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Gravitational wave signatures of departures
from classical black hole scattering
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We initiate a general investigation into gravitational wave signatures of modifications to scattering of
gravitational radiation from black holes. Such modifications may be present due to the quantum dynamics
that makes black holes consistent with quantum mechanics, or in other models for departures from classical
black hole behavior. We propose a parameterization of the corrections to scattering as a physically
meaningful, model-independent, and practical bridge between theoretical and observational aspects of the
problem; this parametrization can incorporate different models in the literature. We then describe how these
corrections influence the gravitational wave signal, e.g. of a body orbiting a much more massive black hole.

In particular, they generically change the rate of energy emission; this effect can be leveraged over many
orbits of inspiral to enhance the sensitivity to small corrections, as has been noticed in simple models. We
provide preliminary estimates of the sensitivity of future gravitational wave observations to these
corrections, and outline further work to be done to connect both to a more fundamental theory of
quantum black holes, and to realistic observational situations.
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I. INTRODUCTION

We have good reasons to believe that black holes in our
quantum Universe behave differently from their classical
idealization in general relativity. A particularly strong
reason is that a leading order attempt to incorporate
quantum behavior leads to Hawing radiation [1], whose
description ultimately produces a massive violation of
quantum-mechanical unitarity [2]. There has been around
50 years of wide ranging debate about this problem, which
yields the “information paradox” or “unitarity crisis.” There
is still no consensus on the resolution to this problem, and
much controversy remains. But, one point on which there is
a near consensus, represented by a wide variety of
proposals,1 is that there should be some modification to
the classical physics of black holes at horizon scales, and
not just at Planck distances deep within the black hole.

We have also entered an era where we have gained
observational access to the strong-field regions at the
horizon scale of black holes, via two channels: very long
baseline interferometry, as with the Event Horizon
Telescope [3,4], and gravitational wave detection, as with
LIGO/VIRGO/KAGRA [5-8], and in the future LISA [9].

These two points combined suggest that we investigate
possible observational signatures of new physics associated
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with a quantum-consistent description of black holes. Of
course, conventional wisdom holds that any new effects
of quantum gravity will only appear at short, perhaps
Planckian, scales, and should not be manifest in the weakly
curved vicinity of a large black hole horizon. But, this is the
same conventional wisdom that results in the inconsistency
and ultimate crisis.

Different proposals and models for what could modify
the black hole description of general relativity are made
both at the classical level and quantum level, with greater or
less motivation. Without assessing their intrinsic merits, we
can ask in what cases they could produce observational
signatures. This paper will focus on the gravitational wave
case.

Of course, if we had experimental access to a black hole,
one way to probe its behavior would be to scatter radiation
from it, and see whether this scattering is modified from
that of the classical description; this is also the safest way to
investigate a black hole. Instead what we have is gravita-
tional waves from binaries involving black holes. However,
a basic point which we will develop in this paper is that
gravitational wave production in a binary inspiral can be
connected to gravitational wave scattering from an isolated
black hole—the binary dynamics provides a somewhat
complicated source term for gravitational waves that both
scatter and contribute to the observable signal.

Specifically, we suggest that a good starting point for
investigation of possible departures from classical black
hole behavior is a principled parametrization of the
resulting deviations in scattering behavior. We will then

© 2024 American Physical Society
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FIG. 1. Tllustration of scattering from a compact quantum

object. A source emits radiation that propagates like in a classical
black hole geometry outside a radius R,. Departures from
classical black hole behavior within R, can however alter the
scattering from the CQO, as compared to that of the classical
geometry. (The figure should not be taken too literally; for
example the wavelength of the illustrated gravitational radiation
is not to scale for an orbiting source; it should be significantly
longer and, relatedly, the region in which it is sourced is not as
localized.).

investigate how to connect this to deviations in the
gravitational wave signal. Our description of scattering is
model-agnostic. We imagine that classical black holes are
replaced by compact objects with a description that is
consistent with quantum mechanics, “compact quantum
objects” or CQOs, to abbreviate.” Of course, the description
of a CQO should have many of the features of a classical
black hole, in particular since we now have various
observations in which there have been no anomalous
deviations from classical behavior [16—18].3 In particular
we imagine that the description of such a CQO is
essentially the same as that of a classical black hole outside
aradius R, which may be comparable to the horizon radius
R, but that there are modifications to that classical behavior
within R, which can alter the scattering behavior. This is
illustrated in Fig. 1.

Propagation of classical waves in the region outside R,
is then the same as that for a classical black hole, but there
will be deviations in the scattering of waves from the region
inside R,; e.g. absorption and reflection may be modified.
For a simplified example, consider scattering of incoming
massless scalar waves of definite frequency and angular
momentum, which we can parametrize in the region outside
R, as

We do not use the “exotic compact object” terminology [10—14]
both because it is commonly used to refer to horizonless
modifications of black holes [15], and because once we
understand the quantum description there should be nothing
exotic about it. In particular, it may be that CQOs deviate from
classical black hole behavior only in small corrections to most
phgswal quantities.

There was a claim of some statistical significance for an
“echo” observation [19] which was likely premature [20,21].
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Here ¢BH describes the incoming plus scattered wave
from a classical black hole (BH), and we parametrize
departures from this scattering via the amplitudes A7 for
corresponding purely outgoing modes ¢“,m which we will
describe further later; in general the scattered waves may
have different frequencies and angular momenta. For
gravitational waves, a corresponding expression for metric
perturbations is

H wApy — mA/w /

where the indices A, A’ collect the other mode quantum
numbers (angular momenta/polarizations).

These expressions give a model-independent parametri-
zation of scattering due to modified dynamics within R, ; in
practice a similar description could be used if the object
were, e.g., a neutron star, with a correspondingly larger R,
This description extends other model independent para-
metrizations via multipole moments [22-26], tidal deform-
abilities (Love numbers) [27-30], and quasinormal modes
[31-37]. Examples of models for the physics altering the
scattering include additional reflection near the horizon as
in “echo” models [19] [10,38,39], other modifications to
effective potentials [40—43], boson clouds [44-47], dirty
black holes [48], and nonviolent unitarization [49-55].
Such a principled parametrization of departures from the
classical BH null hypothesis should be useful either for
investigating possible deviations, or for constraining the
dynamics of CQOs if deviations are found. Of course if
anomalies do present themselves, it will be a challenge to
disentangle their origin, even if astrophysical sources [56]
and systematic modeling uncertainties can be excluded
[57-59], and in that case such a parametrization is expected
to be useful.

An effective description like this is partly motivated by a
separation of scales; for example one often considers
gravitational radiation with wavelength significantly longer
than the horizon radius. Moreover, details of the internal
dynamics of the black hole are expected not to have a large
effect on coarser-grained observables such as signals from a
binary inspiral.

One of our present goals is to quantify the dependence of
gravitational wave signals on any such modified dynamics,
and the sensitivity to such modifications, through this
generic intermediary of the modification to the scattering
from a CQO. We do so by relating the modified scattering
to the gravitational wave signal from an inspiral. We will
describe how to do so in the extremal mass ratio case, using
Green’s function methods; as we will discuss further, a

= AT 4w (0,0")H Ir)A/W

(1.2)
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corresponding treatment is also expected to apply pertur-
batively to the case of comparable masses. This will give a
relation between the generic modification to scattering
parametrized by A7 44 (w,®’), and the corresponding
gravitational wave signal e.g. as would be observed
by LISA.

Small deviations in scattering behavior are expected to
lead to small changes in gravitational wave signals that may
be hard to observe. However, there also are possible
“amplifiers” for such deviations. Specifically, if such a
deviation alters the rate at which energy is radiated from the
binary, and one considers its effect over many orbits of the
inspiral, the resulting gravitational wave signal can accu-
mulate a significant net phase shift. This basic point was
made in [60], who considered a simple model with
modified reflection from a black hole; it was further
investigated in [61,62]. As we will further describe, this
gives an in-principle enhanced sensitivity to even relatively
small departures from classical black hole scattering. In the
process we will clarify and correct the relation of energy
loss to the reflection amplitude given in [60].

Much of the basic treatment of these effects is the same
for scalar radiation as for gravitational waves; scalars are
important guides to understanding the basic physics. The
scalar case is simpler since one does not need to account for
polarizations, which are typically expected to only give
O(1) corrections. For that reason, we will give a more
complete treatment in the scalar case, and leave further
discussion of certain aspects of the case of gravitational
radiation for future work. The case of a nonrotating black
hole is also simpler, so some of this initial exploration of
the sensitivity to modifications through such dephasing
also will focus on that case.

The structure of the remainder of the paper is as follows.
First, in the next section, we derive how the modifications
to scattering parametrized in (1.1) affect a scalar wave
signal arising from a source such as an orbiting body, and
from that derive the change in the rate of energy emission
from the orbiting source. Following [60], we parametrize
this modified rate in terms of a ratio to the rate of energy
absorption of a classical black hole. Section III then extends
this analysis to the case of gravitational radiation, and
derives a parametrization of the change in emitted energy in
terms of an analogous ratio, as well as giving a brief
discussion of the relation to a description in terms of
Teukolsky variables. Section IV then connects our general
analysis in terms of scattering amplitudes to simple
examples of models for scattering. Section V gives a
preliminary analysis of possible sensitivity of gravitational
wave observations to the deviations in scattering ampli-
tudes, through dephasing, showing significant sensitivity to
small deviations. The final section briefly discusses some
of the future directions and generalizations of this work.
Some technical aspects of the Green’s functions and time-
averaging procedures are presented in the appendixes.

II. MODIFICATIONS TO SCATTERING, WAVE
FORMS, AND ENERGY LOSS: SCALAR EXAMPLE

A. General framework

In an inspiralling binary, absorption and reflection of
gravitational waves from the individual objects can contrib-
ute to the rate at which energy is lost from the orbital motion.
We would like to know the contribution of departures in this
absorption/reflection, as described in (1.2), from that of
classical black holes. This is simplest to study in the case of
an extremal mass ratio inspiral (EMRI), although we expect
lessons to extend to the case of comparable masses. In the
EMRI limit, the smaller object can be thought of as a
pointlike orbiting source for gravitational radiation, see
Fig. 1, in the background of the larger object. To investigate
the basic approach to solving this problem, we will focus on
the technically simpler case of scalar radiation, (1.1).

Specifically, consider a minimally coupled scalar field
with Lagrangian density

L— -% VoP. 2.1)
We assume this describes the dynamics in a region r >
R, > R where modifications to the BH geometry are
assumed to be insignificant. We initially consider the
nonspinning case with S =0, although the discussion
readily generalizes. For r > R, the geometry is then well
described as that of Schwarzschild,

R R\~
ds? = _<1 - ) dr* + <1 — > dr’ +r’dQ;,  (2.2)
r r

with R = 2M and dQ3 the metric on the unit two-sphere.
We assume that there is a source J(x) in this region, which
will ultimately be taken to describe coupling to the orbiting
body, contributing an additional term —J® to the
Lagrangian, and resulting in the equation of motion

1
06 = ——0,(¢/]g0,®) = J(x), 2.3
NI /(9V/910,@) = J (x) (2.3)

valid for r > R,. Our basic approach will be to solve this
equation by finding a Green’s function, with boundary
conditions at small r determined by the modification to
scattering of (1.1). Then, we can calculate the total energy
carried from the source by this radiation field, and its
dependence on the scattering modification A7 ;,,, . (w, @').

Solutions to (2.3) are naturally described using the
partial wave expansions

o) =30y, (0.4).

Im

s =Y Iy .9,

Im

(2.4)
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Then (2.3) reduces to the (scalar) Regge-Wheeler equation

Ly, (t.r) = (07, = 7 = VIV ()] (£.7) = juw(t.7),

(2.5)
with tortoise coordinate
dr R\ !
= (1=-=) . 2.6
dr ( r) (2:6)
and potential
R\[I(l+1) R

We will generally suppress the angular mode indices / and
m when there is no possibility for confusion.

The partial wave solutions of the homogeneous
Regge-Wheeler equation nicely illustrate features of the
general solutions. These depend on the boundary condi-
tions. Important solutions are the “in” and “out” solutions,
characterized by their behavior at the horizon, r, — —o0;
there they take pure ingoing or outgoing forms

iw(t+r*)’ ugj}‘(t, r) o e—iw(t—r*).

Ul (1,r) o e~ (2.8)
An alternative basis is that of the “up” and “down”
solutions, which are characterized by their behavior at
asymptotic infinity, r, — oo, where they are pure outgoing
or ingoing, respectively:

up —iw(t—r, down —iw(t+r,
u, (t,r)—e o(t=r.) usov (t,r) > e (t+r.),

(2.9)

The in modes are appropriate for describing scattering
where an incident unit-amplitude wave scatters from a
classical BH, and with this normalization takes the form

ul (t,r) — e7i@litr) 4 R, e (r), (2.10)

in the asymptotic region r, — oo, with R, a reflection
coefficient due to the potential (2.7); the out modes are

—T T T—T—T—T— T

oo L~

likewise chosen to have a unit-amplitude up wave in this
region. Then, approaching the horizon, r, - —oo,

. —io(t
ug)ll(t’ l") - Tmle ieo( +r*)’

(2.11)
where T,, is the transmission coefficient through the
potential barrier. With our normalization convention, the
up modes behave at the horizon, r, — —oo, as

e—iw(t—r*) + Rwle—iw(ﬂrr*)
T 9

wl

uzf;(t, r) — (2.12)

where we introduce an internal reflection coefficient R,
The relation between the sets of modes is then given by the
transmission and reflection coefficients for the potential
barrier surrounding the BH. For example, with the preced-
ing normalizations

ul, (¢, 1) = ud (1, r) + Ryub(t,r).  (2.13)
In Fig. 2 we illustrate the functions R,; for the mode

[ =2. Note also that with the definition u,,(t,r) =
exp{—iwt}u,,(r), the spatial wave functions satisfy

) = () = ().

(2.14)

Next, if we consider modifications to this scattering
due to CQO corrections to the classical geometry, we can
parametrize their form in the region r > R, where the
corrections are negligible in terms of modifications to

the reflection/transmission, as was described in the
Introduction:
in /
sc (X) _ uwl(t’ r) Y e—ia)t + © dw
wlm - Im 7
r  Jo V2w
up
u 'y (t,r) o
X AT 1y (@, 0) Y e (2.15)
0.8} ]
06} ]
~—~ 04 ]
2 ]
/e o02f 1
SN— ]
E 0.0
-0.2}F ]
—04f ]
0 1 2 3 4

FIG. 2. Real (left) and imaginary (right) parts of the reflection amplitude for a black hole as defined in (2.10) for the mode [/ = 2.

064029-4



GRAVITATIONAL WAVE SIGNATURES OF DEPARTURES FROM ...

PHYS. REV. D 110, 064029 (2024)

where we include the possibility of a scattered contribution
with unequal frequency and [, m. A special case is the
“elastic” case, with equal frequencies, which we para-
metrize as

= u

+ AT (w)u,b (2.16)

wl

To determine how the scattering correction A7
influences the waveform and the rate at which a body
orbiting the CQO at r > R, radiates energy in ¢, we first
find a Green’s function for the problem (2.3) with the
modified boundary condition (2.15). If this Green’s func-
tion satisfies the equation

oM(x—x')
OG(x,x') = ———, (2.17)
V19l
the solution to (2.3) is
D, (x) = /dVQG(x, x)J(x), (2.18)

with dV, = /|g|d*x.
Let G”"(x,x") denote the Green’s function with the BH
boundary conditions, i.e. A7 = 0; for r < 7 this can be

G*(x,x') = G"'(x,x) +

da)da) ¢down* ( )

wlm

expanded in the form

G (x,x) / dwKZ:, (X, (x) +cc,  (2.19)
Im
where we use the general definition
b0 =y, 0.9). (@20)

and cc denotes complex conjugate. Using a matching
procedure to solve for the BH Green’s function (see
Appendix A) gives the expression

Kim(®) = o gl (), (221)
and the r > 1’ expression
out* UP
th x x / wlm 4ﬂla()ulm(x) + cc. (222)

The difference between any two Green’s functions is a
solution of the homogeneous equation. Given the BH result
(2.19), (2.21), the expression

(2.23)

>0

'mm

versy

AT ot (0.0 )53, (3) + |

driw

valid for both r < ¥ and r > 7/, satisfies both the Green’s function equation (2.17) and the boundary conditions (2.15), and
so is the correct Green’s function with the CQO boundary conditions; to reduce notational clutter in subsequent formulas we
restrict to the equal / case, which then easily generalizes. This in turn gives the solution

dwda’

@, (x) = O (x) { /
Im

to the sourced equation (2.3), where we define

Zdown[ ] :/dv4mj(x)
wlm dric

The black hole contribution as » — oo is given by

L (x) /da)Z"“t o (x) + cc,

wlm wlm

The coefficients Z°4% [J], Z'F [J], Z9%n[J] are not inde-

wlm “wlm wlm
pendent; writing the defining integrals in terms of t — —1,

¢ — —¢, and using (2.14) and (2.13), gives

Zoml] = 235,101 -

Zdown [J]Rwl .

wlm

(2.27)

ZSSZ“[ AT (0. @), (x) + CC} = 0’ (x) + A, (x),

(2.24)
. Poin (%)
and ZJ [J] = / dV44;TJ(x). (2.25)
Out*(x>
zo [ = | dV, =22 (x). 2.2
o) = [ av, 2o s (226)

Equation (2.24) describes how to find the change in the
scalar waveform for a given source, e.g. corresponding to
an orbiting body, in terms of the modifications to scattering
parametrized by AT ;(w, ). One important effect of this
change is a change in the rate of energy emission; as we will

064029-5



KWINTEN FRANSEN and STEVEN B. GIDDINGS

PHYS. REV. D 110, 064029 (2024)

discuss, this can accumulate to enhance sensitivity to small
scattering corrections.

To find how the boundary condition of (2.15) modifies
the energy emitted by the source, we compute the stress
tensor

1
Tﬂl/ = vﬂq)qu) - Egﬂ,,v/ld)vl(l) (228)

of the scalar radiation. For a free theory, this is a bilinear
expression in the field, which with (2.24) becomes

T, (D), @) = TW(CI)gh, b + T, (AD,;, AD,)

+ 2T;41/(q)‘l;hv Aq),/)’ (229)
where we have used symmetry of the bilinear. Let the
source be bounded by inner (outer) radii r; (r,); the net
power emitted from this region containing the source J is
then given by

E
_il_t:_</ I‘ZdQ—/ rde>T{(CDJ,q)J). (230)
) 1

However, since A®; is a homogeneous solution,

VIT,,(AD,, AD,) = 0, (2.31)
and so this term has no net effect on the emitted power; in
steady state the two flux contributions cancel. As a result
the change in the power emitted due to the CQO boundary
conditions is linear in A®;, and hence in A7, and is
given by

—AZ—E:—2< / Q- / 2dQ>Tr(q>l;h,Aq>,) (2.32)

The linearity arises from the change in power being an
interference effect.
From (2.19) and (2.13), we see that for r < ry, the black

hole solution ®%" has a direct down piece

?h,<direct / dwzg)(;;;;n S)OZ;‘;H (x) + cc, (233)
and a reflected up piece
bh reflect _ / dwzgs;;fln wl¢a}lm( ) + cc. (234)

And, for r > r,, we see that ®4" has a direct up piece,

hh >d1rect / da)ZiP}m (235)

a)lm(x) + cc,

plus the continuation of the reflected up piece, (2.34).
Consider the contributions of these different pieces
to (2.32).

First consider the expression T,t(tbﬁh’dire“, AD;) at ry. If
we expand in terms of contributions of definite frequency,

b, = B+ (e,

Do, = Pa(r)e™™ + i (r)e™, (2.36)

then

Trt(d’w, ’ ¢w2) - ( r¢w] t¢w2 + ar¢a)2 t¢w])

10,4501 )e e~il@n—w2)t
(2.37)

(w20r¢1¢2

(, . ,)e—i(mﬁ»mz)t + cc.

+ N|~ w\

We will focus on the time-averaged power, over a long time
T. With this averaging, the second expression on the right
vanishes. The first term has average given in terms of

l/T/Z dte—i(wl—wz)’;

Ar(w; — ;) = 7)1

(2.38)

in the long time limit, this is & §(@; — @,). (For further
discussion of time averaging, see Appendix B.) In this
approximation where the frequencies are equal,

<Trt(¢w1 s ¢w2)> =- : Wr(d’lv ¢;)AT((‘)1 - a)2) =+ cc,
(2.39)
where W, is the Wronskian, defined by
Auy,u
W, (. 2) = bi0,dhs — 0o = ") (2.40)

with ¢; = u;/r as in (2.4). The angular integral likewise
equates the angular quantum numbers. Thus this contribu-
tion only has terms proportional to

down  Up*
Wr(u(ulm ’ uwlm)’

(2.41)

which vanishes as can be seen by constancy of the
Wronskian W, = W,(dr/dr,) and its evaluation at
r, = oo using the boundary conditions (2.9).

Next consider the expression T, (@41 Ad,). We
again consider the case of definite frequency components;
these frequencies are again equal for a nonzero contribution
to the time average, and angular integration equates the
angular momenta. So, we again find (2.39), with both
arguments now being up solutions. This expression is
conserved by the equations of motion, and so for it the

064029-6
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two terms of (2.32) cancel, as can also be explicitly seen
from the behavior of the Wronskian.
The result is that the change in average radiated power is

_A<il_f> =-2 / PAQ(T; () Ad))).  (2.42)
r

To evaluate this, combine (2.35) with (2.24), which then
gives the nonvanishing contribution

< > Z / dewda N Zo 712450 (]

up* up
X A’T,(a)’,(u”)<2r2T{ <u ! ”l> >
ror

Then (2.39), together with evaluating the constant
Wronskian W, at infinity,

(2.43)

W, (", ulh) = 2iw,

wl * " wl

(2.44)

give the result

() =32,

x ZuP* [J]Zdown[ ]ATZ(CO/,CU”)}.

wlm 'lm

4a)2Re{AT(w ")
(2.45)

The formula (2.45) is a general expression giving the
change to the emitted power in terms of the quantities
AT (w, ®") parametrizing CQO modifications to classical
black hole scattering. While it has been derived in the
example of Schwarzschild, the same derivation applies for
black hole spin § > 0, with an analogous result. For long-
time averages, A;(w — ') becomes a delta function on
frequencies (see Appendix B for further discussion of time
averaging), and the factors ZP[J] and Z4°*"[J] are overlaps
of the source J with the respective wave functions for the
classical BH, given in (2.25). As we have noted, the change
of radiated power is linear in A7, one explanation being
this is due to an interference effect. As we will discuss later,
this is important for potential observability of the mod-
ifications, since for a small modification A7 a quadratic
effect would be more highly suppressed.’

We can decompose A7 into equal and unequal fre-
quency pieces,

AT (o, 0) = V20AT [(0)6(0 — @) + AT (0, ),

(2.46)

“This differs from an assumption relating the change in power
to the square of the change of absorption. Such a parametrization
was effectively taken in [60], although in the end this only affects
the interpretation of their results.

where

w+e
lim do/ AT7 (w, @) = 0.

e—0

(2.47)

w—€

In the pure equal-frequency case, (2.45) simplifies to

—A dodw'40’Re{Ar(w — o
(%) - > {Ar(w— o)

X Zogu NZ0 TIAT (a) }

wlm o'lm

(2.48)

A useful phenomenological parameter is the ratio of the
change in the energy loss given by either (2.45) or (2.48) to
the total rate of energy loss in the BH case, (A22),

alBEN JLAEN
dt dt / gu ot

or, as in [60], its ratio to the energy loss (A21) to the would-
be BH horizon,

=807/ ()
dt dt / g por

Time averaging for more general sources is discussed in
Appendix B, but consider the special case where the source
can be approximated as having discrete frequencies, as with
a periodic orbit:

(2.49)

(2.50)

J = i]n e~ + cc. (2.51)
n=0
In this case
Zunbl) = 2wl o0~ 00). (252
where
Zunld) = [ Visalavs ey 0,410, @5

Then the energy loss formula (2.48) simplifies to
(%) = D 40iRe{Z}], NIZPUIAT ()}, (254

and the ratios (2.49) and (2.50) correspondingly simplify.
In particular, the latter becomes

C=  2Re{Z) [J] 23 [J|AT (,)}/

nlm nlm
nlm
> Ty, P28 )1, (2.55)
nlm
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where we have used (A21), (A23) to determine the
denominator.

B. Orbiting bodies and the circular case

We next apply the preceding formalism to the example of
a source corresponding to a body executing an orbit in the
background spacetime. In the limit where the orbiting
object can be treated as a pointlike scalar charge ¢, the
corresponding source is

5*(x - x(2))
J = dr———=,
"/ Vil

(2.56)

where x(z) is the orbital trajectory, and 7 is the
body’s proper time. Parametrizing the orbit in terms of
Schwarzschild time, this becomes

q dr
I0) = L 5(r = 1(1))6(0 - 0(1)8(6h - (1),
(2.57)

A particular illustrative example is that of a circular orbit
of radius ry and frequency w,, which we take to be in the
plane 6 = n/2, giving

S8(r—ry)8(0 —n/2)6(¢p — wot).

To

(2.58)

In terms of the relevant wave functions (up, down), this
then yields, from the definitions (2.25),

*

q uwl(ro)
"(ro) 2iwry

ZomlJ] = Y, (7/2,0)6(w — mw,)

<

q ujlwol<r0>
- “non 0 e (210 08, 8(w —
;u’(ro) 2inwyry in(7/2.0) (@ — nay)

(2.59)

where u' = dt/dz, and @ > 0.
These yield a change in energy loss from (2.54),

dE\ ¢
_A<E> = W;IM(E/Z,O)F

2
X Re[”:ig;o,z(

r0)AT ) (nwy)] (2.60)

and a fractional change compared to the energy absorbed
by a classical BH

Clan) — 2 2 Vin /2. O)PReluy, (1) AT (o)
0) — u
an|Yln(ﬂ/2’ O)|2|Tna)0.l|2|un510,l(r0)|2

(2.61)

This can then be computed, given a model for the
departures A7 (@) from classical BH scattering, in terms
of known BH wave functions and transmission coefficients.

ITII. GRAVITATIONAL RADIATION

The treatment of gravitational radiation is directly
analogous in structure to that of scalar radiation, with
the additional complications of the tensor polarizations.
The starting point is the expansion of Einstein’s equations

G, =8xGT,,

(3.1)

in a perturbation 4, about the BH background. Solution of
the linearized equations is possible after choosing a gauge;
for example, we can define the trace-reversed metric
perturbation H,, and impose the Lorenz gauge,

1
Hm/ = h/,w - 5 (¢6hﬂﬂ)gyuv vﬂHﬂL/ =0, (32)
resulting in the linearized equation
(OMWHW = OHM + 2R# VH* = —162GT*(x). (3.3)

This equation, with Lichnerowicz Laplacian (O, is the
tensor analog to the Klein-Gordon equation (2.3).

A. Modes and fluxes

Equations (3.3) are no longer in general separable,
requiring greater care; the polarization structure, particu-
larly in a rotating background, is complicated. However,
we can define modes using the asymptotics as r — oo,
where (3.3) reduces to the flat space homogeneous equa-
tion, and we can consider transverse traceless vacuum
solutions. For example, we can define up modes of definite
frequency, which are pure outgoing at infinity,

e—ia)(t—r)

Hszlyu (X) ~ YA/w; (3 4)

’
here A is a mode label characterizing the asymptotic
behavior of the solution, and Y,,, are tensor harmonics.’
For example, one may label the modes by the total
asymptotic angular quantum numbers, A = (jm=), and
the Y, s will be the tensor spherical harmonics. We will not
need to describe these in detail, however, it is important to

5As this would lead us too far, we do not go into subtleties such
as how to deal with nonpropagating modes, etc.
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note these tensors can be chosen to be orthonormal (with
respect to the relevant two-sphere measure), transverse, and
trace-free. Moreover, we have defined these harmonics

such that Yf;ﬁ) ~ r?, with a, 8 labeling angular components.

Therefore, the overall scaling is consistent with the
expected radiative asymptotic fall-off, which in Cartesian
coordinates is i1 ~ 1/r. As a result, in spherical coordinates
one has h,, ~ 1/r, hy, ~ 1 and hyy ~ 1, if a, b run over ¢, r.
One likewise defines down modes to be pure ingoing at
infinity,

e—ia)(f+r)
[ down (X) ~

wAuv

Y g (3.5)

We fix the normalization of these modes in terms of
their asymptotic energy fluxes. Of course there is no local
stress tensor for dynamical gravity. However, one can
still construct a useful conserved energy current 7, for a
massless spin-two field on a fixed background with a
timelike Killing vector field, e.g. as a Nother current, whose
asymptotics can meaningfully be interpreted in terms of a
physical energy flux [63,64]. This can for example be
found from a pseudostress energy tensor as 7, = 7,,¢&",
with possible ambiguities not affecting the physical flux at
infinity; we leave the precise choice of 7, at finite r
implicit (but see for instance [65,66]). Then we choose
norms so that the asymptotic flux of the real or imaginary
part of a mode is given by the time-averaged value

lim [ ((H, + H",))r?dQ

r—o00 S,
—im [~ (GP)2d0 = Tt (3.6)
r—oo S, 87[G

with the sign depending on the choice of “up” or “down,”
and where we can express the asymptotic flux in terms of
the second order piece of the Einstein tensor. (The time
averaging also helps provide a well-defined notion of
stress-energy for gravitational waves [67,68].)

As with scalars, 7, can be extended to a symmetric
bilinear, and (3.6) generalizes to

. 1
rlgg S T (Hyy Hyy)r?dQ = _széAA’v (3.7)
and
1
lim [ 7 (HM™, HYY™)r2dQ = 56025AA’- (3.8)

r—00 SZ

We also need to evaluate analogous expressions with
different modes as arguments. For example, analogous to
the scalar case, we have

lim [ o (H9™, H™)r2dQ

/
r—0o00 SZ @A

~ lim / SHP B 240 — 0. (3.9)
S

!
o0 wA

One can check this by explicit computation from (3.6).
Alternatively, one can observe that the up and down modes
are related to each other by time reversal together with
complex conjugation, taking ¢t - —¢ and @ — —®. This
flips the sign of the energy-momentum flux. In particular

lim [ 7" (H%W, 1) RdQ

= Js, wA’

— : r up* down) ,.2

=~lim | o (H™, HY™2dQ.  (3.10)
2

On the other hand, from symmetry and the asymptotic
separation of variables

lim [ 7" (HW H™)2dQ

r—00 SZ (UA/
= lim | o (HIP™, H) RdQ. (3.11)
2

Together this implies (3.9).

As with the scalar case, expressions with unequal
frequencies are also needed for our calculations of the
energy fluxes. Here, too, time averaging is needed for the
key relations. For example, with time averaging as in
the scalar case, and as is described further in Appendix B,
we have for w # o'

lim [ ("(H", H™))r2dQ = 0,

/Al
r—0o0 SZ (I)A

(3.12)

and analogous expressions for other unequal-frequency
modes.

It is also useful to define the analog of the scalar in and
out modes. These can be defined in terms of the up and
down modes, analogously to (2.13), as

Hb () = HOM (x) + > R (0)HY,  (0); (3.13)
AI

that is, these modes have a unit-amplitude [in our nor-
malization (3.6)] incoming wave, and an outgoing reflected
wave fixed by the BH boundary conditions at the horizon.

Modes Hjy, ,(x) are then related to these by time reversal,

complex conjugation, and a corresponding relabelling of
indices.
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B. Modified scattering, waveforms, and energy loss

With these preliminaries we can now parametrize the
scattering modifications to the classical BH case, and their
resulting energy fluxes. Interactions near the BH can alter
the scattered signal, modifying (3.13) to [compare (2.15)]

HZ‘):A/AU( ) Hg)lAﬂu( )

N

the incoming unit-amplitude signal scatters into different
outgoing waves, not necessarily preserving A’.

For a given source 7,,, the signal with modified
scattering is expected to be determined by a Green’s

function,

ZATAA/ ®, ® )H;‘,’A,W(x);

(3.14)

V22

HY (x) = / AVLGI (5, VT oo(¥). (3.15)

Outside the scattering region, r > R,, the difference

between any two Green’s functions

bh _

G;li/ ﬂa( ) Gﬂl/ Aor( /) - AG;w,/la(x’ x/) (316)

is again a solution of the homogeneous equation in x.

Consider the BH Green’s function for r < 7/, where it is a

solution of the homogeneous equation, and thus may be

expanded in terms of the solutions H™™ (enforcing the BH
boundary conditions),

th

o e (,x) Z/ doK;2N (X ) Hpy, (x) +cc, (3.17)

with coefficient functions K=< in principle determinable
by a matching procedure like the scalar case. Then, the
boundary conditions corresponding to scattering modifica-
tions (3.14) of the CQO lead to the modification

0 © do’
AG,, 5 = Z/ dwK ;oM (x) N

0

XZATAA/ w, CU Hp

wa(X) + e, (3.18)

to the Green’s function, as in (2.23). As in that case, since
AG is a homogeneous solution, we once again expect this
expression to extend to r > /. For r > r/, we also expect an
expression of the form

iji’/h7 x,x’):ZAooda)KjawA( (3.19)
A

a)A/u/ (X) +cc,

with coefficient functions K~ again determined by a

matching procedure.
The source T, produces a perturbed solution
HT(x) = H""T (x) + AHT (x), (3.20)

analogous to the scalar (2.24). From (3.15), (3.16),
and (3.18), the perturbation tensor signal is

dodw'’ u
Al = 3 [T 2 1\AT (0.0 )
AA!
+ cc, (3.21)
where we define
Zdown[7] — / AV KA T (). (3.22)
We likewise define, using the scalar analogy,
zir) = [ vk wrew.  (23)

Equation (3.21) gives us a prescription to calculate the
change in the gravitational wave signal due to a given
source such as an orbiting body, in terms of the parameters
AT py(w, @) that we have introduced to describe mod-
ifications to scattering. In principle the signal deviation
could be directly measurable, but in practice this may be
difficult if A7 and the resulting change in signal is small.
However, these changes in the waveform will also generi-
cally result in a change in the rate at which energy is
emitted, and over many orbits this can accumulate to
enhance the significance of the corrections in their con-
tribution to the phase. We therefore turn to the question of
the change in emitted energy.

The argument for the modification to the energy loss also
follows that of the scalar case. The energy flux of the
perturbed signal is described by

v, (H" H") = 7, (H""T H""T) 4 ¢, (AHT ,AHT)

+ 27, (H""T AHT). (3.24)
Again let the source T, be bounded between radii r| < r;
this is valid at leading order in perturbation theory in G,
but of course is violated at higher order. Since AH” is a
solution of the homogeneous equations in this region, the
second term in (3.24) is conserved in steady state (or when
time averaged) and does not contribute to the total power
emitted by the source,

E
‘fﬁ —( / P20 — / p2d9>1’(HT,HT) (3.25)
r r
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where we have introduced p?> = > + a® cos? 6 to general-
ize to the rotating case with a = S/M. Again the change in
power emitted due to the CQO boundary conditions is
linear in A7, and given by

dE
_AE:_2</ pzdﬂ—/pde>T’(H”hT,AHT).
ry r
(3.26)

We evaluate this power as in the scalar case. For r < ry,
we see from the Green’s function form (3.17) and the
solutions (3.13) that the BH background solution H*"T has
a direct down piece, superposing HS&WH’S, and a reflected
up piece, superposing H,,’s. For r > r,, we see from
(3.19) and (3.15) that the up signal may be decomposed
into the continuation of the up signal from r < r{, plus a
direct up signal [compare (2.35)],

Hz:},>directT _ ZA de:E‘[ a)Aﬂl/ + cc, (327)
A

where for present purposes we define

up out down bh
ZwA [ =Z mA § :Za)A’ R A'A”

(3.28)

This is the tensor version of (2.27).
Next note that if H; and H, are homogeneous solutions,
then

Vit (H\,H,) =0 (3.29)
follows from vanishing of V¥z,(H, + H,,H, + H,).
Thus, after averaging (z,(HPhrefleced? AHT)) is con-
served, and does not contribute to the difference between
r; and r, in (3.26). Also, as in the scalar case, the
contribution from z,(HYdieeT AHT) at r; vanishes
under time averaging, since it involves z,(HY"" H),
7,(HYY" H"P*) or their complex conjugates. Time averag-
ing eliminates the first, and projects the second on equal
frequencies, where it is time independent. Then conserva-
tion (3.29) applied to the integral [ p?dQ(z"(H™, H"P*))
relates it to its value at infinity, where it vanishes by (3.9).
As a result the change in average radiated power is simply

E .
_A<i_t> _ _2/ p2dg<rr(th.>d1rectT’ AHT>> (330)
)

Combining this with the expressions (3.27) and (3.21) then
gives the result [compare (2.45)]

dw// 2
dwdw —— w*’Re{A+(w — o
> |7 dwdol S arre(ag (- o)

X Zyx [TIZGAAT (@ 0") },

(3.31)
where we have used the normalization (3.7), and time
averaging enters through Aj(w — "), which sets the
frequencies equal, as in the scalar case (see Sec. II and
Appendix B for more discussion).

As in the scalar case, we can decompose A7 into equal
and unequal frequency cases,
ATA’A (a)’,a))

=V20AT g4 (0)5(0— ') + AT, (0, @).

(3.32)

If we focus on the equal frequency case, the emitted power
becomes

dE o up
_A<E> = 2;A dwdw'o*Re{Ar(w — &) Z,5 [T

X Z??X/n[ JAT ya(@')}.

(3.33)

We can describe its relative effect by comparing this to the
power absorbed by the would-be classical BH, again with
the definition (2.50). In the special case where T, has
discrete frequencies, as with a periodic orbit,

Z Tn/w

n=0

—iont 4 cc, (3.34)

the energy loss formula reduces to

~a(%) = ok Re(ZE INZ AT ua(wn),

(3.35)
where
wA ZZnA ) (336)
We then find the ratio
C= o ReAZN[T|Z8WT)AT ya(@,)}/
nAA’
> 03T o an P2 [T) 2850 (T, (3.37)
nAA’

where we have written the energy flux expression into
the BH in terms of an effective transmission coefficient
defined in terms of the time average and angular integral of
7,(HY*, H',) at the horizon.
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The direct comparison of the expressions for C in the
scalar and tensor cases, exemplified by comparing (2.55)
and (3.37), indicate that the scalar versions, which are
simpler to compute and handle, serve as a useful proxy for
the more complicated tensor case. Specifically, we find that
the ratio C involves closely similar ratios of wave function
factors integrated against sources, with source strengths
that cancel in the ratio, and similar appearance of the
parameters A7 describing the CQO perturbation to
classical BH scattering. The primary difference in the
tensor case is the more complicated polarization structure.
We do expect this to introduce extra factors into the ratios,
but expect these to be order one factors. For purposes of
understanding the sensitivity of gravitational wave signatures
to the scattering perturbations at an order-of-magnitude level,
this therefore motivates working with the much simpler
scalar models as a simple example. Of course, a fully accurate
calculation must take into account the full tensor structure,
e.g., as described in this section.

C. Teukolsky variables

In order to translate the analysis from metric perturba-
tions to Teukolsky variables, we need to compute the
associated linearized (Weyl) curvature perturbations
8C*,o45[H: g] and project onto a principal null frame [69]

walH] =walhig {1 0t mt it }] = n, i n P 5C* | H: g,
(3.38)

indicating with the first equality explicitly all the back-
ground input: the background metric g and principal null
frame {I*,n*,m*,m"}. We could have also introduced
wo[H] by simply replacing n* — I*, in* — m*.

By linearity, if we define

Wor = WalH ]
(3.39)

Wi = walH ], win, = yu[HD,],

(or similarly for y) then (3.14) becomes
sc in da ( /) up (3 40)
s€ = + E AT yp (0, w e .
Vor = Voa 0 /_2 7 ~ AA Vra

On the other hand, y", and v, would generically not be
the separated, single mode solutions to the Teukolsky
equation [69]. If Win, W'P are a basis of such single mode
solutions with the appropriate boundary conditions, we can
write

win = "Mpi(wayyt,.  ylh = Nay(wa)¥e,
A b

(3.41)

with a = §/M. M;}(wa) and N4, (wa) encode the change
of basis, which are frequency and spin dependent, as are the
angular Teukolsky mode functions. A subtlety with the
former is that, even if H, is a proper basis for the ingoing
modes, ", may be overcomplete. For instance, one could
have metric perturbations related by “completion” pieces
of [70,71]. Those however, would correspond to non-
propagating modes alluded to earlier. Then, defining
ATbb’ (CO, Cl)/) as

© do/
V2o

v, =, + / ZATbb’(aL o ¥, (3.42)
0 b/

one has the change of basis relation
AT py(@,0f) = Z Z M (0a) AT yp (0,0 )Ny (@' a),
A A
(3.43)

connecting the parametrization in terms of metric pertur-
bations to that in terms of Teukolsky variables.

IV. RELATION TO MODELS FOR SCATTERING

We have given in (1.1) and (1.2) a very general para-
metrization of modifications to scattering from a would-be
black hole due to departures from the standard classical
black hole geometry. An important question is what
such corrections a given underlying detailed model of
the physics produces. For present purposes of illustration
we consider only some particularly simple models, which
involve new scattering contributions in the vicinity of the
would-be horizon, which can be parametrized in terms of
effective reflection coefficients. Other models that exist in
the literature include modification of the Regge-Wheeler
potential [40,42,43]. And, if the scattering arises from new
interactions associated with restoration of unitarity, such as
in nonviolent unitarization [49-55], then the scattering
might for example be described as arising from interaction
terms in an effective Hamiltonian. From the point of
view of the asymptotic observer, the scattering amplitudes
are the more directly physically accessible quantities.
Moreover, related phenomena such as modifications to
Love numbers [29] and quasinormal modes [34] can be
directly encoded in such amplitudes.

A. Near-horizon boundary conditions

In recent literature, a common model for modifications
to classical BH behavior assumes the existence of a
modified boundary condition for scattering very close to
the would-be horizon [19,60-62,72,73]. This can be
heuristically motivated by comparing to physically realized
systems like neutron stars [32,74,75]. However, one chal-
lenge for this approach is to give a physical realization of a
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matter or other classical configuration that only departs
from the BH vacuum geometry very near the horizon. For
example, a fluid with positive pressure and energy density
gives solutions satisfying the Buchdahl bound [76], giving
radius R, > 9M /4, enforcing causal propagation of sound,
at a speed less than that of light, gives the more restrictive
[77] R. > 2.82M. This type of model does however serve
as a useful illustration of our more general approach to
parametrizing deviations from classical BH behavior.
Specifically consider imposing a boundary condition at a
radius r = (1 + ¢)R in the Schwarzschild geometry, with
€ < 1. This value of r will correspond to a value r, << —R.
Here the effective potential (2.7) asymptotes to zero, and
BH boundary conditions for the in modes are given in (2.8).
These are modified by assuming nonzero reflection at
r, = Iy, which in general may be taken to depend on
frequency and angular momentum. For r,, << —R, where
the solutions are well approximated as plane waves in r,, a
good approximate form of the reflecting boundary con-
dition arises by assuming that near r, = r,,,
ua)l( ) & e—lmr* + Rw etm r*—2r*,) (41)
with reflection coefficient 7A2wl. This is also well approxi-
mated near r, = r,, by taking the solutions to be of the form

(1) o uly(r) + Rypereulty (r); - (4.2)

to simplify, define

Rt = 7,?’wle_zmr”- (43)

The boundary condition may be written in the form
described in Sec. II by first using the relations (2.13)
and (2.14) to write

ugit(r) = ugy (r) = (1= | Ry )y (r) + Riyyuisy (1)

|Ta)l 2 UP( ) +R:ulua)l(r)

Uy

(4.4)

where the last equality uses |R,;|> + |T,;|> = 1, which
follows from constancy of the Wronskian W, . Then, (4.2)
becomes

uwl(r> & ’4131(1 + ﬁwlRZ)l) + 7?’(01|Ta)l|2u25’ (45)
or, normalizing to unit amplitude in at r, = oo,
~ . |Tml‘2
Uy = Ul + l—u . 4.6
ol 1+ Ra)lRwl wl ( )

Comparing to our definitions (2.15) and (2.46) gives

Rt T ot
a)l| wl| (47)

AT =1R R
ol pl

for models with the near-horizon reflecting boundary
conditions (4.2). This may then be used directly in the
formula (2.48) for the change in the energy loss.

The scattering amplitude (4.7) exhibits various notable
features. To interpret the denominator in (4.7), consider

expanding it in R,
AT () = RulTul 14 (R |- 49

This has an intuitive interpretation as a sum of contributions
from multiple reflections in the near-horizon region,
between the reflecting surface and the potential, followed
by transmission. This directly connects to the phenomenon
of “echoes” in gravitational wave signals [78,79] [19],
which is therefore incorporated in this analysis. Of course,
for small R and away from zeroes of the denominator
of (4.7), this reduces to the linear result

ATl(w) ~ 7?’wl|Ta)l|2' (49)

A related observation is that, from (4.9), we find that to
leading order the change in the energy loss (2.48), (3.33) is
linear in R. This contrasts with the assumptions of [60] [see
e.g. their Eq. (12)] that the change in energy loss is
quadratic in such a reflection coefficient. This does not
have major consequences for their analysis, which is
effectively giving bounds on C (see the next section),
but rather affects the interpretation of the parameter they
call R.

In addition to the echo phenomenon, an € <« 1 near-
horizon boundary condition also gives rise to a related
universal family of “trapped” quasinormal modes. These
correspond to zeroes of the denominator of (4.7), so occur at

R R, = —1. (4.10)

ol —
For r,, — —o0, these are low-frequency modes which can in
principle be excited in the binary inspiral. Following related
work for neutron star binaries [80—-82], such excitations have
been the subject of separate studies [83,84]. These studies
indicate that, while potentially interesting, they often present
themselves as unobservable “glitches” in the gravitational
wave signal.

Reference [61] extends the analysis of [60] to derive
corresponding bounds on the reflection parameters 7R,.
We will discuss such bounds in the next section, but note a
few aspects of that discussion here.

A simplest model is frequency-independent R,,. This
clearly exhibits the resonant phenomena we have just
described. In addition, note that at high frequencies, these
crude models significantly change the entire scattering, as
parametrized by A7. This arises since the transmission
coefficients T',; become unity at large w. However, such
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frequencies are not effectively probed by energy loss during
quasicircular inspiral, as is seen e.g. from (2.61) in which
the maximum frequency /@, enters (see further discussion
in the next section). At such low frequencies, the trans-
mission coefficients lead to significant suppression; in this
context, one should not overemphasize that the classical
general relativistic black hole is a perfect absorber as there
is still a significant dynamical barrier separating one from
the horizon where this is strictly true.

An alternate model for frequency dependence assumes
Boltzmann behavior [85,86], with parameters determined
by Hawking temperature 7 and angular velocity Qy of
the classical BH solution with the same parameters as the
underlying quantum object,

~ Bolt _lo-mQp|
Rw;)mzmann — Re™ Tn .

(4.11)
Such a model suppresses the high-frequency deviation in
AT, found via (4.7). Bounds on such models are also
studied in [61], with similar results to the frequency-
independent models for slowly rotating black holes. At
significant spin, the high-frequency suppression kicks in,
even for low orbital frequencies, due to the relative high
frequency with respect to the black hole rotational fre-
quency. This model thus presents a mechanism preventing
higher spin from improving the observational prospects.

B. Scattering from a black hole “quantum halo”

It is a difficult challenge to give a detailed model of the
underlying physics in which modifications to the classical
black hole geometry only appear a microscopic distance
above the horizon. One can think of this as partly due to a
type of naturalness problem; since a natural scale in the
problem is the horizon radius R, restricting new physics to a
region of size Ar < R requires some new scale and/or fine-
tuning in the physics. Isolating new physics to such a
narrow region also has the consequence that such physics is
seen to be extremely “hard” to infalling observers, corre-
sponding to a large violation of the equivalence principle;
in the quantum context, this is exemplified in the firewall
proposal [87].

There are strong indications that in order to unitarize
black hole quantum evolution, resolving the “information
paradox,” some new physics is needed outside the horizon.
However, it appears that this new physics can represent
both a less extreme violation of the equivalence principle
and have a less violent effect on infalling observers if it
occurs at much larger distances than a Planck distance from
the horizon; this permits it to be “softer.”” In particular, if
new interactions are present on scales separated by ~R?”
from the horizon, with 0 < p < 1, the violation and the
violence become less extreme for larger black holes. The
proposal of “nonviolent unitarization [49-55]" is that
the full quantum description can be parametrized as having
interactions on such scales, in what might be called a

“quantum halo,” that are responsible for reinstating uni-
tarity in BH evaporation. The resulting compact quantum
object has many of the coarse-grained properties of a black
hole; scattering from it is very similar to that of a black
hole, but there are deviations associated with the physics
restoring unitary quantum evolution. We will focus on the
example of p = 1; it is notable that there are good reasons
to think of the Hawking radiation as also produced at such
scales [88].6

Microscopic models for such interactions have been
considered elsewhere [53-55], and will be investigated
further in the future, but for present purposes we seek a
simple model to explore the possible sensitivity of gravi-
tational wave observations to such interactions. Such a
simple model is provided by assuming that interactions
introduce some additional elastic reflection of incident
partial waves at a radius R,. Unit magnitude reflection
at R, can for example be described by imposing Dirichlet
boundary conditions on (2.16),

i (Ra) + AT (@)ug(R,) = 0, (4.12)
implying
AT (@) = =t (Ra) /Uy (Ra)- (4.13)

Likewise, partial reflection at R, may be parametrized by
an effective reflection coefficient R,,(R,), analogously
defined by

AT (@) = R,(R,) Z%Egai .

The factors of the wave function in the relation between
R, and A7 ,(w) account for tunneling factors to and from
the scattering radius R,; this definition is clearly analogous
to the relation (4.7), without the explicit multiple reflections
which we expect in that case. This means that R,;(R,)
serves as a useful parametrization of the strength of the
interaction inducing scattering if it occurs at radius ~R,;
observational bounds on A7 ;(w) may be converted into
bounds on this effective parameter via the relation (4.14).

(4.14)

V. PROSPECTIVE OBSERVATIONAL BOUNDS

For simplicity, we consider bounds arising from circular
orbits, as described in Sec. IIB, and investigated in
[60,61,73]. From the formulas (3.37), (2.61) for C, we
see that the bounds on deviations in energy emission from
that of the BH case will provide constraints on the basic
scattering parameters A7 44 (w,,), or in the simple scalar
example, AT ;(nw,), with n <1, where the orbital fre-
quency is given by

®Recent work of [89] has argued instead for p = 1/2.
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Ml/2

=—7 5.1
e (5.1)

(@)

in terms of the central mass’ M and the orbital radius ro-
The bound on n means that we can constrain scattering for
incident waves at frequencies @ < wyl. An effective impact
parameter for the highest frequency of these waves
isl/w=1/wy = ro\/ro/M.

In a quasicircular inspiral, the orbital phase increases at a
rate set by the instantaneous orbital frequency, whose
evolution in turn is set by the energy-flux and the gradient
in the orbital energy E,

d¢0 dwo dE dEO -1
0~ EREEN(E20) T (52
“o dr < dr > (da)o (52)

ar
The difference in phase compared to that for a central BH,
accumulated from a reference orbital frequency @, is
given to leading order by

o dE\-2 (dE,\ /dE
st = [ (), L))
0 Wyt 0 0 dt BH,IOt dw(] dt

_ /’” dwg dgpy _A<%>
Wref

dE
dawg <W>BH,tot

: (5.3)

where —<%>BI_Ltot is the total power radiated by the object
orbiting a classical BH, and where we have defined the BH

phase evolution

désn —w @
doy, 0/ \ dt )gy

Instead of normalizing the perturbed energy loss to the total
emitted energy, [60] normalizes it to the energy absorbed
into the BH horizon; we have followed this in defining C
in (2.50). Introducing the ratio

(! ()
PBH,abs — \ 57 —
Bilab dt / gu hor dt / g ot

the dephasing associated to a compact quantum object
parametrized by C is then given by

® d¢
Agy = - / daw d—BHPBH.absC-
WDref a)o

(5.4)

(5.5)

(5.6)

The analysis of [60] effectively took the quantity C to be
constant in frequency; as we have described, the relation to
an underlying reflection amplitude differs from what [60]

"The masses and spins of the black holes in the binary will
change during the inspiral; for instance by absorption of gravita-
tional radiation. However, we treat them as constant because this
change is subleading in our analysis [90]. See also [91].

assumed, so for purposes of summarizing their bounds we
treat C as the physical parameter that we are bounding by
measurements of the gravitational wave phase. For a
frequency range corresponding to an inspiral into a
Schwarzschild BH from ry, = 10M to ISCO at ry = 6M,

such a constant C would give Ag, ~ —1073 IL—’IC, with y the

mass of the lighter inspiraling object, as can be found from
numerical evaluation of (5.6). This evaluation is accom-
plished by using a continued fraction method from the
Black Hole Perturbation Toolkit [92] for the energy fluxes.”
The mass ratio dependence arises from the ratio between
the orbital energy, which is proportional to y, and the
energy-flux o y?, analogously to how the ¢ dependence
arises in (2.60). See Fig. 3 for more fine-grained results on
Agy for constant C; this reproduces (parts of) Fig. 2 of [60],
but also includes the Schwarzschild case.

If one assumes a mass ratio of a supermassive black hole
to a stellar mass black hole of about 10° and a detection
threshold of about 2A¢, ~ 1 [97], the example discussed
above would yield an achievable sensitivity C < 1072 As
long as the full inspiral from 10M to the innermost stable
orbit is observed, these results are readily scaled for
different mass ratios.

However, rotation can significantly improve such a
bound, as was found in [60]. There they assumed a
dimensionless spin y = S/M? of y ~ 0.8, as well as using
a slightly more sophisticated measure, and estimated one
could achieve C < 107*. One can see this improvement in
sensitivity directly from numerical integration of (5.6),
which for y = 0.8 yields the phase shift 2A¢, ~ 107! 1/‘4—’10.

Comparison to the previous result for Schwarzschild
directly illustrates the improvement in sensitivity to C by
a factor ~10% This enhancement can be understood as
being due to a combination of the larger relative horizon
absorption at a given (corotating) orbital radius, as well as
to the smaller innermost stable orbit; see Fig. 3 where the
phase shifts are higher early on due to the former effect and
last longer because of the latter.

Similar results are found in simple models based on a
direct implementation of near-horizon reflecting boundary
conditions [61], as were discussed in Sec. IV A. In that case
we see from (4.7), aside from the possible resonant
structure arising from the denominator, that |A7;(nwg)|
|Ty1]* gives the leading behavior, resulting in a fre-

quency-independent |C| ~ |R| from (2.61). Possible reso-
nant features arising from the subleading corrections in
(4.7), (4.8) have been argued to be too sharp to be
observable [61,83,84]. Then, the bounds |7~2| <10~
from [61], also found in the case of spin y = 0.8, compare

¥The relevant energy-flux data is also made directly available
in the Black Hole Perturbation Toolkit based on [93] and can be
verified against [94], who use a Sasaki-Nakamura formulation of
Teukolsky equations [95]. See also [96].
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Accumulating phase difference for an inspiral of a 30M, black hole into a M = 10°M supermassive black hole starting at

10M for various values of the supermassive black hole spin and constant C = 1 (left) and the same but as a function of orbital radius of

the black hole inspiral (right); see also Fig. 2 of [60].

directly with those of [60].9 Reference [73] likewise
investigated models with near-horizon reflection, giving
similar results for sensitivity to the reflection coefficient.

One can ask the question of what range of orbits, if any,
dominates the sensitivity. While higher-frequency, small r,
orbits will be more sensitive to the near-horizon physics,
fewer such orbits will contribute to the signal. In the
constant C examples, the interplay between both effects
ensures that no one specific frequency contributes particu-
larly strongly to the bound. However, a significant drop
occurs around the innermost stable circular orbit, where the
binding energy reaches a minimum.

In more general models, one expects C to be frequency
dependent, and so such considerations are model depen-
dent. They also depend on the astrophysics. Aside from
the dependence of frequencies that are probed on the
spin [98], it has been proposed that binary systems with
mass ratio 10® could be detectable in the LISA band [99].
These would hardly evolve over years of LISA data.
Therefore, they would yield bounds on C without needing
extra theoretical input on the frequency dependence. On
the other hand, this would limit the parameter space that
can be tested.

We would like to use sensitivity to C to investigate
possible values of the scattering parameters A7 44 (w, @")
representing the deviations from classical BH behavior,
and ultimately constrain the parameters of the underlying
interactions responsible for such deviations. Prior to inves-
tigating models for such physics, we can give a preliminary
analysis of the possible sensitivity to such interactions via
this approach.

°To compare results, it is important to be careful with
definition of the physical quantities. We have shown that C is
to leading order linear in the reflection coefficient R, as seen
from (4.7) and (2.55). Reference [60] instead assumed that C was
quadratic in the reflection coefficient. Comparison in terms of C
thus yields approximate agreement, modulo the detailed structure
of possible resonances arising from the denominator of (4.7).

While it is not possible in full generality to invert the
bounds on C for the individual parameters A7 44 (w, @),
we can begin to better understand constraints by consid-
ering the case where a single mode provides the dominant
contribution. Focusing on the simpler scalar case, which we
have argued provides a useful proxy with much of the same
structure as the gravitational wave case, consider the
situation where a single mode, say with values [, m,, is
dominant. If this is the case, let us introduce the relative
contribution of that single mode to the black hole horizon
flux El*m* (wO)

o |Yl*m* (ﬂ/z’ O)F'”Eﬁwo.l*<r0)|2|Tm*w0.l* 2
Lm, — :
" Zln|Yln(”/2? O)|2 ”25,0,1(’”0)|2|an0,1 z

(5.7)

Then the relation between the dominant A7, (@) and |C| is

l,m,

ICl ~ 5 [AT (m.wo)], (5.8)

| my@g,l,

where instead of the contribution from a relative phase,
which is likely highly model dependent, we have used the
root mean square over such phases.

To give an example, at around ry, = 10M, using10 Exp~
1 and [Ty, 2|* ~ 1077 (values for the gravitational case),
one observes that the conservative percent level bounds on
C, as argued for from the phase shift above, would lead to
sensitivity to |A7,| < 107°. The key observation here is
that, due to the small transmission factor, even rather weak
bounds on C translate into very tight constraints on |A7|.

We can also investigate sensitivity to models for scatter-
ing from a halo of a BH, which we argued in Sec. IV B may
more realistically represent the range of quantum inter-
actions responsible for unitary evolution of quantum black

O fact, this is only true if one accounts for both m = £2
which contribute equally. One finds £,, + &€,_, ~ 0.9.
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FIG. 4. The “gain factor” of the halo model compared to the near-horizon boundary condition [, (R,)/u,h(R,)]/|T,.|* as a function

wl

of the halo scale R, for a range of orbital radii (bottom to top: 6M, 7M, 8M, 9M, 10M). On the left for the / = m = 2-mode while on the

right for the [ = 2, m = 1 mode.

holes. In the simple halo model of Sec. IV B, with C
given by combining (2.61) and (4.14), one likewise finds
that the influence of the scattering parameters R,;(R,) on
AT () is relatively enhanced by the absence of a full
suppression by |T,,;|?; this is understood as due to the
scattering wave having to tunnel less far before interacting,
and the resulting scattered wave also correspondingly
having a smaller tunneling suppression. This “gain factor”
can be seen from (4.14) in terms of the relative ratio
[ (R,) /i (R,)]/|T w.|?. For orbits ranging from ry =
6M to ro = 10M and a range of R, we present this ratio in
Fig. 4. Notice also that the difference is more pronounced
for lower frequencies.

As a representative example one can take R, to be near
the photon ring. In this case, for given interaction strength,
AT, is well over an order of magnitude bigger in the halo
model compared to a near-horizon boundary model with an
equal reflectivity parameter. To translate this to C, let us
assume a constant R(R,) in (4.14) and set R, = 3M.
For frequencies associated to ry =~ 10M, one finds, using
(2.61), (4.14), and again numerically evaluating black hole
quantities using the Black Hole Toolkit, |C| ~ 102|R(R,)|.
Closer to ry ~ 6M, this may be about a factor of 2 less, as
illustrated in Fig. 4. Nevertheless, integrating (5.6) between
these ranges, we find 2A¢, ~ 107" 22 |R(R,)|, so for an

EMRI with central Schwarzschild BH, this would corre-
spond to a sensitivity down to |R(R,)| <107, If one
compares to the case of a rotating BH with spin y ~ 0.8, as
discussed above, the preceding discussion and bounds of
[60,61] suggest an O(10%) enhancement of sensitivity,
which would give a sensitivity down to the range
|R(R,)| < 1075, These are of course preliminary estimates,
which should be further explored in study of more complete
models for interactions, and more thorough treatment of
their gravitational wave signals. It is also important to better
understand the extent to which such sensitivity can be

achieved when faced with more realistic data and
astrophysics.

Eccentric and inclined orbits are one aspect of more
general situations, resulting in a richer frequency content
[100-102]. Based on the behavior of the transmission
factors T,;, the resulting additional power in higher
frequency modes suggests one might expect to find even
stronger constraints for scattering effects from quantum
black holes in these cases.

VI. CONCLUSION AND OUTLOOK

We have described a general parametrization of the
physical effects of deviations of a compact quantum object
from a classical black hole, in terms of the scattering
properties of the object. This extends and generalizes study
of specific models for modifications of classical black hole
behavior. Such scattering is in principle observable in
idealized circumstances, but is not directly observable with
current experimental circumstances. However, this descrip-
tion of the modification to scattering can then be related to
an effect on the gravitational wave signal from a binary of
such objects. In particular, we have found that the effect on
the signal deviation is linear in the scattering deviation.
This, together with the “amplifier” of many orbital cycles
during inspiral, indicates a potential sensitivity to small
deviations that we have begun to quantify in this paper. In
doing so, we have made connection to related results in
specific models, beginning with the work of [60].

The current work leaves a number of projects for future
research.

First, much of the analysis of this paper was carried out
for the simplifying case of scalar radiation on a static,
spherically symmetric background. However, as seen in
Sec. III, gravitational radiation for a CQO with angular
momentum does not present major conceptual differences;
the setup is entirely analogous. That still leaves work to be
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done, specifically connecting our treatment more directly to
the Teukolsky formalism, and to numerical methods for
studying gravitational wave signals, including for the case
of objects of nonzero spin. Moreover, treatment of inclined
and eccentric orbits is also needed to compare with typical
astrophysical examples. Such treatment should then, in
turn, connect to a more detailed analysis of possible
observational constraints from inspirals expected to be
observed by LISA and other future detectors.

This paper has also focused on the simplifying EMRI
limit, and it is important to translate this treatment to the
comparable mass binaries relevant for LIGO. The post-
Newtonian and post-Minkowskian modeling of the early
binary inspiral should be well suited for this [103—123] and
could be of direct use after relating A7 () in the limit
wM < 1 to the adiabatic tidal deformabilities entering into
those approaches. A proposed approach is to parametrize
the absorption into both bodies separately, and take into
account the implied change in the binary binding energy,
and resulting corrections to the gravitational wave signal.
Going beyond this to a treatment of merger seems more
difficult, though perhaps progress near the merger can be
made with a suitable extension of the effective one-body
(EOB) formalism [124-128]. Modifications to the quasi-
normal modes that govern the ringdown may also be
encoded in the poles of AT ;(w).

Finally, going beyond this work, it is important to
understand better the connection of detailed physical
models for quantum black holes (or other modifications
to classical black holes) to the scattering amplitudes para-
metrized in this paper. Such a relation has been illustrated
in the simplified model of scattering from a potential barrier
near the black hole, but such models are expected to be
oversimplified. A similar analysis could be performed for
more complicated models in the literature now or arising in
future work. In particular, it has been argued [53] that
interactions needed to unitarize black hole evolution can
also have an O(1) effect on propagating gravitons near a
black hole. An important topic for future work is additional
characterization of these interactions, and relating these to
the resulting modifications to scattering amplitudes, as for
example parametrized in this paper.

Note added. As this paper was being finalized, we received
[129], studying eccentric orbits and describing roughly
similar constraints to [60].
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APPENDIX A: BLACK HOLE GREEN’S
FUNCTION AND ENERGY LOSS

In this appendix we review the calculation of the energy
emitted by a source to the scalar wave equation, (2.3) in a
black hole background. This can be calculated by using a
Green’s function to derive the scalar solution to (2.3), and
calculating the resulting energy-momentum tensor and
fluxes.

The scalar Green’s function satisfies the defining equa-
tion (2.17) and gives the solution (2.18), where the back-
ground metric and boundary conditions are those of the
BH. The Green’s function can be calculated by a matching
procedure. If x = (1, 7,0, ¢), then for either r > r' or r < ¥/
it is a solution of the homogeneous equation (2.3) with
J =0. This means it can be expanded in terms of
homogeneous solutions (2.20) of the Regge-Wheeler equa-
tion (2.5) in the two regions,

th (x x/)

/

ZfO da)chlm /)¢wlm( )+CC r<r

= 12 fO dwlem(x )¢w1m( ) +cc

r>r

(A1)

Boundary conditions are enforced by requiring a pure
outgoing solution at infinity, and pure ingoing at the
horizon, which correspond to

;Im(x) = iar)llm(x)’ Zlm(x) = ¢2)I;m(x) (AZ)
Continuity in G at r = ' implies
/ dwK:, (r.t,0,¢" )¢, (x) + cc
/ doK>, (r,0,0,.¢" ). (x)+cc  (A3)
Im
or
Ka<)lm(r [ 9/ ¢/> (ul( ) Ku>)lm(r’ t/’gl’ 45/)1/!25()’), (A4)

using (2.20). A second equation follows from integrating
(2.17) across r = ¥/, which gives

(1 - é) r?0,G” (x,x') — 0,G=(x,x')],_,
(0 —0')5(¢ — f/)/)

sin @

=6(t—17) (AS)

Integrating over #, Q against ¢®’Y;, (60, ¢) and using the
normalization

[ 93 = G0 (A6)
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then yields at r = r/ Here the Wronskian
u eiwt ‘
Ko (X)0,, 1 — K5, (x))0, 5y = S Y, (). (A7) W, [ul, uh] = ulo,,u) — 0, ululh = 2iw  (All)

Equations (A4) and (A7) imply that ) .
is a constant by the Regge-Wheeler equation (2.5), and
ko (7) thus may be evaluated using the asymptotic solutions at

K (X') = ar ey Y5, (), (A8) r, = oo with the normalization conventions given in (2.9)
and (2.10). We then find

with
> up __ > < in 1 1
kmluwl kwlua)l’ k(ula uwl ka)la ua)l =1 (A9) KZlm - m g)ultm*, K;lm - drio Sﬁxn*, (A]Z)
T T

Equations (A9) are then solved by

in up where we have used u%(r) = ul%(r) and ud9"™(r) =
u u
ko= ———o ks, = — Mol (A10)  ul®(r) from (2.14).
Z P’ ol up Uy )
W, [ug, ] W, [ugy. ) The result is the BH Green’s function

= E fooo 4?7(:')(0 Sﬁxn*()‘/) wlm( ) +cc r< r
G (x,x') = " . (A13)

IZfooo 41715;» O (X ) (X) +cc > 7
m

This gives a solution to the inhomogeneous equation (2.3) in the BH background of the form

Zfo doZ [ J1ph,, (x) +cc r <7

Al4
5 7 doZa 50 +cc v A

@ (x) = / dV,G" (x,x')J () =

where Z99%n[J] was defined in (2.25), and Z°% [J] in (2.26).

wlm wlm

Given the source J(x), say corresponding to an orbiting body, we would like to calculate the radiated energy carried by
the field qDI}h. As in the main text, we assume that the source J has support within a range of radii r; < r < r,. The outward
energy flux through a sphere of radius r is

—/ r2dQT’,, (A15)
S,

with stress tensor (2.28), and we have such contributions at radii above and below the source, decreasing the energy E in the
source region. Consider the contribution at radius r > r,. Inserting the lower line of (A14) into 7', and time averaging over
long time 7" gives the radiated power

- d—E(r) =iy / dadal Z2% (1229 []r | wul®o,. a1 _wa, (e U Ar(w—a')  (Al6)
dt N — wlm o'lm wl r Ty r T

where we drop contributions that average to zero in the long time limit, and the angular average matches angular quantum
numbers. We have also used the definition (2.38), which gives in the long-time limit A7 (0 — @) &« 6(w — @'), as discussed
in Sec. II and Appendix B. This results in

dE . © u up
(G 0) =% [ dodw'ario- )Zg POV, (50, (A17)
> Im
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The Wronskian is

W, (u),u

wl’

Correspondingly, we have

/dQTr(¢wlin’ 25:;) :wz’

which are r-independent due to conservation. Equation (A17) becomes

@) =3

/ dodw' Ar(w — o' )20?|Z°% 1],

) = 2iw. (A18)
- [ darie. g = -0 (a19)

SZ
wlm (AZO)

which can be interpreted by saying that each mode contributes 2w? to —dE/dt (in our normalization), and the Z,,,, give the

amplitudes for excitation of individual modes.

An analogous calculation for r < r, with a sign change to account for energy escaping the source region, likewise gives

dE dE
(G0 =5 [ dwdet et - o g UPITIR = ()
4 Im t BH.hor

(A21)

where the transmission coefficient 7',; enters the Wronskian through the normalization (2.11), resulting in a total average

power emitted

dE o
_<_> = [ dwdo' (o - 20 23,01 + TP 12800
dt [ guet 5

0

In the case of a periodic orbit, as described in Sec. II A, this
becomes

P +IT,,

() = SR P+ P2 VIR (429
nlm

In comparing the scalar radiated energy to that of metric
perturbations, it may be helpful to consider the relative
contribution of the / > 2 modes to the total. In Fig. 5 we
present as an example the energy lost to the scalar wave

1075} — alll
T~ 1076} 3
[>2
53 |:§ 107 | — ]
]
\/ 10—8 L
[\
2 ‘NU' 109 |
T
1001 [
5 10 20 50
r/R
FIG. 5. Energy lost to a scalar particle of charge ¢ circularly

orbiting a black hole at radius r, both including / < 2 contribu-
tions (blue) and ignoring them (orange).

(A22)

wlm wlm

|
emission from circular orbits as a function of radius (up to
the overall ratio g>/M?, with g the scalar charge), with and
without the / < 2 contributions.

APPENDIX B: ADIABATIC OR TWO-
TIMESCALE TIME AVERAGES

In this appendix, some further comments are made on the
time-averaging procedure in the main text. On timescales
small compared to the radiation reaction timescale
Tyd ~ M?/u, with M the mass of the supermassive object
and u the mass of the stellar mass companion, the source
associated to an extreme mass-ratio black hole binary
would be (multiply) periodic; with periods related to the
radial, longitudinal, and azimuthal motion. The frequency
content is thus effectively discretized, as described in the
main text. A caveat is that @, is in fact spread out over a
frequency range ~1/T,,4; only for a test mass is the orbital
frequency content truly discrete.

In the periodic case, one naturally averages over the
period

. I [r _.
<e—1(a),,—wn/)t>peri0d _ ?/ e—l(ﬁ)n—wn/)f — 5nn” (Bl)
0

where w; = 2x/T represents the fundamental frequency.
Equation (B1) still holds if we average over NT for
arbitrary positive integer N. If there are multiple but
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commensurate fundamental frequencies, one would use the
smallest common period. If the fundamental frequencies
are not commensurate or a continuum of frequencies is
relevant for other reasons, say by mixing due to scattering
as in the main text, one can take a limit where N — oo; let
w, # w then

<e—i(wn—w)t>N g = lim L N e—ilm,—o)t L < 1.
perio N—)OONT 0 NT

(B2)

However, as mentioned above, even for exactly discrete
test-mass orbital frequencies, the radiation reaction time-
scale T4 provides a natural physical cutoff, suggesting

instead
<ei((z)’—a;)l>rad — I/Tlud/2 dtei((u’—w)t — sinc |:(w/ _ w) Trad:|
Trad —Trad/2 2
(B3)
with
sinc(x) = = / dxsinc(x) = . (B4)
X —00

This has the well-known limit [130]

S
lim —<sinc| (o' — )
Tiag—0

Tra /
zd} = 6(0' —w).  (B5)

Therefore, as T',g — oo or more precisely (@' — )T g — oo,
one finds

5(0' —w). (B6)

ell@-o)ty  —ginc|(0 —w Trag - 2r
< rad

Trad
On the other hand, one ideally chooses an averaging
timescale 7T, intermediate between the characteristic
dynamical timescale, and the radiation reaction scale 7’4

Toyn < Ty K Tpq- (B7)

Consequently, in the main text, we use a time-averaging

(1) = / 0] (BS)

Tav Ton/2

For a circular orbit Tyy, ~ rg/ 2/ VM, this can be done
without much ambiguity. Therefore, we have in fact kept
the choice implicit by introducing

1 [T/2 .
Ar(w) — w,) = —/ dte~i(@1=@2)1, (B9)

T -1

Nevertheless, key features are the limit (B6) and (B1); Ay
behaves as a S-function for a continuous spectrum as
Tg(@ —w)>T, (0 —w) > oo, and it recovers the
periodic result. For the latter note the “discrete” frequencies

are considered “equal” only if w,, — w, < Tz—”d, then
ra

TﬂU T(ZU 2
P -ieo((zz)) oo

If they are not equal and not resonant in any way, one

should instead expect w,; — ®,, ~ T2dn or
yn

sinc {(a)n/ - w,)

. T ) Td
sinc [(a),,/ - w,) 2‘”] ~ O(ﬁ) (B11)
Therefore, in the discrete case as Tpq(w, —,) >
Tm)(wn’ - a)n) - 0,
. Tav
sinc | (@, — w,) 2 S (B12)

as desired. While we have thus shown that the choice (B9)
for Az is a good one, the result in the main text does not
depend on the details of this choice.

Let us conclude by pointing out that, when additional
orbital frequencies are involved, subtleties arise related to
orbital resonances. In essence, a low beating frequency
develops between otherwise high-frequency orbital modes,
leading to a breakdown of the hierarchy of scales (B7).
The implications of such resonances for gravitational wave
astronomy are under active investigation [131-137].
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