — (= A= )] + O (¢ c€). (14)

where e and ¢’ are the eccentricities of the orbit of the disk
element and of the SCO (both around the SMBH), while
the coefficients of the series satisfy

R(-j0.0).(.00)> Rl(—j,o,o),(j.o,O) =0O(1). (15a)
R(-j0.0).(.00)> Rl(—j,o,o),(j.o,O) =O(1). (15b)
R(—j—l-—l-O),(j.,O,O)’Rl(—j—l,—l.o),(j.oﬁo) = O(e). (15¢)
R(—J*U-O),(J'-,O»O)’R/(—j+l.1,0)$(j,0.0) = O(e). (15d)
R(—j—l,O-O)»(j,—LO)’R/(—j—l,o,()),(j,—l,()) = O(¢). (15¢)
R(—j+1-0»0)-(j~1,0>’R/(—j+1,0.0),(j.1.o) = 0(e). (15¢)

The explicit expressions for the Fourier coefficients of
Eq. (14), such as R(_; 0,0),(j,0.0)» Were derived for a Schwarzs-
child background spacetime in Paper I [see Eq. (58) and
Supplementary Material for Paper I]. We have extended this
calculation to a Kerr background spacetime, and these
expressions are provided in the supplementary Mathematica
notebook.

3. Step 3: Power and torque from Hamiltonian
perturbation theory

In this step, we solve the Hamilton equations [see
Eq. (12)] perturbatively in €;,,. At first order in perturbation
theory, the actions (energy and angular momentum) evolve
periodically, and when averaged over the orbit of the SCO
and the disk, these perturbations vanish. At second order in
perturbation theory, the actions evolve on a secular time-
scale, leading to a nonzero torque and energy flux. The
technique used to obtain the perturbative results is a
standard tool in Hamiltonian mechanics [32,55]. We
describe the procedure in detail in Sec. III of Paper I
and the final result for the secular evolution of the action
variables is given in Egs. (36) and (37) of Paper I.

B. Lindblad resonances

Corotation and Lindblad resonances occur when the
arguments of the disturbing function are in resonance. In
particular, Lindblad resonances arise when

&, =jl = (j+k)A+ k=0, k==+1. (16)
Using the expression for the frequencies of the system from
Appendix B, one can show that the locations of the
Lindblad resonances are exactly as presented in Eq. (3).

The energy and angular momentum exchanged due to
Lindblad resonances can be obtained using the secular
evolution equation derived in Paper I and the expressions
for the disturbing function in a Kerr background spacetime
derived in this paper. The final expressions for the k = +1
resonance can be written schematically as

(B = PEV + V) +0(1),  (17a)
(L), = PO+ JEHD, +o(1),  (17b)

where j is the mode number. The expressions for (£’ >(L0r]1(>

and <L/Z>I(_Or’,ll<) in the Newtonian limit and in a Schwarzschild

background spacetime were provided in Egs. (80)—(82) of
Paper 1. The expressions in a Kerr background spacetime
are given by

16M g*kx*°Z[p'](2y + x° — 3x2)*

<E/>(0) _ _
LK 3 (0 4+ x0)* (=3x2 4 x8 — 6x* 4 8ya?)3/2
x [Ko(X) +boK (X)) (> +x° —2x*)72, (18a)
<E’>(1) L 32M@*x*°(2y + x° = 3x2)*dZ[p’]/dp’
Lk 9y + x0)3(=3y2 + x® — 6x* + 8ya?)
x [Ko(X) + boK (X)) (7 +x* = 2x%)72
8Mb,q*
MDA ) Ko (36) + B ()
x [Ko(X) + by K,y (X)), (18b)
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where
x = (p')V/4, (19a)
v 200/ 2y + x° = 3x2/=3y% 4 1% — 6x* + 8yx®
N 3(p% + 2% —2x%) '
(19b)
-3 2 8 -6 4 8 2
bOE\/ Yo+ X X"+ Spx (19¢)

22 +x0 =32

and the coefficients b; and b, are listed in Appendix C.

Note that X = k/2|A| where |A|, is the local shear rate is the

Fermi frame [52]. The expressions for <L’Z>](gll() can be

derived from Eq. (18) using that

. 1 .

(L = g (20)
for a circular orbit. We note that the value of (£’ >(L?)k can
also be obtained by a calculation in the local Fermi frame,
see Sec. IV C of Paper I and this is a consistency check on
our calculation.

The total secular rate of change of orbital elements is
obtained by summing over all the inner (k = —1) and outer
(k = 1) Lindblad resonances

(Eprior = Y AE e + ()

>1

_ j3max.Lr.+ _ jgwx,Lr,f <E/>(0)
3 3 Lr,+

JmaxLrt (1)L JmaxLe— ;g ()
+ aXT (Eiy + aXT (ENe—.  (21)

where we used the asymptotic approximation ) ;" ~

e /(n4 1), where jp s, are cutoff parameters

that regulate the location of the inner and outer Lindblad
resonances. Analogous expressions hold for the angular
momentum flux (L.). Equation (18) is one of the main
results of the paper. To the best of our knowledge, this is the
first time the expressions for the power exchanged due to
disk-SCO interactions have been calculated for motion in a
Kerr background spacetime. These equations generalize
results obtained in a Schwarzschild background spacetime
in Paper I, and they are valid for EMRIs around a Kerr
background of any spin.

IV. TORQUE REVERSAL, COMPARISON TO
NEWTONIAN THEORY AND GRAVITATIONAL
WAVE EMISSION

In this section, we study the consequences of the
relativistic torque formula for EMRIs in an accretion disk

around a spinning SMBH. To analyze the relativistic torque
formula, we need a model for the disk surface density X and
the torque cutoff parameter j. As in Paper I, we assume that
the disk surface density and the aspect ratio i(r) can be
parametrized by a simple power law,

ro\" S ro\ "
2= ZO W gcm -, h= ho W s (223)

where X, hy, £, and Z;, are constants. We also assume that
the inner and outer cutoff parameters are equal to the ratio
of the orbital velocity of the SCO to the local speed of

sound
1 p’ )
r=p'M 0

From here on, we consider X,€[10% 107] and hy€
[0.015,0.15], and we set X, =1 for simplicity. These
ranges are approximately consistent with @ and f disklike
profiles of accretion disks (see discussion in Paper I).

The rest of this section is organized as follows: In
Sec. IVA we discuss the impact of spin on the torque
reversal phenomena. We then discuss how the relativistic
torque formula compares to the Newtonian torque formula
in the inner regions of the black hole in Sec. IV B. Finally,
we compare the torque due to disk-SCO interaction with
the gravitational wave flux in Sec. IV C.

rQ

Jmax = Jmax,Lr,+ =
Cs

1

g I

A. Torque reversal

Our assumption that the inner and the outer cutoff
parameters are the same allows us to simplify Egs. (20)
and (21) to

2
4 Jmax F 1
(L) = g5 Bk (24)

From Eq. (18b), we see that (£’ )(Llr) . is the sum of two
different terms. The first term is proportional to dX[p']/dp’
and the second term is proportional to X[p’]. The coefficient
of dZ[p']/dp’ can be shown to be negative definite if one is
outside the ISCO. Unless dX[p']/dp’ is large, this term is
subdominant compared to the term proportional to X(p’).
The sign of the term proportional to X(p’) is controlled by

Gi(p') = =b1[Ko(X) + boK | (X)][Ko(X) + b, K, (X))].
(25)

In the Newtonian limit, G, (p’) < 0leading to a net negative
torque on the SCO. In a Schwarzschild background
spacetime, G;(p') <0 only if p’ > 8.92, signaling that
there is a torque reversal around p’ ~ 8.92 if the contribu-
tion from the term proportional to dZ[p’|/dp’ is not
too large.
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FIG. 3. Dependence of the torque reversal location on the

surface density gradient. Observe that the location approaches the
ISCO for large and negative values of X, and the location roughly
remains constant with respect to the ISCO as a function of the
spin of the SMBH.

The location of the torque reversal, determined by
Gi(p') = 0, was displayed as an orange dash-dotted curve
in Fig. 2 as a function of the SMBH spin. In Fig. 3, we show
how the reversal location depends on the gradient of X by
varying the parameter X,. The orange dash-dotted curve
(£, = —3/2) and the green dashed curves (X, = —3/5)
show the torque reversal location for a and f disks,
respectively. Observe that the reversal location gradually
approaches the ISCO as we decrease X ,, and once we reach
%, = —14 (red dashed curve), the reversal location is very
close to the ISCO. Hence, unless X, is large and negative,
the torque reversal always occurs outside the ISCO. From
the plot, we also see that the location is approximately
insensitive to the spin of the SMBH, unless y is very close
to 1, as already hinted at when we discussed Fig. 2.

B. Comparison to Newtonian theory

We now compare the relativistically accurate expression
obtained in Eq. (24) to the Newtonian torque used in the
literature [36],

j[znax </>£]) N
Q(p/) r,+,Newt

AMG? j2 2 dlog (2) 2
=~ 2 / 2K,
9x*Q(p’) dlog 3

wQ) ) e
SCIERTE)

<L/ >Lr tot,Newt —

W

‘ ‘ T T
— x=0
10%- — =09 A
x=-09
S 0k 5
>< \
2 w0 .
= 100 -
|

1071 —
102 | | | =

1.5 2.0 2.5 3.0
Semi-major axis of the orbit of SCO/ISCO Radius

FIG. 4. Percentage difference between the Newtonian and the
relativistic torque formula for different values of the spin of the
SMBH as a function of the location of the SCO from the ISCO.

In Fig. 4, we plot the percentage relative fractional differ-
ence between the Newtonian and the relativistic expres-
sions as a function of the distance of the SCO orbit from
the ISCO for a few different values of the SMBH spin with
X,=-3 /2 (i.e., an a-disk-like value). Notice that the
difference can be as high as 10%—-1000%, which indicates
that one should definitely include the relativistic corrections
to reliably model the torque induced on a SCO in an EMRI
in regions close to the SMBH, which is precisely the regime
of interest to gravitational-wave observations. In general,
we see that spin tends to make the relativistic corrections to
the torque stronger.

C. Comparison to gravitational wave emission

The ratio of the rate of energy exchanged through the
disk-SCO interaction to gravitational-wave emission has
the characteristic scaling

‘ <E/>Lr,tot
(Ew

In Fig. 5, we plot this ratio for a SMBH with mass
M = 10°M, surrounded by an accretion disk with X, = 1
and X, = 10°, X, = —3/2 (a disklike values) on the left
panel and X, = 107, X, = —3/5 (p disklike values) on the
right panel. In both panels, we choose a few different values
of SMBH spin and accretion disk aspect ratio. For the
gravitational wave flux, we use the analytical expressions
from [56], as coded in Black Hole Perturbation Toolkit [9]. As we
see from the figure, the value of the energy flux due to the
disk-SCO interaction is always smaller than the loss of
energy to gravitational-wave emission. Therefore, the
torque reversal cannot cause a floating orbit, unless X,
is extremely large. We also see that, for the y = 0.9 case,

M3,
h

(27)
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FIG. 5.

The right panel uses £, = 10° and £, =

— x=0,hp=0.15
X =0,ho =0.015 i

— x=09,hy=0.15

X = 0.9, hg = 0.015

— x=-09,hy=0.15

y = —0.9, hy = 0.015

| I
2.5 3.0

10711

1.5
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2.0

Ratio of the rate of energy exchange due to disk-CO interactions to gravitational wave loss to infinity for a few different values
of the aspect ratio and spin of the SMBH. The left panel shows the ratio for ¥, = 10° and X =
—3/5, which are consistent with g disklike values. Observe that for both panels, the ratio

—3/2, which are « disklike values.

decreases with the spin of the SMBH because the ISCO is closer to the horizon of the SMBH, and gravitational wave energy loss

increases drastically as we approach the horizon.

the torque is smaller than the y = 0 and y = —0.9 values;
this is because the ISCO is very close to the horizon,
and therefore, the energy loss due to gravitational wave
emission is always significantly larger. For a retrograde
SCO orbit and a retrograde disk (y = —0.9), we see that the
torque is only one to three orders of magnitude smaller
than the gravitational-wave contribution, because the ISCO
approaches 9M as y — —1. This suggests that for retro-
grade orbits, the disk-SCO interaction will have a signifi-
cantly larger impact on the waveform. Finally, although
the ratio is very small, the large amount of cycles spent by
an EMRI in the LISA band could help us disentangle
the disk-SCO effect from the vacuum EMRI signal. We
refer the reader to Paper I for a heuristic dephasing estimate
in a Schwarzschild background spacetime. For Bayesian
and Fisher estimates using the Newtonian torque formula,
see [4-6].

V. CONCLUSIONS

In this paper, we extended the results of Paper I by
analyzing the relativistic treatment of disk-SCO inter-
actions to a Kerr background spacetime. For nearly circular
and equatorial orbits in a Kerr spacetime, we provided a
detailed analytic exploration of the effects of the spin on the
torque due to Lindblad resonances. Our two key results are
the following. First, we provided analytical expressions
for the power and torque induced on the SCO from the
disk-SCO interaction in an EMRI [Egs. (18) and (20)].
Second, we investigated the impact of the SMBH spin
and the accretion disk surface density gradient on the
torque reversal location [Figs. 2 and 3]. We have found that

the spin of the Kerr background tends to enhance the
relativistic disk-SCO interaction, and this must be taken
into account in future EMRI modeling of environmental
effects. Some of these results have been confirmed by an
independent work [45], albeit numerically.

Given that we now have a qualitative understanding of
how strong relativistic gravity impacts disk-SCO inter-
actions in the close vicinity of a SMBH for nearly circular
and equatorial orbits, future work must concentrate on
modeling disk-SCO interactions in more generic eccentric
and inclined orbits. The techniques introduced in Paper I
will readily generalize to such orbits. An interesting ques-
tion for generic orbits in a Kerr spacetime is whether
transient resonances on inclined orbits can interact and
saturate due to accretion disk interactions.

A more significant issue is how sensitive the analysis
of relativistic disk-SCO interactions is to the highly
simplified disk model that we have used. In particular
the disk is likely to contain density fluctuations that can
exert torques on the SCO, as well as exciting its eccentricity
and inclination [57]. The response and structure of the disk
will be mediated by magnetized turbulence in the presence
of radiative cooling. And finally, accretion onto the SCO
will produce feedback in the disk that may also modify the
torques. To explore these future directions one can broadly
use two different methods to perform this task, drawing
motivation from Newtonian theory. First, one could use
linear perturbation theory to model the interaction between
the SCO and the disk [58—62]. This approach should be
sufficient to understand the impact of Lindblad resonances.
However, understanding the corotation resonances may
require a more direct numerical approach to the problem.
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Another interesting avenue in fluid modeling is how
magnetic fields and stochastic torques could impact the
disk-SCO interactions. Understanding this problem requires
modeling the relativistic magnetohydrodynamical nature of
the fluid disk, which could have a rich dynamical structure.

Finally, it would be straightforward to extend the
approach introduced in Paper I to model intermediate mass
ratio inspirals. However, depending on the mass ratio, the
SCO in such inspirals could open a gap in the disk, leading
to complicated gap-opening dynamics that can only be
modeled numerically [34].
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APPENDIX A: GEODESICS IN THE
EQUATORIAL PLANE

In this appendix, we review the motion of geodesics in
the Kerr spacetime confined to the equatorial plane. The
material presented here is standard material reviewed in
many references, see, e.g., [63,64]. We include this dis-
cussion for completeness and to set up our notation.

The line element of the Kerr spacetime in Boyer-
Lindquist coordinate system (7, r,0, ¢) is given by

ds? = —

M 4aMrsin?(0 s
[1— ’]dﬂ— aMrsin’( )dtd¢+Kdr2

z
2M 2 2
1 3de? + {A+r(++a) sin2(0)dg?,  (Al)
where M is the mass of the black hole, y:=a/M is

the dimensionless spin, ¥ = r?+ a*cos(f)?> and A =
r> —2Mr + a*. Geodesic motion of a particle of mass m
moving on a worldline z#(¢) in the Kerr spacetime is
generated by the specific Hamiltonian

H=- (A2)
where p* = dz#/dr is the specific four momentum and
Pu = guwP". We can obtain an explicit expression for

the specific Hamiltonian from the normalization condition

ppig" + 29" ppi + pipjg? = -1, (A3)
which yields
—g ‘pi + \/ 9 p)*—g"(¢"pip; +1)
. (A4)

One can simplify this equation using the line element
[Eq. (Al)] to obtain an explicit expression for the
Hamiltonian in terms of coordinates [Eq. (A2)].

We now restrict our attention to equatorial orbits
(0 =x/2,py =0) and obtain the action angle variables
of the system using the Hamilton-Jacobi equation

oS oS
H — =0, AS
[x "ox” ] T (A5)
where & is Hamilton’s principal function. To solve
Eq. (AS), we use the ansatz
S=-E+W(x), (A6)
where W(x) is called Hamilton’s characteristic function
and & is the specific energy of the system. Standard
techniques in Hamiltonian mechanics [63,65,66] guide
us to use the following ansatz for W:
W = L.+ Wg(r), (A7)
where £, is the angular momentum in the z direction. The
function Wy, is determined by solving the Hamilton-Jacobi
equation

AWR\2 V. (r)?
( drR) - A(;) ’ (A8)
where V,.(r) is defined as [66]
V,=[E(a®+ 1) —al. > = A(r)[(L, —a&)* +7r?]. (A9)

Given a solution to the Hamilton-Jacobi equation, we can
obtain the canonical momentum of the system using

oS

Pa =32

. Al10
az¢ ( )

Substituting this in Eqgs. (A7) and (A9), we see that

0 R
W \/ir’ L.
Pr or A p(/) z

(Alla)

We are now in a position to compute the action variables
(/1. Jy) of the system
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1 dWR Fmax
o= g § gt = [ (s
Jy= L., (A12b)

where 7, and r,.. are the two largest roots of V,. The
angle variables ¢, and the frequencies v, of the system are
obtained from S and H(J,) using

ow
q{/l - aJa ’ (Al3a)
_OH(J) o€, )
R Pl Tt (A13b)

One can obtain general expressions for the frequencies and
the orbital elements of the system using the techniques
described in [67,68]. For the analysis presented in this
paper, it is sufficient to use a small-eccentricity expansion.

For bound orbits, we adopt the quasi-Keplerian para-
metrization

M
r= p—, (A14)
1 + ecos(yom)

where e is the orbital eccentricity and y,y, is the relativistic
anomaly, which should not be confused with the dimen-
sionless spin y. Using this parametrization, we can factor
V, as

V,=(1=8)(r,=r)(r=r,)(r—ry)r (Al5)
where
pM pM 2M
“Sise PTive DTiog et
(A16)

The quasi-Keplerian parameteization can be used to obtain
expressions for the orbital elements and the action-angle
variables. A detailed account of this procedure is provided
in [67,68]. Here, we are only interested in obtaining
expressions in a small eccentricity expansion. We now
schematically describe how this is achieved, and we present
the analytical expressions for the orbital elements in
Appendix B.

Using the fact that V,. = 0 at r, and r,, we can obtain
expressions for £ and £, (see Appendix B of [67]). Finally,
we use the quasi-Keplerian parametrization to integrate
Eq. (A12a) and obtain expression for J, in a small eccen-
tricity expansion. To obtain expressions for g, and g, we
need the evolution of the coordinates of the worldline. This
can be obtained using the quasi-Keplerian parametrization
with the definition p, = g,,dz"/dr

dt r(=2aL .M+ Er® + a*?E2M + r))7’

= Al7
d)(orb prAz ’ ( a)
dt r*r
T A17b
d)(orb prA ( )
d 2aEM + L (-2M !
¢ — r( a + Z( +r>>r , (A17C)

d)(orb prAz

where v = dr/dy,,. From Eqs. (A7) and (Al3a), we
see that

_ oWy 08
= Al
OWg 06 OWp
. A18b
=t 5e oz, T L. (A18b)

We can obtain explicit expressions for the quantities
appearing above by differentiating under the integral sign.
Finally, we can use Eq. (A17) to obtain explicit expressions
for g, and g . One can follow the same approach and obtain
expressions for the frequencies of the system from the
above equations.

Using a contact transformation, we define a new set of
action angle coordinates ({A, 1}, {P, z}) via
A=J,+Jy,

(A19a)

A= qy, v, = vy,

P=J, (A19Db)

R=—W=q,—qy, V,=V,~Vy

One can convert y and w =¢(y =0) to 4 and w by
inverting Eq. (A18) and using Eq. (A19).

APPENDIX B: SMALL ECCENTRICITY
EXPANSIONS

The small eccentricity expansions of r and ¢ are given by

r=Mp—eMpcos(A—w)+ O(e?), (Bla)

2ex}?(2y + x§ — 3x3) sin(A — @)

(r + xg)\/S)(x(z) =37 + x5 = 6x3(* + x5 — 2x3)
+ O(e?), (B1b)

¢ =i+

where x, = p'/*. Expanding the action variables, one finds

M(=2yx5 + x* + x§)

A= + O(e?),

(B2a)
20 + x5 —3x3

e*Mx;) \/ 3y + 8yx} + x§ — 6x3

2\/2)(—|—x =35 + x5 - 2x3)

+ O(e?).

(B2b)
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Expansions of the frequencies of the system are given by

1
_ o), B3
=3+ O (B30
xg — \/—3)(2 + 8yx} + x§ — 6x§
Vg = +0O(e?).  (B3b)

Myxy + Mx°

APPENDIX C: COEFFICIENTS b5; AND b,

The coefficients b; and b, are given by

by, = —x'"9{72)" = 21x%° + 331x% — 360xx>* + (113> — 1626)x>> + 2880yx*" — 27(55¢% — 124)x'8
— 24y (3% + 340)x'0 4 3(597* + 2312%> — 792)x'* — 192 (11y% — 36)x'? + (309x* — 6900y%)x!°

— 83 (51> —220)x® + 9¢*(19% + 130)x® — 5127 x* —

bra=(x +x°) (=352 + x® — 6x* + 8yx2)2 (4> + x® — 2x*)%,

by, =2[63y7 + x°(63x* = 236)x* — y*(15x8 + 96x* + 244)xB + 45,5 (x* — 4)x?
+ 3y (—69x!? 4 548x8 — 1380x* + 1056)x'% + 15¢*(6x® — 38x* + 75)x8

+ 7%(65x"% — 864x8 + 2946x* — 2520)x'°

+ (=12x'% + 190x'? — 927x% + 1800x* — 1188)x14],

byg =727 — 87 (51x* + 64)x* + 24y(288 — 5x*(3(x* — 8)x* + 68))x'2 — 83 (9x® + 264x* — 220)x®
+ 3x0(57x* — 49)x? + 3y*(59x% + 103x* 4 390)x® + y?(113x'% — 1485x® + 6936x* — 6900)x'°

+ (=21x1® + 331x!2 — 1626x® + 3348x* — 2376)x'4.

bl n
by =—=, Cla
L (Cla)
b V2 6 —3x2
by=2n  NVATX TV ()
bra/=3p% + x5 — 6x* + 8yx?
where
1475°x% } (2r + x5 = 3x%)3, (C2a)
(C2b)
(C2c)
(C2d)

These coefficients, as well as the ones that appear in Eq. (17), are provided in the supplementary Mathematica file.
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