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ABSTRACT

This thesis studies the near-horizon black hole physics in depth from three perspec-

tives.

An important tool for studying perturbations of black hole spacetime is the linearized
Einstein equations (LEE). In the Kerr spacetime, the variables in LEE do not
separate, which poses a lot of difficulties to obtaining analytical solutions. By
taking the near-horizon limit of extremal Kerr black holes, additional symmetries
emerge to make the LEE separable. This is achieved by decomposing the metric
perturbations using some basis functions adapted to the symmetry. I further show
that in two string-inspired low-energy effective theories of gravity, LEE can be

directly solved and analytical black hole solutions can be found.

Naively, the near-horizon perturbations of an extremal black hole may destroy the
horizon and make the singularity expose itself. This is a direct challenge of the
weak cosmic censorship conjecture (WCCC). Based on Wald’s gendanken experi-
ments to destroy black holes, I examine the WCCC for the extremal charged black
hole in possible generalizations of Einstein-Maxwell theory due to the higher-order
corrections, up to fourth-derivative terms. It turns out that, provided the null energy
condition for the falling matter, the WCCC is preserved for all possible general-
izations. I further find that for BTZ black holes, i.e. solutions to (2+1)-Einstein
gravity with asymptotically AdS; boundary, WCCC is always preserved. Through
the AdS/CFT correspondence, this establishes the connections between black hole
thermodynamics and WCCC.

From considerations of quantum gravity and quantum information, it has been
conjectured that space-time geometry near the horizon can be modified, even at
scales larger than the Planck scale. The resulting spacetime is commonly referred
to as the exotic compact object (ECO). A viable method to look for the near-
horizon quantum structures is searching for gravitational wave echoes in the GW
signals. After discussing the stability issues associated with the ECOs, I build up
the phenomenology for gravitational echoes. I also introduce a new framework
to deal with the near-horizon boundaries by considering the tidal response of the
ECO as experienced by zero-angular-momentum fiducial observers. It is then
straightforward to apply the boundary condition to computing gravitational-wave

echoes from exotic compact objects.
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Chapter 1

INTRODUCTION

A classical black hole is, by definition, a spacetime region where gravity is so strong
that nothing can escape from it. Thus the black hole has two defining features. One
is the singularity which is a spacetime point with infinitely large curvatures. The
other is the event horizon which is a spacetime boundary precluding even light from

escaping to infinity.

The research on black holes began after the birth of Einstein’ theory of gravitation,
i.e. general relativity, although the idea of the “surface of no escape” can be dated
back to the 18th century [1]. In 1916, Schwarzschild obtained the first exact vacuum
solution of Einstein’s equations with spherical symmetry. About half-century after
Schwarzschild’s discovery, Kerr discovered the exact solution for rotating black
holes. Hawking’s discovery of black hole evaporation stimulated a lot of debates of
quantum unitarity against semiclassical gravity. In superstring theory, those black
holes with quantum hairs are actively studied as the simplest solutions to the unified
theory of all interactions. The X-rays produced by accretion of gas onto central

objects has also given black holes lots of attention in the astrophysical community.

More recently, a significant breakthrough in the development of black holes physics
is the unprecedented discovery of gravitational waves from the binary BH merger
event GW 150914 [2], and follow-up observations of an order of ~ 100 binary black
hole merger events [3, 4]. We now know that these dark compact objects do exist
in our universe, and that their space-time geometry and dynamics are consistent
with those of black holes in general relativity. The event horizon telescope has
produced images from the center of the M87 galaxy that are consistent with the
shadow of a black hole in general relativity [S—12]. We are now well prepared for
further understanding of near-horizon black hole physics. Due to the teleological
nature of the event horizon, no experiments can directly confirm the existence of
this spacetime boundary. But now with the gravitational-wave detectors, we are able
to quantify the darkness of these objects, and even search for new physics near the

horizon.

This thesis can be regarded as an introduction to near-horizon black hole physics.

Three main topics are discussed in depth.



I. Near-horizon symmetries and black hole perturbations

By focusing on the near-horizon region, the black hole spacetime may attain ad-
ditional symmetries. Symmetries have been widely used in solving perturbation
problems in the black hole spacetime. The equations that govern the gravitational
perturbation are the Einstein’s equations, which are coupled partial differential
equations. In the Schwarzschild spacetime, by taking advantage of the spherical
symmetry, one can decompose the perturbations into standard spherical harmonic
bases, which makes the Einstein equations decouple. This process, however, cannot
be done for spinning black holes due to lack of symmetries. Fortunately, by taking

the near-horizon extremal limit, new symmetries emerge.

Extremal black holes correspond to a family of black hole solutions whose inner and
outer horizons coincide. Equivalently, they are defined by their vanishing Hawking
temperature,

Ty =0. (1.1)

Extremal black holes have gained a lot of importance in superstring theories because
any supersymmetric black hole is necessarily extremal. The extremal limits of four-
dimensional black holes have recently been extensively studied due to the Kerr/CFT
correspondence, which conjectures that a Kerr black hole also has a dual three-

dimensional conform field theory description.

A feature of extremal black holes is that they have a well-defined near-horizon geom-
etry. By zooming onto the near-horizon region, new symmetries occur, which leads
to further simplifications of solving physical problems. The method to decouple the
whole black hole spacetime into a near-horizon region and an asymptotically-flat ex-
terior region is known by taking the near-horizon scaling limit of the extremal black
hole solutions. The resulting spacetime, which was first discovered by Bardeen and
Horowitz [13], has an enhanced symmetry group SL(2,R) X U(1), and is known as
the NHEK spacetime. The NHEK metric is given by

d 2
ds* =T(0) |-r’di* + Lz +d6* + A0)? (do + rdD)?| , (1.2)
r
with
2siné
T(0) = 1 +cos2 0, A@g) = =27 (1.3)
1 +cos2é

At fixed polar angle 6, this geometry is a 3d warped anti-de Sitter spacetime, which

is a deformation of AdS;.
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As it will turn out, the symmetry stucture of NHEK spacetime finally decouples the
Einstein equation for spinning black holes. There are many potential applications
of the near-horizon symmetry. For instance, extreme mass-ratio inspiral (EMRI) is
the main target of Laser Interferometer Space Antenna (LISA). A important part of
obtaining the waveform produced by EMRI is the calculation of the gravitational self-
force. However, a full analytical computation of self force is notoriously difficult.
By isolating the near-horizon region, and making use of the additional symmetries
in the near-horizon limit, it is possible to separate the variables in the linearized
Einstein equation, and obtain the second-order metric perturbations, which are the
building blocks for self-force calculation.

I1. Gedanken experiments to destroy the event horizon

The singularity is always safely hidden inside the horizon. If the event horizon
is somehow destroyed by external perturbations, we will then be able to directly
“see” the singularity. It seems Nature itself forbids this, as have been pointed out
by the weak cosmic censorship conjecture (WCCC) [14]. The WCCC asserts that
all singularities, except for the big-bang singularity, must be hidden by the event
horizon—no naked singularity can exist in our universe. A gravitational singularity
has infinitely large curvature and is mathematically ill-defined. Philosophically, the
weak cosmic censorship seems to be a smart design by the universe to avoid the

awkwardness of dealing with infinity.

It might still be possible to throw charged or spinning matter into a black hole in
particular ways that can destroy the horizon, revealing the singularity. For example
let us consider a Kerr-Newman black hole with mass M, charge Q, and angular

momentum J = Ma. The black hole must satisfy
M?* > (J/M)* + 0%, (1.4)

with the equal sign corresponding to the extremal case. If we instead has a Kerr-
Newman metric with the >-signin Eq. (1.4) flipped to <, then itis a naked singularity.
By throwing matters with properly tuned mass, charge, and angular momentum, it
may be possible to flip the sign in the above inequality and successfully “destroy”

the event horizon.

This kind of gedanken experiments was first proposed by Wald in [15]. In this paper,

he proved that an extremal black holes cannot be overspun or overcharged in this
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way, thus WCCC is preserved. Later, Hubeny pointed out that if one instead starts
with a near-extremal black hole and then properly throws particles in, WCCC can
be violated [16]. A full understanding of this problem then seems to require the full
calculation of gravitational perturbations to the second order, i.e. the self-force as
well as the finite size effect. Recently, significant progress has been made by Sorce
and Wald [17] who derived a second order variational identity relating variations of
total mass, charg, and angular momentum, and can work for general forms of falling
matter obeying the Null Energy Condition (NEC). In this way, they were able to
avoid solving the complicated dynamical problems of the in-falling matter involving
the self-force effect, and succeeded to show that the WCCC holds for the black
holes in Einstein-Maxwell theory, up to second-order variation of the black hole’s
mass, charge, and angular momentum. They also pointed out that Hubeny’s result

of WCCC violation no longer exists after taking care of the second-order variations.

Sorce and Wald’s method of examining the WCCC provides a systematic framework
for general theories other than Einstein-Maxwell. Following their line of thoughts,
it is then particularly interesting to examine the WCCC in the low-energy effective
theories of gravity, and see how the additional terms in the action alters the proof
of WCCC. If WCCC turns out to be invalid for some theories, then by demanding
that WCCC must hold for black hole solutions in the classical limit, we may be
able to derive a bound for the coupling coefficients in the low-energy theory of
quantum gravity. Due to the AdS/CFT correspondence, it would also be interesting
to check the conjecture for asymptotically AdS black holes and give a holographic
description of the gendanken experiments in terms of thermodynamics of the dual

conformal field theory.

III. Searching for near-horizon quantum structures via gravitational-wave
echoes

The event horizon cannot be directly detected due to its teleological nature. Although
LIGO has made successful detections of gravitational waves from binary merger
events, we do not yet have a quantitative way of saying, in which sense, and to what

extent had we confirmed that these dark compact objects are black holes.

Because of the Black-Hole Information Paradox, and the singularity, many believed
that GR must be modified to incorporate quantum effects, and that such modifications

may affect black hole spacetimes. Many horizonless black hole mimickers have
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been proposed, including gravastars, 2-2 holes, boson stars, and so on. They are
commonly referred to as Exotic Compact Objects (ECOs). The idea of ECOs,

although speculative, have attracted a lot of recent interest.

If ECOs, instead of black holes, are the final products of compact binary mergers,
they will not completely absorb the gravitational waves that were propagating toward
the black hole’s horizon, but will instead lead to gravitational-wave echoes [18-29].
That is, GWs that propagate toward the ECO can be reflected by the ECO surface,
and bounce back and forth between the ECO’s gravitational potential barrier (at
the location of the light sphere) and the ECO surface. These echoes will then
become the smoking gun of modifications to relativity. Most notably, Abedi et al.
claimed to have found evidence of echoes in Advanced LIGO data after the first few
observed compact binary coalescence events [22, 30, 31]. Though the statistical
significance of their results was questioned [32—-35]. Regardless of how much one
believes in ECOs, parametrizing gravitational echoes and searching for them will be
an important way to quantify how “black” the dark compact objects really are. As
we are approaching the stage of precision measurements with future GW detectors,
the echo program is promising in helping us understand the near-horizon quantum

structure of black holes.

In order to search for the near-horizon spacetime modifications, one needs to es-
tablish a template bank for gravitational-wave echoes. The numerical solution of
echo waveform can be obtained by solving the Teukolsky equation with a modified
near-horizon boundary. This boundary condition, is usually deemed less physical
due to the unknown physical meaning of “reflecting” the curvature perturbations
on the star surface. It will then be extremely helpful to have a true physical and
systematic framework to deal with the near-horizon boundary conditions, and solve
for the waves observed at infinity. This is the main goal of the third part of this
thesis.

Organization of the thesis

The thesis is divided into three parts, which approach the near-horizon physics
from three perspectives. Part I focuses on the enhanced symmetry group in the
near-horizon region of the near-extremal or extremal Kerr black holes. The rich
symmetry structure of the so-called NHEK or near-NHEK spacetime directly admits

the separation of variables in the linearized metric perturbation equations. Part II
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is about destroying the event horizon by throwing normal matter with mass, spin,
and charge into the black hole. If the overspinning or overcharging occurs, this
immediately means a violation of the weak cosmic censorship conjecture. Part
IIT goes about the instability issues with ECO models, and the method to search
for near-horizon modifications of spacetime by looking for the gravitational wave

echoes in the late-time part of the GW signals.
A more detailed overview of the thesis is as follows.

Chapter 2, separating metric perturbations in near-horizon extremal Kerr, establishes
the framework for calculating metric perturbations in the near-horizon extremal Kerr
spacetime. In the general Kerr spacetime, the metric equations of motion are not
separable. After taking the near-horizon extremal limit in Kerr, the new spacetime
has two additional Killing vectors, and the isometry becomes SL(2,R) x U(1). By
choosing the scalar, vector, and tensor bases adapted to the isometry group, it is
then not difficult to show that separation of variables can be achieved in NHEK
spacetime for the scalar, Maxwell, and metric perturbation equations. This work
was the result of a collaboration with Leo Stein and was published as Chen, B.,
Stein, L. (2017) Separating metric perturbations in near-horizon extremal Kerr,
Phys. Rev. D, 96 064017 [36].

Chapter 3, metric deformations from extremal Kerr black holes, is a direct appli-
cation of the method developed in Chapter 2, which gives two analytical perturbed
solutions deformed from NHEK in two string-inspired theories: Einstein-dilaton-
Gauss-Bonnet, and dynamical Chern-Simons theory. We find that the EdAGB metric
deformation has a curvature singularity, while the dCS metric is regular. With the
analytical metric forms, properties of black holes like the orbital frequencies, hori-
zon areas, and entropies can be readily obtained. This demonstrates the power of the
framework developed in Chapter 2. This work was the result of a collaboration with
Leo Stein and was published as Chen, B., Stein, L. (2018) Deformation of extremal
black holes from stringy interactions, Phys. Rev. D, 97 084012 [37].

Chapter 4, gedanken experiments to destroy an extremal black hole: the first order
study, examines the weak cosmic censorship conjecture for the extremal charged
black hole in all possible generalizations of Einstein-Maxwell theory due to the
higher-order corrections, up to fourth-derivative terms. Provided the null energy
condition for the falling matter, the WCCC is preserved for all possible general-
izations. Moreover, up to first-order variations of black hole mass and charge,

WCCC is preserved for non-rotating extremal black holes in all n-dimensional
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diffeomorphism-covariant theories of gravity with one U(1) gauge field. This
work was the result of a collaboration with Bo Ning, Feng-Li Lin, and Yanbei
Chen, and was published as Chen, B., Lin, F., Ning, B. and Chen, Y. (2021)
Constraints on Low-Energy Effective Theories from Weak Cosmic Censorship,
Phys. Rev. Lett. 126 031102 [5].

Chapter 5, gedanken experiments to destroy a BTZ black hole: the second order
study, examines the weak cosmic censorship conjecture for the BTZ black holes up to
second-order variations of black hole mass. Unlike in Chapter 4, the discussions only
work in first order and only consider the asymptotically flat black hole solutions,
this chapter focuses on BTZ black holes, which are vacuum solutions to (2+1)-
dimensional gravity theories, and are asymptotically AdS3;. The BTZ solution is
interesting in its own right due to the AdS/CFT correspondence. By showing that
BTZ black holes cannot be overspun or overcharged by throwing normal matter into
the event horizon, one also confirms that a third law of thermodynamics holds for
the holographic conformal field theories dual to three-dimensional Einstein gravity
and chiral gravity. This work was the result of a collaboration with Bo Ning and
Feng-Li Lin, and was published as Ning, B., Chen, B., and Lin, F. (2019) Gedanken
Experiments to Destroy a BTZ Black Hole, Phys. Rev. D, 100 044043 [3].

Chapter 6, instability of exotic compact objects and implications for echoes, goes
about exploring the phenomenology related to the gravitational-wave echoes. By as-
suming the exterior spacetime of an exotic compact object is spherically-symmetric,
the hoop conjecture implies that the energy carried by gravitational waves may
cause the event horizon to form out of a static ECO—Ieaving no echo signals to-
wards spatial infinity. Demanding that an ECO does not collapse into a black hole
then puts a upper bound on the compactness of the ECO. This work was the result
of a collaboration with Chen, Y., Ma, Y., Lo, K. and Sun, L [4].

Chapter 7, tidal response and near-horizon boundary conditions for spinning ECOs,
approaches the problem of how to set up the physical boundary conditions near
the “would-be” horizon for incoming gravitational waves towards exotic compact
objects. In Kerr spacetime, imposing regularity conditions on the curvature pertur-
bations on the future (past) horizon corresponds to imposing an in-going (out-going)
wave boundary condition. These correspondences, however, do not exist for ECOs.
By considering a family of zero-angular-momentum fiducial observers (FIDOs) that
float right above the horizon of a linearly perturbed Kerr black hole, one can set

up a physical boundary condition near horizon using the ECO’s tidal response in
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the FIDO frame. This then provides a new framework for calculating the waveform
of the gravitational-wave echoes. This work was the result of a collaboration with
Chen, Y., and Wang, Q. and was published as Chen, B., Wang, Q. and Chen, Y.
(2021) Tidal response and near-horizon boundary conditions for spinning exotic
compact objects, Phys. Rev. D, 103 104054 [6].
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Chapter 2

SEPARATING METRIC PERTURBATIONS IN NEAR-HORIZON
EXTREMAL KERR

Linear perturbation theory is a powerful toolkit for studying black hole spacetimes.
However, the perturbation equations are hard to solve unless we can use separation of
variables. In the Kerr spacetime, metric perturbations do not separate, but curvature
perturbations do. The cost of curvature perturbations is a very complicated metric-
reconstruction procedure. This procedure can be avoided using a symmetry-adapted
choice of basis functions in highly symmetric spacetimes, such as near-horizon
extremal Kerr. In this chapter, we focus on this spacetime, and (i) construct the
symmetry-adapted basis functions; (ii) show their orthogonality; and (iii) show that
they lead to separation of variables of the scalar, Maxwell, and metric perturbation
equations. This separation turns the system of partial differential equations into one

of ordinary differential equations over a compact domain, the polar angle.

2.1 Introduction

Linear metric perturbation theory is widely used in studying weakly-coupled grav-
ity [38]. For example, it can be applied to investigating the stability of black holes,
gravitational radiation produced by material sources moving in a curved background,
and so on. In the context of linearized gravity, the equations that describe gravita-
tional perturbations are the linearized Einstein equations (LEE). Although they are
linear, the LEE are still difficult to solve unless we can separate variables. In the
Kerr spacetime, while in Boyer-Lindquist (BL) coordinates t and ¢ can be separated,

r and 6 remain coupled due to lack of symmetry [39].

A successful approach towards separating wave equations for perturbations of the
Kerr black hole was first developed by Teukolsky [40, 41]. Instead of looking at
metric perturbations, Teukolsky adopted the Newman-Penrose (NP) formalism [42]
and obtained a separable wave equation for Weyl curvature tensor components
Yo and W4. The spin-weighted version of this equation, known as the Teukolsky
equation, not only works for gravitational perturbations, i.e. tensor fields, but can
also be applied to scalar, vector, and spinor fields. To obtain the other Weyl
scalars and recover the perturbed metric, one has to go through a complicated

metric reconstruction procedure. The methods were independently developed by
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Chrzanowski [43] and by Cohen and Kegeles [44], in which they obtain the perturbed

metric via an analogue of Hertz potentials. However, these methods only apply to

certain gauge choices and vacuum or highly-restricted source terms [45].

The desire for separable equations, the complication of metric reconstruction along
with gauge- and source-restrictions, motivate us to try to develop a new formalism for
studying metric perturbations in the Kerr spacetime, in a covariant, gauge-invariant

way.

The metric perturbation equation may not be separable in Kerr, but Schwarzschild
perturbations have long been known as separable due to the time translation in-
variance and spherical symmetry [46—49]. The gauge-independent language of
Schwarzschild perturbations was started by Sarbach and Tiglio [50], and was brought
to fruition by Martel and Poisson [51]. In the Schwarzschild background, metric per-
turbations are expanded in scalar, vector, and symmetric tensor spherical harmonics.

These basis functions naturally lead to separation of variables in the LEE.

Schematically, the separation of variables in some differential equations of motion,
such as the scalar wave equation, Maxwell’s equations, and the linearized Einstein

equations, can all be understood via

symmetry dependence symmetry dependence
D x| | adapted ) X| on rest of = | adapted XDX/ onrestof |.
basis coordinates basis coordinates

Here D,[-] is some isometry-equivariant differential operator. If the argument is
decomposed in a natural isometry-adapted basis, then these basis functions pull
straight through the differential operator, leaving new operators D,/[-] which only

act on the remaining non-symmetry coordinates.

We show that this type of reduction is true for a special limit of Kerr spacetime:
the near-horizon extremal Kerr (NHEK). This spacetime was introduced in [13]
as an analogue of AdS, x S2. The NHEK limit exhibits a symmetry group that
is “enhanced” relative to Kerr: the spacetime has four Killing vector fields that
generate the isometry group SL(2,R) x U(1). The three-dimensional orbit space of
the isometry reduces the system of partial differential equations (PDEs) to one of
ordinary differential equations (ODEs), leading to separable equations of motion.
This is achieved by expanding unknown tensors into some basis functions adapted to
the isometry. In this paper, we (i) construct these basis functions, (ii) prove orthogo-
nality in geodesically-complete coordinates, and (iii) show separation of variables in

the differential equations for some physical systems. With these accomplishments,
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we arrive at a new formalism to deal with (extremal) Kerr perturbation that differs
from using metric reconstruction on solutions to the Teukolsky equation. In this
formalism there will be no gauge preference, no complications of solving PDEs,
but rather only ODEs. This greatly reduces the amount of work while studying

perturbations of extremal Kerr black holes, whether in GR or beyond-GR theories.

We organize the chapter as follows. In Sec. 3.3 we review the NHEK limit of the Kerr
black hole, and elaborate on the structure of NHEK’s isometry Lie group SL(2, R) X
U(1). In Sec. 2.3, we construct the highest-weight module for NHEK’s isometry
group, and obtain the scalar/vector/symmetric tensor basis functions. In Sec. 2.4
we present a proof of orthogonality for the basis functions in global coordinates.
In Sec. 2.5 we show that with these bases, we can separate variables in the scalar
Laplacian, Maxwell system, and linearized Einstein equation. Finally we conclude

and discuss future work in Sec. 3.6.

2.2 Kerr and the NHEK limit

In this paper we choose geometric units (G = ¢ = 1) and signature (—+ ++) for our
metric g on the spacetime manifold M. A rotating, asymptotically-flat black hole
in vacuum general relativity is described by the Kerr metric [52]. For simplicity we
will set the mass to M = 1. In BL coordinates (¢, r, 0, ¢) the line element of the Kerr
black hole is given by [53]

A )X in% @ 2
ds? == S(dr — asin’ 0d9)” + 2 dr? + Zdo” + % (7 +a®) dp—adi]’,

2.1

where A = 2 =2r +a® and T = r? + a® cos? 6. The ranges of the BL coordinates are
given by t € (—o0, +00), r € (0, +00), 8 € [0, 7], ¢ € [0,27). In this paper we focus
on a particular scaling limit of Kerr. This limit is usually described by the scaling
coordinates (7', @, R) introduced in [13], which are related to the BL coordinates via
2T T

ZZT’ ¢:(D+Z’ r=1+AR. (2.2)
We also introduce a new coordinate u for the polar angle via u = cos 8. The NHEK
limit is then obtained by taking the (¢ — M, A — 0) limit of the Kerr metric in

these coordinates, which yields the line element

drR?*  du?
ds? = 2F(w)| - R2ar? + — + 2
R2 1 -—u?

+ AW)?(d® + RAT)?|, (2.3)

where I'(1) = (1 + u?)/2 and A(u) = 2V1 — u2/(1 + u?). This metric is interpreted
on the region T’ € (—o0, +0), ® € [0,27), R € (0, +00), u € [-1, 1].
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From now on we will refer to (T, ®, R,u) as Poincaré coordinates. The T, R-
coordinates of NHEK are similar to the Poincaré coordinates on the two-dimensional
anti-de Sitter space AdS;, which only cover a subspace of the global spacetime called
the Poincaré patch. In particular, the u = +1 submanifolds are both precisely AdS,.
We can make this metric geodesically complete by defining the global coordinates

(1, ¢, ¥, u) according to [13]

sint COST — COS Y

rT=—, R=————— 2.4)
COST — COS Yy siny
®=g+ln cosr—.sinrcotw
1 +sintcscy

where 7 € (—o00,+00), ¥ € [0,7], ¢ ~ ¢ + 2x. The NHEK metric in global

coordinates is

du?

1 —u?

ds? = 2T (u) | (=d7? + dy?) esc? ¢ + + A(u)?(de —coty d)?|.  (2.5)

The NHEK spacetime has four Killing vector fields (KVFs), which generate the
isometry group G = SL(2,R) x U(1). The four generators in Poincaré coordinates

are given by

Ho =T dr — Rdg, (2.6)
H+ = aTa

1 2
H = (T?>+—)8r —2TR 6 — = Do,
( +R2)T k= 2 0o

Qo = 0o.

H) is the infinitesimal generator of dilation, which leaves the metric invariant under
R —- cRand T — T/c for some constant ¢ € (0,+00). Qo is the generator of
the rotation along ® which generates the U(1) group. H, is the time translation
generator inherited from Kerr. The four generators form a representation pp of the
Lie algebra g = sl[(2,R) x u(1),

[H()’Hi] = ¢Hi7 (27)
[H+’H—] = 2H05
[Hs,Q0l=0.  (s=0,%)
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In global coordinates, we can similarly obtain four (different) generators that are
KVFs of the NHEK spacetime,

L. = ie*" siny(— cotyd: Fidy + 0,,), (2.8)
LO = iaTa
Wo = —id,.

This is a different representation, p,. But since it is still a Lie algebra representation,
they satisfy the same commutation relations as in Eq. (3.18) with all H’s replaced
by L’s, and Qg replaced W.

We say that the group G acts on the manifold M by translation, G O M. That
is, every element g € G determines an isomorphism ¢, : M — M, and these
isomorphisms, under composition, form a representation of the group G. There is
an induced action on the space of functions/vector fields/forms/tensors/etc. living
on M by pullback under the map ¢, [54]. We call the pullback ¢, overloading this
symbol to mean the pullback from sections of any tensor bundle to itself. In this

way, the group also acts on all spaces of (p, g)-tensors.

Studying the neighborhood of the identity e € G, we get the induced action of the
Lie algebra g on these same tensor bundles. The infinitesimal version of a pullback
of a tensor field is the Lie derivative of that field [54]. Thus the induced action of
g on tensors is Lie derivation along the representation of the Lie algebra element.
That is, given a representation as tangent vector fields p : ¢ — X(M), for some

algebra element « € g, the induced action of @ on a tensor t is via the Lie derivative,

a-t=Lymt. (2.9)

One of the crucial algebra elements we will need is the Casimir element of the
s[(2,R) factor. Let hg, h. € g be the algebra elements whose representations are
pp(hy) = Hg for s = 0, +. Then the Casimir element of the sI(2, R) factor, in this
basis, is proportional to

Q=ho(hop—1)—h_h,, (2.10)

which commutes with every element of g. Under the Poincaré-coordinates repre-

sentation pp, the Casimir acts on tensors via

Q-t=(Ly,(Ly,—id) — Ly Ly, )t. (2.11)
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By construction, the differential operator on the right-hand side of Eq. (2.11) com-
mutes with Ly, where X is one of {Hy, Hi,Qp}. Similarly, under the global-
coordinates representation p,, the Casimir acts as in Eq. (2.11), but with H’s
replaced with L’s; and this operator will similarly commute with Ly where X is
one of {Lg, L+, Wp}.

2.3 The highest- (lowest-) weight method

In this section we construct the scalar, vector, and symmetric tensor bases for
NHEK’s isometry group SL(2,R) X U(1). First we briefly review the formalism of
finding basis functions adapted to the isometry group in Schwarzschild spacetime.
By drawing analogy to the Schwarzschild case and further utilizing the highest-
(lowest-)weight method for non-compact groups, we will be able to construct unitary

representations of NHEK’s isometry group.

Review: Unitary representations of SO(3) in Schwarzschild

The full spacetime manifold of Schwarzschild spacetime is Msc, = M? X S2. The
two-dimensional submanifold M? is the (t, 7)-plane, and $2 is the unit two-sphere
coordinated by (6, ¢). Here (1,7, 6, ¢) are the usual Schwarzschild coordinates. Part
of the isometry group of Schwarzschild is SO(3), which acts on the S? factors. The
three generators of the group are simply the rotations along each Cartesian axis,
ie. Jy, Jy, J; € 50(3). The Casimir operator of s0(3) is given by JP=J2+ Jy2 + Jzz.

In any space that SO(3) acts upon, we can look for bases of functions which
simultaneously diagonalize J> and J,—that is, they are eigenfunctions of both
operators. In the space of complex functions on the unit sphere, these eigenfunctions
turn out to be the spherical harmonic functions Y#”, where p, v label the functions
(they are not tensor indices). The even/odd parity vector harmonics, Y : v X/’_\”V,
and tensor harmonics, Y}, X5, are also simultaneous eigenfunctions of J? and J,
(where now A, B are (co-)tangent indices on S%). All of the scalars, vectors, and
tensors here have eigenvalue —u(u + 1) for the operator J2, and eigenvalue iv for

J..

Under any rotation, scalar spherical harmonics with different values of ¢ may not
rotate into each other. In this sense, the function space has been split up into diagonal
blocks labeled by u. We say that each u block “lives in” or “transforms under” a

representation of SO(3).

We have not yet imposed regularity or tried to make these representations unitary. Let
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us define the raising and lowering operators J. = J, +iJy, which increase/decrease
the v index (eigenvalue of —iJ,) by one. A highest-weight state is one which is
annihilated by the raising operator, J, f = 0, and similarly a lowest-weight state
is annihilated by the lowering operator. For spherical harmonics, we find that
the highest-weight condition imposes that v = u, and Y#* is annihilated by J..
Similarly, the lowest-weight condition imposes that v = —pu.

From the representation theory of compact simple Lie groups, irreducible unitary
representations must be finite-dimensional [55]. Therefore, if we start with a highest-
weight state Y##, after a finite number of applications of the lowering operator, we
must end on a lowest-weight state Y##. This gives us the condition that 2u + 1 is
a positive integer, or u = 0, %, 1,.... Periodicity in the azimuthal angle ¢ gives the
condition that v must be an integer m. This gives the ordinary spherical harmonics

Y-™_ The same arguments apply to the vector and tensor representations.

Since these bases are adapted to the isometry group of Schwarzschild, they readily

lead to a separation of variables in the linearized Einstein equations [51].

Unitary representations of SL(2,R) X U(1) in NHEK

We now apply the highest-/lowest-weight formalism to NHEK. In the Schwarzschild
spacetime, the orbit space of the isometry SO(3) is S2, therefore we expect a 2 + 2
decomposition of the whole manifold. Similarly, in the NHEK spacetime, the
isometry group SL(2,R) X U(1) acts on the three-dimensional hypersurfaces X, of
constant polar angle 6 (or u). This enables us to perform a 3 + 1 decomposition
of the spacetime. In both cases, we can simultaneously diagonalize some algebra

elements, including the Casimir, in various tensor spaces.

However there is an important difference between the two spacetimes. In the
NHEK case, we encounter the non-compact group SL(2,R). It is known that for
non-compact simple Lie groups like SL(2,R), the only irreducible unitary finite-
dimensional representation is the trivial representation [55]. As aresult, one can find
two distinct unitary representations of SL(2,R) X U(1): the highest-weight module
or the lowest-weight module. Both of them are infinite-dimensional representations

in the NHEK case. For compact groups like SO(3), these two modules coincide.

Our method to find the general (scalar, vector, and symmetric tensor) basis func-
tions & associated with the highest-weight module of NHEK’s isometry can be
summarized into four steps. Notice that the method presented here is not restricted

to NHEK spacetime. For instance it can also be applied to finding the basis func-
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tions in near-horizon near-extremal Kerr (near-NHEK) which has the same isometry
group as NHEK’s [56]. This will be left for future work. For readers who are more
interested in what the bases of NHEK’s isometry look like either in Poincaré or

global coordinates, the explicit expressions are given in App. 2.7.

Orbit space. For each point p € M, there is the orbit Gp = {¢,(p)|g € G}, all
points which are related to p by an SL(2,R) X U(1) transformation. Gp is a three-
dimensional submanifold of M, and the collection of all the orbit spaces forms a
foliation. In this case, each leaf X, is a surface of constant 6 (or u). Thus we can
perform a 3 + 1 decomposition of the spacetime, and look for basis functions of
SL(2,R) x U(1) acting on a hypersurface X,.

Highest-weight states. Second, we simultaneously diagonalize {Lo,, L#,, Q} in
the space of scalar, vector, and symmetric tensor functions. We label the eigenstates

by m, h, k respectively,

‘LQO f(mhk) —im é:(Yﬂhk), (2.12)
Qe = h(h+ 1) €m0,
Ly €0 = (=h+ k) £

Then using the raising operator Ly, , we also impose the highest-weight condition,
k=0,
Ly, &m0 =0, (2.13)

The solutions £/ that satisfy both Eq. (2.12) and (2.13) are the highest-weight
basis functions. At each point on X, the spaces of scalars, vectors, and symmetric
tensors have dimensions 1, 3, and 6. Thus the space of solutions of this system
of equations is a linear vector space of dimension 1, 3, and 6 for scalars, vectors,
and symmetric tensors, for each choice of (m, h). Correspondingly, for each (m, h),
there will be 1, 3, and 6 free coeflicients cg for the solution, with 3 ranging over the

appropriate dimensionality.

Descendants. Next, we obtain basis functions with arbitrary weight by applying
the lowering operator Ly _ to the highest-weight states k times, i.e.

é_—(mhk) — (-EH_)k g(th). (2.14)
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Lifting to the whole manifold. Finally, we promote the basis functions living on
%, to functions living on the whole manifold M by sending all unknown constant
coefficients cg (from the end of step b) to be unknown smooth functions cg(u).
While lifting the vector and tensor bases from X, to M, i.e. V; — V, and W;; —
Wb, we also set all their projections on the u direction to be zero, i.e. V, = 0,
Wiw = Wyi = Wy, = 0.

To obtain the basis functions in global coordinates, one just replaces H by Ly,
where s = 0,+, and Qg by iWj in steps b and c. To construct the lowest-weight
modules of NHEK’s isometry group, one should instead impose the lowest-weight
condition Ly &9 = 0, and the condition Q& "0 = p(h — 1) "0 in step
b. All descendant states will then be obtained by applying the raising operator
Ly, on the lowest-weight states. In Poincaré coordinates, we focus on the basis
functions that form the highest-weight module because their expressions are simpler.
In global coordinates, we show both representations explicitly in App. 2.7 and 2.7.
Unless otherwise specified, our basis functions will refer to those obtained using the

highest-weight method.

Let us remark on the allowed values of m, h, k. Itis straightforward to see k € Z* by
construction, and m € Z due to the periodic boundary conditions for the azimuthal
angle. In order to have a unitary representation of the isometry group, there are
conditions on £ as well. For the scalar case, for instance, if we apply the raising

operator on a scalar in the highest-weight module, we get
Ly, F""0 = (k=1 =2h) FimhE=D, (2.15)

A nontrivial unitary representation of NHEK’s isometry group then requires k — 1 —
2h # 0, otherwise there would be a lowest-weight state that would lead to a finite-
dimensional (and hence non-unitary) representation. The same conclusion holds for
either the vector or the tensor bases. The values of % also depend on the regularity
conditions we impose. For instance, in global coordinates, the highest-weight scalar

basis is proportional to
F10) o (siny) ™" expli(ht + mg) + my]. (2.16)

Regularity at the boundaries ¥ = 0 and ¥ = 7 requires 2 < 0. Another example is
given in Sec. 2.5 when we solve for the free massless scalar wave equation in the
NHEK spacetime, where 4 must take on some fixed values due to the regularity

conditions for spheroidal harmonics.
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2.4 Orthogonality in global coordinates

In this section we present a proof that all the scalar, vector, and symmetric tensor
basis functions of NHEK’s isometry group, when given in global coordinates, form
orthogonal basis sets. In this proof we will use the vector basis functions defined on
>, as an example. That is, they are functions of 7, ¢, . As we shall see, lifting to
the whole manifold M and extending the proof to the scalar and symmetric tensor

cases will be straightforward.

Let us introduce the metric induced on the hypersurface X, as v;;, and D is the
unique torsion-free Levi-Civita connection that is compatible with y. Here Latin
letters in the middle of the alphabet (i, j, k) denote three-dimensional tangent indices
on X,. Consider the vector basis function u” %) (t, ¢, y) and v " ) (7, ¢, ). We

would like to show bases with different m, h, k are orthogonal,

(u,v) = f dVolu™ "V e o S SOk - (2.17)
z

u

Here the overbar denotes complex conjugation, and the volume element is given by

T 2 /g
f dvol = lim f dr f dy f dyv—7, (2.18)
T, T—eo J_ 1 0 0

where 7 is the determinant of the three-dimensional metric, and in these coordinates
V=y = 2csc?y V1 —u*. To prove Eq. (2.17) we first note the basis components

p e i global coordinates have the T and ¢ dependence,

I~ exp (img) exp li(h — k)T]. (2.19)

v
This dependence on 7 and ¢ is the same for the scalar and tensor basis components.
Once we integrate over ¢ and 7 in Eq. (2.17), the integral will be proportional to
Om.m'On—k, k- Notice that the boundaries 7 — +oo are oscillatory, so the 7 integral

needs to be regulated in the same way as Fourier integrals.

Now we only need to show bases with different weight k are orthogonal. Once
this is done we will recover Eq. (2.17). For simplicity, from now on we only track
the k-index in the vector bases. Recall that we obtain the lower weight bases by

applying the lowering operator order by order,

P vy &y = q® £, yE&=Dy (2.20)
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Now we try to “integrate by parts” with the Lie derivative,

@b, £ vy = [y (1P, ) avol - @b 2an
th

= f L (ul.(k)vék,))dVol+(£L+u(k),v(k/_1)>, (2.22)
)y

u

where in the last line we used the fact that L, = —L_. Note that this relationship does

not hold between H., so this type of proof will not work in Poincaré coordinates.

We would like to discard the first term on the RHS of Eq. (2.21), which would
show that £; and £; are adjoints of each other. We can do this by converting
the Lie derivative into a covariant derivative and then a total divergence. Since L.
are KVFs, they are automatically divergence-free, so we can pull them inside the

covariant derivative:

fzu dVol £;_ (ufk)vék,)) = fzu dVol LJ;Dj (ufk)vék/)) = fzu dVol D; (L{ui(k)vék,)) .

(2.23)
This step is identical if we are considering scalars/vectors/tensors, since the argument
of the Lie derivative has all indices contracted. Using Stokes’ theorem, the integral
of the total derivative becomes a boundary integral, evaluated at v = 0, 7. This
boundary contribution vanishes for 4 < —1 in the highest-weight module. To see
this, one must count the powers of siny which depends on 4 (see App. 2.7), and

take into account the volume element’s contribution, 4= o (siny)~2.

We repeat the procedure of extracting lowering operators from the ket as in Eq. (2.21),
and arrive at
@O V8 = (L) u® v, (2.24)

Recall that the vector basis terminates at the highest weight. Therefore when
K >k, (£r,)" u® will vanish. Similarly when k’ < k, we can extract all lowering
operators from the bra and raise the weight of the states in the ket, which will
terminate upon raising the highest-weight state. Therefore the vector bases with

different weights &, k" are orthogonal.

Since we have also proved that vector bases with different m and #—k are orthogonal,
the proof of orthogonality for vector bases is done. It may not be obvious that the
proof holds unaltered for scalars/vectors/tensors. In all the relevant steps above, we

have noted where each argument works for each of the three types of fields.

Therefore we arrive at the conclusion that the scalar, vector, and symmetric tensor

bases in global coordinates form orthogonal basis sets. O
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2.5 Separation of variables

In this section we show that with the scalar, vector, and tensor bases we have
obtained, it is possible to separate variables for many physical systems in NHEK
spacetime. One can show that all conclusions in this section hold for both Poincaré
coordinates and global coordinates. In global coordinates the results are in general
more complicated. Therefore for concreteness all results in this section are given in

Poincaré coordinates.

The main result of this section can be summarized with the schematic equation:

SL(2,R) x U(1)\ (m./.k) ( )
D, ( structure ) % (“ or cos ) _

dependence
T, o, R)

structure

(SL(Z, R) X U(1))(m,h,k)

% D;m’h) [ u (or cos 6) ]

dependence
(T, ®,R)

Here, D, isan SL(2,R)xU(1)-equivariant differential operator, which takes deriva-
tives in the 7, @, R, u directions. We completely specify the T, ®, R dependence by
being in a certain irreducible representation (irrep) of SL(2,R) x U(1) labeled by
(m, h, k). Then the SL(2,R) x U (1) structure factors straight through the differential
operator 9,, leaving a new differential operator Z),Sm’h) which only takes u deriva-
tives. This greatly simplifies computations, since the partial differential equations
have been converted into ordinary differential equations (ODEs). Because of the
SL(2,R) x U(1)-invariance, notice that z)f,’"’h’ only depends on m and h, which

label the irrep, and not on k, which labels the descendant number within the irrep.

Covariant differentiation preserves isometry group irrep labels

Let us first make a general statement about how the presence of a group of isome-
tries acting on the manifold can be useful in separation of variables. The conclu-
sions obtained in this subsection will also justify our motivations of finding group
representations for NHEK’s isometry. Consider a manifold M with metric g,p,
metric-compatible connection V, and an isometry Lie group G acting on the man-
ifold. Let a(;) € g be a basis for the Lie algebra, with representation {X(;} on the
manifold. Further, let ¢®®) be the inverse of the Killing form of the Lie algebra in
this basis [55]. Then we also have a quadratic Casimir element, which acts on any

tensor t as

Q-t= ) DLy, Lyt (2.25)
W
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Irreps of G will be labeled by eigenvalues A; of some of the KVFs, and the eigenvalue

w of the Casimir Q.

First, we need a lemma on the commutation relation of manifold isometries and
covariant derivatives,
[ Lo Va] =0, (2.26)

where t can be a scalar, vector, or tensor. To prove Eq. (2.26), one can start by
showing the commutation relations for t being a O-form (which follows immediately
from Cartan’s magic formula for a O-form) and a one-form, then use the Leibniz
rule to generalize the relations to the vector and tensor cases. Eq. (2.26) says that
the operator V, is SL(2,R) x U(1) equivariant: that is, its action commutes with

left-translation by the group [54].

An important consequence of the commutation relation Eq. (2.26) is that the Casimir
element Q of the algebra g also commutes with the covariant derivative. Simply
commute each Lie derivative one at a time, and the coefficients ¢'?) are constants.
As aresult,

[Q V. ]t=0. (2.27)

Now consider a tensor t living in an irrep with labels A; and w, meaning

Lx,t= A, (2.28)
Q-t=owt. (2.29)

As an immediate consequence of Eq. (2.26) and Eq. (2.27) is that Vt has the same

labels A; and w,

Lx,Vt = 4;Vt, (2.30)
Q-Vt=wVt. (2.31)

Thus any linear differential operator which is built just from V, and the metric g, can
not mix tensors with different irrep labels (4;, w). This even extends to differential
operators which include the Levi-Civita tensor € and the Riemann tensor R,pcq,
because these two objects are also annihilated by all of the Lx ;. As a result, when
tensors are decomposed into a sum over irreps with different labels, they will remain
separated in the same ways under this type of differential operator. This is the
underlying reason why the method of finding the unitary irreps of NHEK’s isometry
introduced in Sec. 2.3 will lead to separation of variables in many physical systems.
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Scalar Laplacian

As the first example, we look at the massless scalar wave equation Oy = S in NHEK
space time, where S is a source term (including a mass term also works). Since
the scalar d’Alembert operator O = V“V,, is built only from g,; and V,, it should
commute with Q and Lx where X is any KVF. To show this explicitly, note that in

Poincaré coordinates, Oy can be written as
Oy = Tw) {(Q +Ew) L)W + Ly, [(1 - u )Lautp] } (2.32)

where Z(u) = A(u) 2 - 1.

Assume we can decompose an arbitrary scalar field ¥ (7, ®, R, u) according to

Y= Conk@F ™" T, @, R) (2.33)
mhk

= Z Wmhk(T, (D9 R9 u)a

mhk

where F is the scalar basis on X, and C,,;; are some unknown functions of
u. We also decompose the source term using the scalar basis functions via
S = Sk Smak F0) - The basis functions F""X are eigenfunctions of Q and
Lg,, and 80 ¥, are also eigenfunctions. Therefore it is straightforward to see that
the (7, @, R)-dependence in i, ,x is invariant after applying the scalar box operator.

The equation for a specific mode labeled by (m, h, k) becomes

1
S F O = glmh = —x 2.34
mhk Ymhk T (2.34)

X {[h(h + 1) = m*E@ Wi + La, | (1 = u®) Lo, Ymn | } .

This entire equation is proportional to the basis function F"*#%which can thus be
divided out, leaving an ODE for one function, Cy,jx ().
Specializing to the homogeneous (source-free) case, we find the ODE

d

d
— (1 =u?)—Cy,
du[( w”) = Cmhk

+ [h(h +1) - E(u)mz] Conk =0. (2.35)

This equation has two regular singularities # = =1 and an irregular singularity of
rank 1 atu = oo, which falls into the class of confluent forms of Heun’s equation [57].
Explicitly, it is a spheroidal differential equation, whose standard form is

2

i _ 2d_90 209 .2y _H _
du((l u)du)+(/l+y(1 u-) l_uz)go_o, (2.36)
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where we have made the substitution A = A(h+ 1) +2m?, )/2 = —m?/4 and ,u2 = m?2.

When ¥y = 0, Eq. (2.36) reduces to the Legendre differential equation and the
solutions are Legendre polynomials. Being second order, the space of solutions is
two dimensional,

() = aiSy,] (v, u) + 1S3 (v, ). (2.37)

A solution that is regular at u = +1 only exists for eigenvalues 1 = A”(y?), where
u=m=012...,andn =mm+ 1,m+ 2,.... Thus, there are only discrete

values of the irrep label ~# which satisfy regularity at the poles u = +1.

Maxwell system

Let’s look at another system of physical importance, the Maxwell system, and
verify that we can separate variables in Maxwell’s equations (the Proca equation—
i.e. adding a mass term—works as well). The inhomogeneous Maxwell equations

in the presence of a source vector field J are
ViSFab = b, (2.38)

where the electromagnetic tensor ¥ is built from the vector potential A according
to
Fab = VaAp — VA, (2.39)

We again assume that we can expand the vector potential in the scalar and vector

bases. Define a one-form n, = du, this expansion is given by

Aa= ) (Cu(u)naF(mhk) " ZB: Cayv"" ")), (2.40)

mhk

where B € {T, ®, R}, Cg(u) and C,(u) are unknown functions of u. Notice that B
is not a tensor index. It is the label of a specific choice of vector bases and their
corresponding unknown C-functions. The expression of F""%) and the projection
of VB onto 3, ie. V5 (1K) are both given in App. 2.7. Then at the highest

weight k = 0, the left-hand side of Maxwell’s equation can be rewritten as

VFubli=o = DM C ) 1n, F O (2.41)
+ Z Dl(gm,h) [C(u)]VbB("'hO),
B

where we have collected the four C-functions into the vector C(u), and defined the
general differentiation as D" [C(u)], whose expressions are given in App. 2.7.

As long as the source field can also be decomposed using the scalar and vector
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bases, the inhomogeneous Maxwell equations in NHEK will reduce to four ordinary
differential equations with four unknown C-functions. Although we only show this
is true for the highest-weight case, this conclusion holds for any k. This is due to the
commutation of the lowering operator and the covariant differentiation. For explicit
calculations of Maxwell’s system using the highest-weight vector basis we refer our
readers to [58, 59].

Linearized Einstein system
In this subsection we show that we can separate variables on the left hand side of
linearized Einstein equation, using our scalar, vector, and tensor bases for NHEK.
Consider the metric perturbation g; p = 8ab+ €hap + O(€?), where gap is the NHEK
metric and Ay, is a perturbation. The linearized Einstein equations (i.e. at order e
are

GW[h] = 87Ty, (2.42)

where T, is the stress-energy tensor of a source term. The linearized Einstein
operator G'"[h] can be written in terms of the background covariant derivative V

as

~2G V] = Ohap + 8apV V¥ ea = 2VV (o hp).
_ gabROd Ecd + R Eaba (243)

where Eab = hgp — %gabg"dhcd is the trace-reverse of h,p, Rgp is the background
Ricci curvature, R is the background Ricci scalar, and parentheses around 7 indices
means symmetrizing with a factor of 1/n!. This operator, again, is SL(2,R) X U(1)

equivariant.

We assume that we can expand the metric perturbation in our scalar, vector, and

tensor bases, according to

h(lb = Z hgzhk) = Z (naan(mhk)Cuu (u) (244)
mhk mhk

B(mh k) AB(mh k)
+ ; 2n,Y, Cup(u) + ; W, Cap(u)),

where A, B € {T,®, R}, C,,, Cyup, Cap are unknown functions of u. Notice that A
and B are not tensor indices but only labels of a specific choice of the vector and
tensor bases (introduced in App. 2.7 and 2.7) and their corresponding unknown

C-functions. Thus there are no differences between a subscript and a superscript
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VbB(th) and the six

A or B. We choose the three highest-weight vector bases

JAB(mh0)
ab

can be written as Eq. (2.45). We substitute the highest-weight metric perturbation

highest-weight tensor bases such that the metric perturbation with k£ = 0

into the left-hand side of the linearized Einstein equation and the result is given by
Eq. (2.47).

R™Crr(u) R*'Crom) R™OCrr(u) R Cur(u)

P RO) _ ph jim®d * R%Ceo) R'Cro) R™Co@) | o
ab - ¢ « « R_2C R-1 (2.45)
rR (1) Cur(u)
* . « ROC,w)
G A0 = RhemPx (2.46)
RZDFVICw] R DI ICw] RODEVICwW] R D" 1Cw)]
y . RODGVICwW)] R D ICw)] RODVCw)]
* * R2DUMICw)] RT'DP[C(u)]
. . . RODC(w)]
(2.47)

Again notice that the (7, ®, R) dependence has factored straight through the differ-
ential operator, resulting in ten coupled ODEs for the ten C-functions, which we
have collected together as C(u). The expressions for all these differential operators

are given in App. 2.7.

We can easily verify that GD commutes with £, therefore the linearized Einstein
operator acting on a basis function with arbitrary weight can be obtained easily
by repeatedly applying the lowering operator Ly , k times, on Eq. (2.47). While
applying the lowering operator, in general different components of Gélb)[h(’"hk)]
will get mixed up, but the separation of variables still holds. Therefore we conclude
that with these scalar, vector, and tensor bases, we can separate variables in the

linearized Einstein system in NHEK.

Given some source terms, these bases can be directly applied to solving for the
corresponding metric perturbations. For instance, we have obtained the highest-
weight metric deformations in NHEK sourced by the decoupling limits of dynamical

Chern-Simons and Einstein-dilaton-Gauss-Bonnet gravity [37].

2.6 Conclusions and future work
In this chapter, we proposed an isometry-inspired method to study metric perturba-

tions in the near-horizon extremal Kerr spacetime. That is, we separated variables
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in the metric perturbation equations in the NHEK spacetime, by expanding the
perturbation in terms of basis functions adapted to the isometry group. With the
separable linearized Einstein equation, one obtains the perturbed metric directly,
without the complication of metric reconstruction. Further, our formalism does
not depend on gauge choice. Within our formalism, partial differential equations
built from SL(2,R) x U(1)-equivariant operators can be converted into ordinary
differential equations in the polar angle, which are simpler to solve. The price is that

one must solve coupled, rather than decoupled, equations in our metric formalism.

We accomplished three things: (i) we used the highest-weight method to obtain
the scalar, vector, and symmetric tensor bases for the isometry group of NHEK;
(ii) in global coordinates, we showed that these bases form orthogonal basis sets
when the labels of irreps satisfy 7 < —1; and (iii) with these basis functions,
we separated variables in many physical equations like the scalar wave equation,

Maxwell’s equations, and the linearized Einstein equations.

Future work. Although we have shown that bases in global coordinates are orthog-
onal, we did not mention completeness. There are clues that, in global coordinates,
combining the highest- and lowest-weight modules will give a complete set of states.
We leave arigorous treatment of completeness to future work. However, many prob-
lems can already be attacked without worrying about completeness—for example,

if the source term lives in exactly one irrep.

Since the near-horizon near-extremal geometry exhibits the same isometry as NHEK,
we expect all discussions in this paper can be applied to understanding metric pertur-
bations in near-NHEK, which is more astrophysically relevant. With the knowledge
of isometry-adapted bases in NHEK, we hope to enhance our understanding of the

Kerr/CFT conjecture [60] from the gravity side.

2.7 Appendix

Scalar, vector, and symmetric tensor bases

In this subsection we present the expressions of scalar, vector, and symmetric
tensor bases both in Poincaré coordinates and global coordinates, up to constant
factors. All the basis functions are defined on the three-dimensional hypersurface
%,. To promote these basis functions to the full four-dimensional manifold M, one
promotes all constant coefficients cg to become unknown functions of the (cosine)
polar angle, cg(u). The basis functions given here are (mostly) obtained using

the highest-weight method introduced in Sec. 2.3, i.e. they form the highest-weight
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modules for SL(2,R) x U(1) O M. Such a highest-weight module is infinite

dimensional, the length of this paper, however, is supposed to be finite. Therefore,
we give the highest three weights for scalar bases, the highest two weights for vector
bases, and only the highest weight for tensor bases. Note all other basis functions
can be generated by applying the lowering operator on the highest-weight basis
order by order. In order to compare the basis functions in different modules, in
global coordinates, we also give the expressions of the scalar bases obtained using

the lowest-weight method.

All expressions in these appendices are also available in the companion MATHEMAT-
ICcA notebooks: Sep-met-pert-in-NHEK-Poinc.nb,
Sep-met-pert-in-NHEK-global.nb,

and precomputed quantities in NHEK-precomputed.mx [61].

Basis functions in Poincaré coordinates

Scalar bases The scalar bases in Poincaré coordinates are given by
F(m hk) o Rh—keim(l) X f(m hk) (248)
where

oy (2.49)
FmhD = _2(hRT + im),
FOmh2 = _2[-2i(2h — 1)mRT+

+h(1 =20 R°T* + h +2m°].

Vector bases The covector bases in Poincaré coordinates can be decomposed

using the dual basis one-forms {d7, d®, dR} via
Vmhl — y By x e (T, 0, R} . (2.50)

The covector components are given by
v;m hk) p+1
V;-(mhk) o VEDm h k)R+0 Rh_keimq), (251)
where

PO = o pmho — ¢ v = e, (2.52)
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and
v "D = “2[c3 + ¢y (hRT + im)], (23
V((Dmhl) = —2¢2(hRT +im),
vg"h]) = —2[c3(hRT +im) + ¢ — 2] .

Notice that there are three unknown coefficients, ¢, ¢, and ¢3. They endow us
the freedom of choosing a three-dimensional basis for covectors. In particular, we
introduce a specific set of covector bases labeled by B where B € {T, ®, R}. They
are defined by

hk

Ve = e o, (2.54)
hk

V((Dm ) — V(mhk)|c1:C3:O’

hk
Vgem ) = V(mhk)lclchz() .

Symmetric tensor bases The symmetric tensor bases in Poincaré coordinates can

be decomposed using the dual basis one-forms {dT, d®, dR} via
W — Wi qf @ dx/,  x € {T, D, R}. (2.55)

The tensor components are given by

R2ymhk)  ptl (mhk) — pt0, (mhk)

(mhk) " (T(Dh k) (TRh k)
m +0.. .(m -1, .(m
Wij o * R Weo R™ Wge X
% % R_zwg;h k)
xRk eim® (2.56)
where
w%ho) =cy, w((l)"ého) =, w%ho) =c3, (2.57)
(mh0) _ (mh0) _ (mh0) _
WTCIJ =4, W<I>R = C5, WRT =C6.

Notice that there are six unknown c-coefficients. They endow us the freedom of
choosing the six tensor bases. In particular, we introduce a specific set of highest-
weight tensor bases labeled by A, B where A, B € {T,®,R}. They are defined
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W;f;h k) — W(mhk)| (258)

cg£1=0"
Wg’(lbhk) — W(mhk)|

cgz2=0"
ngnllghk) — W(mhk)|

W(Tn&)hk) = Wik

cp#3=0"

cg24=0"

Wg;qh k) — W(mhk)l

ng”}hk) — W(mhk)|

CB#5 =0>

cg26=0

This specific choice of tensor bases will be utilized to write the metric perturbation
as in Eq. (2.45).

Basis functions in global coordinates

Scalar bases (highest-weight module) The scalar bases from the highest-weight

module in global coordinates are given by
F(mhk) o (Sinl//)_hei[(h_k)Ter(’DHmw X f(mhk) , (259)
where

b0 _ g (2.60)
FORD = _2(msing — heosy),
flmh2) =9 [h2 +m? + (h2 —h - mz) cos 2y + (m — 2hm) sin2w] -

Scalar bases (lowest-weight module)

The scalar bases from the lowest-weight module in global coordinates are given by

FL(mhk) « (Sinl//)+hei[(h+k)7+m<p]—ml// % fIEmhk)’ (2.61)
where
(mh0) _
mho) (2.62)
2’"“) = =2(msiny — hcosy),

2mh2) ) [hz +m? + (h2 +h - m2) cos 2y — (m + 2hm) sin2w] .



Vector bases
the dual basis one-forms {dr, dy, dy/} via

31

The covector bases in global coordinates can be decomposed using

Vil =yt Bay x e {r, 0,0 . (2.63)
The covector components are given by
vﬁmhk)(sin )l
Vj(mhk) o v;mhk)(sin )| (siny) hell-RTHmelimy (2.64)
v&/mhk)(sing//)‘l
where
p{mh0) — —% (cre™ +2cie" = 20267 + dcze) (2.65)
oo .
v;’th) = +% (cle_i‘/’ + 2007V + 4C3€il/l) ,
and
vt = - }1 {01[2(11 +im)e + Gh—im—1) + (h—im + 1)e¥]-  (2.66)
—20[(h+im+ 1)+ (h—im—De 2] +4cs3[(h+im — 1)e*? + (h—im + 1)]},
(mh]) —2ci(msiny — hcosy),
vt = 4 Z{cl[(h +im+ 1)+ (h—im = De 2]+ 2e[(h +im+ 1) + (h — im — 1)e Y]

+des[(h+im—1De® + (h—im + 1)]} .

Symmetric tensor bases

The symmetric tensor bases in global coordinates can

be decomposed using the dual basis one-forms {d7, dg, dy/} via

WD = wimho 4t @ du/,

The tensor components are given by

wer "D (sing) 7 wip " sing) ! w

* w%hk)(sin W) *o

% %

WO o

xe{t,o,¢}. (2.67)

(m ) (sin W) 2

“’””“(smw ' (sing)™"
(mhk)(smw) 2

i[(h—k)T+m(,o]+m;l/

(2.68)
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where
1 ) ) .
w{mho) — +E(cle_2“/’ +4c1e® — 6cye”HY (2.69)
+ 16C3e2’¢ + SC5e_2i‘l’ + 16C6€2i¢/ +4c; — 8¢y + 16¢3 + 8c¢y),
1 . . . .
Wl%hO) = +E(_804 +16c6e”™ + c1e™Y + 2c0e7HY + 8cse 2V,
1 . . . .
wg’;fho) =7 (2cle”” +4c3eV + eV - 2026"‘”) ,
1 ) ) )
W;"l;ho) = +4_1 (4C3e“” +ce ™+ ZCQE_W) ,
1 ‘ . . . .
W;"T’ho) ST (261 +4cy + 8c3 + 8¢3¢”Y + 16¢6e”Y + c1e” Y + 2002V — 865e_2"”) .

Expressions of Z)X"’h) [C(u)] in Maxwell systems

We have decomposed the differential operators Z)X"’h)[C(u)], A € (T, D, R, u}, in-
troduced in Sec. 2.5, by the coefficients multiplying the second, first, and zeroth
derivatives of the C—functions. These coeflicients are tabulated here in Table 2.1.
In this table, each row is labeled by Di\m’h), while each column is labeled by a
C-function or its derivative. Each table component is the coefficient in front of the
(derivative of) corresponding C-function in Z)X"’h) [C(u)]. Torecover Z)X"’h) [C(u)],
one just multiplies each table component with its column label and then add up all
those with the same row label D 4. Expressions in this appendix can be computed us-
ing the companion MATHEMATICA notebook Sep-met-pert-in-NHEK-Poinc.nb
[61].

Expressions of Z)Xg’h) [C(u)] in linearized Einstein equations

The general second-order differentiation D" on the ten unknown C-functions, de-
noted as Z)i\";’h) [C(u)], can be written compactly by putting all C-functions together
to form a vector C(u),

T
DUI[C(u)] = (Aupd? + Bapdy + Cag) (CTTW),...,C@u(u)) . 270)

Here A4, Bap, and C4p are covectors whose components are obtained by collecting
coefficients in front of C-functions. We further stack all the covectors A 45 to form
a matrix, and similarly do for 845 and C4p. We label the resulting coefficient
matrices as A, B, and C respectively. They are given in Tables 2.2, 2.7, 2.4, 2.5,

and 2.6. They can also be computed using the companion MATHEMATICA notebook
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Dy C7 () Cgu) Cru) C/(u)
Dr o 0 0 0
Do 0 o 0 0
Dp 0 0 — 0
Dy 0 0 0 0
Cp(w) Cly() Cp(w) Ciw)
4 _ 2u(u273)
Dr (2+1) (1) 0 0
2u(u2—l) im(uz—l)
Do 0 - (u2+1)2 0 ul+1
4 h(uz—l)
Dr 0 0 _(uzfl)z uZ+1
D im im (u*+6u>-3) h+1 0
u w2+ W T
\ Cr(u) Co(u) Cr(u) Cu(u)
4 2 2
D % h(u4+6u273) _ im(u4+6u273) 2imu(t¢273)
’ (h+1)(—4u2+h(u2+l)2+4) (w+1)? (w+1)? (u2+1)
(2+1)’°
D m2(124+1) =4(h+1)(12=1)  h((h+Du*+20h+3)P+h—3) _im((h+Dut+2(h+3)uP +h-3) 2imu(u?-1)
@ (uz-*—l)3 uz-ﬁ—l)3 u2+1)° (uz+1)2
D i(h+Dm ihm (u*+6u*-3) m? (u*+6u°-3) Ahu
R e TPy BEGE (2+1)*
D, 0 0 0 4(u2—l)h2+4(u —l)h+r112(u4+6u2—3)

4(14471)

Table 2.1: The coefficient table that gives the expressions of Z)X"’h)[C(u)], A €
{T, D, R, u} in Maxwell systems.

Sep-met-pert-in-NHEK-Poinc.nb, or read from the precomputed expressions

in NHEK-precomputed.mx [61].

Dap | Cpu) Clop() Coo) Crr)  CR, ) Cp () Crpu) CF ) Cgepu) Cg, (u)
_ 2(u’-1 )2 u0+5u*—9u’+3 _ (”4+6”2’3)2 wO+5u*—9u’+3
Drr ((uz;l);z (2+1)° 8(u2+1) 22@1;2 0 0 0 0 0 0
21 O+ 9ut—17u’+7 uO+5u*~9u?+3 21
Dro | - T = - 3 ; 0 0 0 0 0 0
(u2+1)‘ 2(u2+1)‘ 2(uz+l)' (u2+1)‘
2(2-1)7 a(-1)? _2(e2-1)’ 2(2-1)
Do (u22+11)3 (u12+12)3 4(14622 1 )33 (u2+1)? 0 0 0 0 0 0
u - — —u u +obu”—
Drr | 30271y pras) ) 0 0 0 0 0 0 0
Dru 0 0 0 0 0 0 0 0 0
D 0 0 0 0 0 0 0 0 0 0
-1
Drr 0 0 0 0 0 0 D) 0 0 0
Dry 0 0 0 0 0 0 0 0 0 0
=
Dor 0 0 0 0 0 0 0 0 ) 0
Doy 0 0 0 0 0 0 0 0 0 0

Table 2.2: ‘A matrix.
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Das ‘ Crp(u) Cro (1) Copop ) Crr() Cr, (W)
D 2u(u-412+3) C4u(=3) (1) (b -22u0+66ut ~123u7+45)  u(uS+ut-13u’+3) _ h(2-1) (u*+6u-3)
T (1) (2+1)* 8(—1) (u2+1)" (1) (2+1)°
D 2u(ut 42 +3) du(ut -4 +3) 2u(u*~42+3)  2u(ut-4u’+3) _ 220+ 1) (12-1)"
re (2+1) (2+1) (2+1) (2+1)" (u2+1)
D, 2u(u4—4uz+3) _414(u2—3) (uz—l) 2u(u"—4uz+3) _2u(u4—4u2+3) _Zl(h-v»l)(uz—])2
oo (1) (w2+1)° ()" (1) (+1)°
_u(u273) 214(14273) u(u273) -1
Drr (u2+1)? (u2+1)? 8G2—1) (u2+1)’ 0 w2l
D hel 21+ (' +6-3) 1 0
Ru 2(u?+1) 2(u?+1) 8(ut-1) 2(u?+1)
u(u?+3)
Duu _2(u5—1) e D) Z(M‘L“—l) 0
Drr 0 0 0 0
i im(u4+6u273)
Dru 2041 ) 0 02
im(u*-1)
Dor 0 0 0 0 D)
Dou 2(L:§n+1) _2(;5,11) 0 _2(;2’11) 0
‘ C . (u) Crp(w) Cr,(w) Cor(®) Co, (W)
u(u?=1) (ub+11u*-1312+9) _im(i?=1) (u+6u”-3) im(u+6u2-3)
Drr 2041)’ 0 (2+1) 0 4(ui11)
4u(u2—1 ) _im(u6+9u4—l7u2+7) im(u6+5u4—9uz+3)
Dro () 0 20+1)° 0 )’
4u(u271)‘ _4im(u271) 4im(u271)
Do (1) 0 (ws1)° 0 (1)’
u(uz—l) im(u?-1) im(u4+6u -3)
Drr T2(2+0) 0 ] 40 , T 4@
. im(u+6u*-3)
Dru 0 2(u’§n+1) 0 T ) 0
Dllbl 0 0 0 0 0
D _u(-3) _(uz—])(—114—6112+l1(112+1)2+3) u(i=3) (1) (' +6i=3)
TR (2+1)° 2(2+1)° (2+1)° 2(2+1)°
D h+2
Tu 2(u2+1)
2(u271)2 (uzfl)(h(u2+1)2+4(u271))
Dor (+1)° hO 20241)
+1
Do 0 0Ty

Table 2.3: B matrix.
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Das | Crr(u) Cro(u)
2 2
» (Mz-l)(u”zb'zﬂhz(uz“) +6h(1+1)7+9) 28U~ 423613+ 212 (S +8u+10u—3) +3h (u+8u5 +10u4~3) ~15
m (+1)° 2(241)°
2 2
Z) ("2-1)(2"2(“2“) +Sh(u’+1) *3) Rt 1002-7) (12+1)  +h (4 102=7) (12 +1) =8 (3u+4u ~5u+2)
re (2+1)° 2(u2+1)°
> 202-1) (2 (P +1) 42 (w2 +1)7+4) 2(u2-1) (=30t =612+ 20 (w2+1) +h (12 +1)+5)
(lo] 5 - 5
(u?+1) (u2+1)
8(u0—8ut+92—2) —m? (u2+1)"* 343002 +h (12+1)° =7
(
Drr 8(2—1) (i2+1)° 2(u241)°
D _ (h+Du 2u(i®+h(u?-1)-2)
" (u2+1)2 (uz—l)(u2+1)2
D mz(uz+1)4+4h2(uz—1)(uz+l)z+8h(uz—1)(uz+l)z+8(u(’—l,44+uz—1) 3u4—2u2+2h2(u2+1)2+3h(u2+])2+3
e 8(u2—1)2(u2+1)32 2(2-1) (u2+1)° .
im(u4—2u2+2h(u2+|) +5) im(u4+6u2—3)(—u4—6u2+h(u2+1) +3)
D A G & _
TR 4(+1)’ 8(e=1)(w+1)°
Dy imu lmu(u +6u 73)
" 2-2ut 4(u2-1) (12+1)*
im(u4+h(u2+l)z+3) iln(fu476142+h(u2+1)2+3)
D
ok 202+1)° 2(2+1)°
Z)(I?r imu imuy
u 2-2ut (u2+1)2
| Cor(u) Cou (1)
Dir _ihm(u4+6uz—3)2 imu(ut+612-3)"
4(u2—l)(r,¢2+1)3 4(u2—l)(r,¢2+1)3
D _ihm(u4+614273) imu(u4+6u273)
r® (uZJrl)3 (uZJrl)3
4ihm(uz—l) 4imu(uz—1)
Dow Ty e
D im(u“+6u 73) _imu(u6+3u4+19u2715)
RR 40-1) 43— 1) (241)°
D imu (u*+6u>-3) _ihm(u'+6u?-3)
Ru 4(uz—l)(u2+l)2 8(ut-1)
D _i(h+Dym(u*+6u”-3) imu(1*+3)
“” 4(2=1)> (u2+1) 2(-1)
D 120243 2u(ut-14u*+9)
TR (uz+l)3 u+1 N
D (h+2)u(u?>-3) _ (h+2) (u*+6u-3)
Tu (u2*l)(u2+1)2 2(uz+l)3
2
Do e 2u(n(w+1)*-2(u-60%+5) )
(2+1)’ (u2+12)“
2 2
’ s _(h+1)(h(u +) (1))
Pu (2=1) (u241)° 2(241)°

Table 2.4: Part I of C matrix.
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Dap Crr(u) Cru(u)
D 810268 —618 8 +2112—6) —m? (uS +Tu +3u2 =3 ) du((2h+3)u*+2(h-6)u*+9)
= 8G2—1) (u2+1)° (1)
D — (B4 8uS+10u* =3) m2+2h (12 =1) (12+1) " +8 (S +u* ~3uP+1) _Au(’=1) (P +2u +h—4)
re 2(2+1)° (241
2 2
D 2(14271)(7m2(u2+l) +h(u2+l) +2(u4+2u271)) 4(h+1)u(u2—1)
DD - iUl G
(u2+1) (u2+l)
2
D u—1 4u
RR (uZJrl)3 w2+1)?
D __u 8(u(’+3u475u2+1)7m2(u8+8u°+]0u473)
Ru (u2+1)? 8(u2—1) (u2+1)°
D — (S +8u8+10u*=3)m2 +4h (12 =1) (u2+1)+ 1662 (12— 1) (h+1)u
“ 8(u2—1)%(u2+1)° w1
D im(u*+6u>-3) _imu(u2—3)
" 4] Ty
D _ imu(u?-3) im(u*+6u>-3)
Tu 22-1) (2 +1)] 20241)°
D im(u4+4u271) _imu(uzfl)
OR 20241 (2+1)
D i im(u4+6u2+h(112+l)2—3)
Du 2(u*-1) 2(2+1)°
Cuu(“) CTR(”)
Dy 412 (u+5u 91 +3) (12+1) +m? (8 +Tu +3u?=3) 8 (5u’ +34u —68u’ +5412-9) iQh+3)m(u+6u>-3)
8(u2+1)25 : 2(u2+1)°
> (1) (8100 =3) 4402 (12 =1) (141) 20 (1) (2+1) P +8 (O +8u' - 112+2) | (2 +82—5) +h (ut+106-7))
o 2(u2+1)° 2(u2+1)°
2 2 2 2
» 2021 (R (u41) (2 41) +h (12+1) 42 +907-2) 2iChIm(-1)
oo (w2+1)’ (1)’
Dir (84841064 =3 )m2+4h (12 1) (u2+1) 48 (u+4u2 1) __im
8(u2+1)° 2(ur+1)
p ,
Dru - 2(u2,:—1) - (ulznf;)z
D u® (u*+3) i(2h+3)m
u u2+1)? 2(u*-1)
D im(uz—l)(u“+6u2—3) 8(u6—7u4+7uz—1)—m2(u8+8u(’+10u4—3)
TR 4(u2+1) 8(u2—1) (u2+1)°
Dr _imu(u’-3) _ (h+2u
“ 2(u2+1)2 (uz-*—l)2
» im(u2=1) (h(2+1) +2(2-1) ) 5
—_m
R 2(u2+1)° 2(2+1)
(1)
z) _lmu(u 0
bu (2+1)

Table 2.5: Part II of C matrix.
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D 12 (12— 1) (uS+7u* +312-3) =2 (3u'2+68u'0~ 518~ 128u0 +153u* ~3617+9)
T 2 5
8 uz—l) (u2+1)
D _ =2(uB+8uC+10u* =3) 12+ (P +8u®+10u’ ~3) h+4(9u®+13u’ —9u*+3)
o 4(u2+1)°
(1) (~3ut =60 4282 (12 +1) =20 (u+1)+5)
Doo 5
(u2+1)
D 2(7uB-30u0+72u* ~42u2+9) ~h (12+1)” (u+5u* ~9u?+3)
RR 2 3
8(u2-1)"(u2+1)
D u(8(u—4u?+3)+h (ub+11u*~13u>+9))
Ru - 2
8(u4—1)
D (uB+8ub+10u*—3) 2+ (uB+8ub+10u*~3) h+2 (Tub+3u* +9u>-3)
e 8(u2-1)"(12+1)’
Dra _ im(u4+6uz—3)2
16(u2-1) (u2+1)°
D _imu(u6+3u4—21u2+9)
Tu 8(ut-1 2
im(u*+6u*-3)
_Z) _lm(u +
PR 4(u2+1)°
. 2_3)
D _imu(u
Pu 2(u2-1) (u2+1)°
Cru(u)
2imu(u2—l)(u2+3)
D —
TT (12+1)°
i 4+4u-5)
D _Lmu(u
re (12+1)°
dimu(u*-1
Doo —%
(u' +1)
DRR 4imu .
u2+1)
D i(h+lym
Ru 2(u2+1)
D __imu
un ur—1
2u(u4—14u2+h(u2+1)2+9)
Drr - 7
(u2+1)
A2 (12=1) (u+1) 440 (=3 + 705 )+ (ut+602=3) (=8 +m (2+1) 748
D —
Tu 8(12—1) (12+1)°
du(u*—6u?+5)
Daor -——
2+1
20,2.1)2 (u +2) 2
D —m? (2 +1) +4h (u?—1)+4(u2-1)
Pu 2(u2+1)°

Table 2.6: Part III of C matrix.
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Chapter 3

METRIC DEFORMATIONS FROM EXTREMAL KERR BLACK
HOLES

In Chapter II, we introduced a set of symmetry-adapted bases, which makes the
metric equations separable for near-horizon extremal Kerr spacetimes. In this chap-
ter, we apply our methods to solve for the deformations to the near-horizon extremal
Kerr metric due to two example string-inspired beyond-GR theories: FEinstein-
dilaton-Gauss-Bonnet, and dynamical Chern-Simons theory. We accomplish this
by making use of the enhanced symmetry group of NHEK and the weak-coupling
limit of EAGB and dCS. We find that the EdAGB metric deformation has a curvature
singularity, while the dCS metric is regular. From these solutions we compute
orbital frequencies, horizon areas, and entropies. This sets the stage for analytically

understanding the microscopic origin of black hole entropy in beyond-GR theories.

3.1 Introduction

General relativity (GR), despite its huge success in describing gravity on large
scales [62], must be corrected at high energies to reconcile with quantum mechanics.
Black holes (BHs) may hold a key to developing a quantum theory of gravity:
quantum effects can become important when gravity is strong, such as close to
singularities. Quantum effects can also become important at the horizon over
sufficiently long times, e.g. as Hawking radiation [63] shrinks a BH, generating

arbitrarily large curvatures at the horizon, close to evaporation.

In order to go beyond GR, a huge class of alternative theories of gravity has been
proposed and studied. Analytical black hole solutions can be sensitive to corrections
to GR, but they are rare in beyond-GR theories. In the slow-rotation limit, BH
solutions [64, 65] have been found for dynamical Chern-Simons theory [66]. But
for many other theories or when it comes to generic spin, it is difficult to find analytic
rotating solutions. In this chapter we find BH solutions in the near-horizon extremal
limit for beyond-GR theories. In particular, we make use of two theories of gravity as
examples, taking the weak-coupling limit, and find the corresponding deformations
to near-horizon extremal Kerr (NHEK). The two theories, both inspired by string
theory, are Einstein-dilaton-Gauss-Bonnet (EAGB) [67, 68] and dynamical Chern-
Simons theory (dCS) [66] respectively. They both contain a dynamical scalar field
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that couples to curvature, correcting GR with a (different) quadratic curvature term.

After taking the weak coupling limit of a beyond-GR theory, finding the vacuum
rotating solutions can be naturally formulated as finding the metric deformations
to solutions in Einstein gravity, i.e. deformations to Kerr black holes (alternatively,
one may expand Kerr around the a = 0 Schwarzschild limit, and solve for defor-
mations around the expanded spacetime, as in [69—71]). Therefore linear metric
perturbation theory is a natural tool to address the problem. However, the pertur-
bation equations are hard to solve unless we can use separation of variables. In the
Kerr spacetime, metric perturbations do not separate, but curvature perturbations
do. The most common approach is to use the Newman-Penrose formalism [42] and
solve the wave equations for Weyl scalars ¥4 or ¥y. This method was developed
by Teukolsky [40, 41], and the partial differential equation to solve is known as the
Teukolsky equation. The cost of curvature perturbations, however, is a very com-
plicated metric-reconstruction procedure (see e.g. discussion in [39]), which only
works for certain source terms, in certain gauges, and does not recover all pieces of
the metric. The main difficulty in the separation of the metric perturbation equations
is insufficient symmetry in the Kerr spacetime. In the near-horizon extremal scaling
limit of Kerr, additional symmetries arise, and we can separate variables, as the
authors showed in [36]. Therefore in NHEK, analytical deformed solutions can be
found by using linear metric perturbation theory.

The NHEK spacetime is interesting to study for several other reasons. For instance,
it has been shown that the horizon instability of extremal black holes [72] can be
viewed as a critical phenomenon [73]. Moreover, it was shown that near-horizon
quantum states can be identified with a two-dimensional conformal field theory
(CFT), via the proposed Kerr/CFT correspondence [60].

In this chapter, we focus on finding metric deformations of NHEK due to dCS
and EdGB interactions in the decoupling limit. Let us emphasize, though, that this
formalism is not limited to these two theories, but can be applied to finding deformed
NHEK solutions in many beyond-GR theories in the decoupling limit. With the
metric solutions, we compute physical properties including geodesic motion of
particles and their orbital frequencies, horizon areas, and entropies. We also prove
that the EAGB extremal BH is indeed singular in the decoupling limit, confirming
the conjecture of [74]. One of the most important results is the calculation of
the macroscopic extremal black hole entropies in beyond-GR theories. Although

we only consider the near-horizon limit, the entropy results agree with extremal
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BH solutions (i.e. without zooming into the near-horizon region). In the NHEK
spacetime, the entropy can be computed by counting the microscopic states of a two-
dimensional chiral CFT [60] via the Cardy formula, which leads to the Kerr/CFT
conjecture. We also expect a dual CFT description of the extremal black hole
entropy for beyond-GR theories in the decoupling limit. We will not address this
issue here, but our work lays the ground for studying the microscopic states of
deformed extremal black holes. This may provide insight into quantum theories

beyond Einstein gravity.

We organize the chapter as follows. In Sec. 3.2 we review EdGB and dCS gravity,
and introduce the decoupling limit to the two theories. In Sec. 3.3, we review the
near-horizon extremal geometry, the symmetry-adapted bases, and set up the metric
perturbations in near-horizon extremal Kerr spacetime as induced by the two stringy
interactions. In Sec. 3.4 we solve for the dynamical scalar fields, construct the
source term to the linearized Einstein field equation, and finally solve the metric
perturbations in the “attractor” gauge. In Sec. 3.5 we derive the timelike geodesic
equations for the deformed spacetimes, and calculate the corrections to horizon
areas and black hole entropies due to the two stringy interactions. We conclude and

discuss future work in Sec. 3.6.

3.2 Einstein-dilaton-Gauss-Bonnet and dynamical Chern-Simons gravity
Action

We work in units where ¢ = 1 = 7, and choose the metric signature (—, +, +, +). The
theories which we are considering, namely dynamical Chern-Simons gravity and
Einstein-dilaton-Gauss-Bonnet, can be motivated from both low-energy effective
field theory (EFT) and high-energy fundamental theory. DCS can arise from gravi-
tational anomaly cancellation in chiral theories [75-77], including Green-Schwarz
cancellation in string theory [78]. The low-energy compactified theory was explic-
itly presented in [79] (and see references therein). EdGB, meanwhile, can be derived
by expanding the low energy string action to two loops to find the dilaton-curvature
interaction [67, 68].

The actions of dCS and EdGB both include the Einstein-Hilbert term and a scalar
field that non-minimally couples to curvature. The Einstein-Hilbert action leads to
standard GR. In dCS the scalar field is an axion, while in EAGB it is a dilaton. In

our discussions, there is no need to distinguish between the two scalar fields. We
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treat them equally as the scalar field ¥}. For both theories, we then take as our action

I-= f d N [ Lo + Ly + Lo G.1)
with
Lo = ~m2R, Zy = —%(a“ﬂxaﬂﬂ), 32)

and non-minimal scalar-curvature interaction terms for dCS and EdGB respec-
tively [66—68]

s _

2 g% GB Mp
int 3 tes?'RR, L ="

- : (e R'R. (3.3)
Here R is the Ricci scalar of the metric g,5, and g is the metric determinant. The
reduced Planck mass is defined through m, = (87G)~!/2. The scalar field ¥ has
been canonically normalized such that [¢}] = [M]. In the interaction terms, we
define two coupling constant {cs and {gp for dCS and EAGB respectively. The two
variables are dimensionful, specifically [£cs] = [€gB] = [M]~'. That is, each of
them gives the length scale of the corresponding theory, which in principle can be

constrained observationally. In dCS, we encounter the Pontryagin-Chern density
"RR = "R Ruped, (3.4)
while in EdAGB we see minus the Euler (or Gauss-Bonnet) density

"R'R = "R, ;R = —R* + 4R1pR™” — Rypea R . (3.5)

Here we have used the single- and double-dualized Riemann tensors,

*Rabef Eefcd > (3.6)

* _ 1 ef * % — 1
Rapca = EEab Refcd’ Rabcd = E

where we dualize with the completely antisymmetric Levi-Civita tensor €*2¢¢,
Equation of motion

Variation of the action in Eq. (3.1) with respect to the scalar field ¢ leads to the
scalar equation of motion for dCS and EdGB respectively,

od =

2. 'RR, dcs
@{ cs 3.7)

2 xp*
8 | 2,°RR, EdGB
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where O = V4V, and V, is the covariant derivative compatible with the metric.

Variation of the action in Eq. (3.1) with respect to g% leads to the metric equation

of motion,
m4Gap = Tupl9, 9] mpl{ {%:;; [[1;]] ’. EZCGSB (3.8)
Here T,,[1, ] is the canonical stress-energy tensor for the scalar field ¢,
Tpp[9,9] = V, 9V — %gabVCﬁVcﬂ. (3.9
We also define the C-tensor for dCS,
Cap[91 = VI [Ruarye?] (3.10)
and introduce the H-tensor for EdGB via
Hap[9] = YV ['R},.0] - 3.11)

where parentheses around 7 indices means symmetrizing with a factor of 1/n!.

Decoupling limit

We now introduce two distinct theories as the decoupling limit of dCS and EdGB
respectively, namely Decoupled dynamical Chern-Simons (D*>CS) and Decoupled
dynamical Gauss-Bonnet (D>GB) [80]. We will briefly review the formalism of
taking the decoupling limit in dCS (see [81] for detailed discussions). The extension

of this formalism to EAGB is straightforward.

We assume the corrections to GR due to the interaction terms are small, so that in
the limit £ — 0, we recover standard GR. This allows us to perform a perturbative
expansion of all the fields in terms of powers of {cs. To make the perturbation
theory simpler, we introduce a formal dimensionless order-counting parameter &.
We then consider a one-parameter family of theories defined by the action /.., where

in I, we have multiplied %, by €. This parameter can be set to 1 later.

Now we expand all fields and equations of motion in a series expansion in powers
of &. Specifically, we take ¢ = 9 + g9 + O(?), and similarly g,; = gc(l(l)) +
eh')) + 21 + 0(&3).

In order to recover GR in the limit & — 0, at order £°, we have 9© = 0. At order
gl h;lb) has vanishing source term and thus can be set to zero as well. It is then easy
to show that the EOM for the leading order scalar field 9! is at !, given by

n®yh) = %{%S ['RR]©, (3.12)
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and the leading order metric deformation enters at £2, which satisfies
1
mAG D] + myegCapl9 V] = Top[90, 9] (3.13)
Here G;lb) [A®] is the linearized Einstein operator acting on the metric deformation
h(2)
cd”
We now redefine our field variables in powers of €cg, but to do so we need another

length scale against which to compare. This additional length scale is given by the

|—l/2

typical curvature radius of the background solution, e.g. L ~ |Rypcq . For a

black hole solution, this length scale will be L = GM. We can then also pull out the

scaling with powers of L from spatial derivatives and curvature tensors, by defining
V=LV and Ruped = L*Rypeq. We define fzab and 9 via

tes | lcs !
)] = - 9 @) = | — i 14
) mpl( ) 7, hab ( M) hap . (3.14)

Now our hatted variables satisfy the dimensionless field equations
PO PO N
609 = SRRV, G V1] = Sap. (3.15)
with the source term S, = Tab[ﬁ, ﬁ] - Cab[ﬁ].

The equations of motion in the decoupling limit of EAGB, i.e. D>GB, are almost the
same as Eq. (3.15). The only difference is that, for EAGB, we substitute *R*R for
*RR, and the C-tensor in the source term should be replaced by the H-tensor.

3.3 NHEK and separable metric perturbations
The metric of a generic near-horizon extremal geometry (NHEG) that makes
SL(2,R) x U(1) symmetry manifest takes the form [82]

2
ds? = (GM)Z[VI(H) (—r2 dr* + d% + B7d0% | + BPva(0)(dg — ar di)*|, (3.16)
r

where v| and v, are positive functions of the polar angle 6, and @ and £ are constants.
The spacetime has four Killing vector fields. In these Poincaré coordinates, they are

given by

Hy=1t0; —ro,, (3.17)
H+ = 619

1 2
Ho = (* + =)0, — 21rd, + 0y,
r r

Qo =04 .
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The four generators form a representation of the Lie algebra g = sI[(2, R) x u(1),

[HO’Hi] = $Hi9 (318)
[H, H-] =2 Hy,
[HS’QO]:O' (S:()ai)

A crucial algebra element we will need is the Casimir element of sI[(2,R). The

Casimir Q acts on a tensor t via
Q-t=[Ly,(Ly,—1d) = Ly Ly, ]t, (3.19)

where Ly is the Lie derivative along the vector field X.

The generic metric in Eq. (3.16) has an Einstein gravity solution, which is found
with

vi(w) =1 +u?, a=-1, (3.20)
4(1 —u?)
vz(u)zm, B =+1,

where we have defined a new coordinate u = cos 8. This spacetime is called near-
horizon extremal Kerr, which was first obtained by taking the near-horizon limit of
extremal Kerr black holes [13].

The enhanced symmetry due to the near-horizon extremal limit enables us to sep-
arate variables in the linearized Einstein equation (LEE) in NHEK spacetime [36].
This is achieved by expanding the metric perturbations in terms of some basis
functions adapted to that symmetry. For the non-compact group SL(2,R), one can
construct a highest-weight module, which is a unitary irreducible representation of
the group. In NHEK, that is, we simultaneously diagonalize { Ly, 2, L, } and label
the eigenfunctions & by m, h, k respectively. Here m labels the azimuthal direction,
h labels the representation (“weight”), and k labels “descendants” within the same
representation. We impose the highest-weight condition Ly, & = 0, and solve for
the basis functions. Expanding the metric perturbations in terms of these bases
leads to separation of variables for the LEE in NHEK spacetime. As a result, the
system of partial differential equations in the LEE automatically turns into one of

ordinary differential equations.

If the LEE system has a source term, and that source term is a linear combination of a
finite number of representations, then the metric perturbations can also be expanded

as a sum of those same representations. As we will see, for both EdAGB and dCS
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gravity in the decoupling limit, the source term on the RHS of Eq. (3.15) will have
the same SL(2,R) X U(1) symmetry as the background spacetime. This enables us

to solve for the linear metric deformations analytically.

3.4 Solving for the metric deformations
In this section we find solutions of the leading order scalar fields, construct the
source terms on the RHS of Eq. (3.15) for D>’CS and D?>GB respectively, and finally

solve for the metric deformations.

Solutions for scalars and construction of source

In a Ricci-flat spacetime (like Kerr), the I curvature invariant [83] agrees with

I = =(="R'R + i"RR). In NHEK, this takes the value / = 3/(1 — iu)®. The

imaginary and (minus) real parts of [ thus give compact ways of expressing the

source terms for the scalar equations of motion of respectively D>*CS and D>GB.

In DCS, the leading order scalar equation of motion admits an axion solution which

is regular everywhere. This scalar field is given by

50 _ 1 [u (u4 +2u? - 7)

) + const . (3.21)

+ 2 arctan u

u?+1)°

This also agrees with the solution presented in [84]. Because the theory is shift-

symmetric, we are free to set the constant term to zero. We then construct the source
Sap[9D, D7 in Eq. (3.15) for D*CS.

In D>GB, we find the leading order scalar solution is

) log (W +1) yrm?-1 ([ d 1
A = d, + ( )_u “ 3+(——1——)log(1—u)+ (3.22)
4 22 +1) 2 4
d 1
+(?1—Z)log(1+u),

where d; and d, are constants. Unlike the D2CS case, it is not possible to remove
both logarithmic divergences at u = =1 by choosing specific values of d; and d».
It is possible to cancel the divergence at one pole or the other, but not both. We
set d; = 0 so that the scalar field retains the reflection symmetry, u — —u, of the
background spacetime. Again by shift symmetry, we are free to set the additive
constant d» = 0, and then construct the source term S,;, accordingly. The source

Sqp Temains irregular at the two poles u = +1.



46

Let us remark on an important common feature of the two source terms. For either
theory,
LxSa =0, (3.23)

where X € {Hy, Hi,Qo}. That is, if we decompose the source term using the
symmetry-adapted scalar, vector and tensor bases, the source term only contains
the m = h = k = 0 component. Therefore on the LHS of the LEE, the metric
perturbations only have stationary axisymmetric basis components, either for D>’CS
or D’GB. These components live in both the highest-weight and lowest-weight
representations of NHEK’s isometry group.

dCS-deformed NHEK

We now seek the solutions to the linearized metric perturbation equations of NHEK
sourced by the two stringy interactions. Expansions of the metric perturbations
into the basis functions turn the systems of partial differential equations in LEE
into ten coupled ordinary differential equations (ODEs) in u, which we solve in this

subsection.

So far we haven’t chosen any gauge condition. Since the linear metric perturbations
have the same SL(2,R) x U(1) symmetry as the background NHEK spacetime, we
can fix the gauge by requiring an “attractor form” [82] of the deformed solutions as
in Eq. (3.16). That is, we only consider the following shifts in the metric parameters.

Recalling that the metric is corrected at order &2, we have
viw) - vi(u) + azévl(u), a— a+&da, (3.24)
va(u) = vo(u) + £26v2(u), B— B+e*5p.

We call this gauge choice the attractor gauge. This ansatz is, by construction, in

the m = h = k = 0 representation of NHEK’s isometry group. Therefore it always
makes the SL(2,R) X U(1) symmetry manifest.

For D?CS, the linear metric deformations are found to be the following complicated

expressions, which we also plot in Fig. 3.1:

ovi(u) = fi(u) + PLCS[], (3.25)

53760 (u2 + 1)°

2 _
(1) PDCS[4], (3.26)

S — _ N 7
B = £~ o
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Figure 3.1: The metric deformation functions dv; (solid) and Jv, (dashed) as
functions of u, for both dCS-deformed (red) and EdGB-deformed (blue) NHEK.
Note that in D?’GB, 6v; blows up at the two poles u = +1.

where
1 2 1 2
fiu) = §c1 (—u + 4u — 1) + §cz (2u —S5u + 2) (3.27)
- %cwﬂ — %16,8 (u2 + 1) + 26ﬁuﬁsin_l u
) 975uV1 — u? tan™! (\/%) ) iu .
512V2 16 ’

ScauVl —u?2  4a (u4 +4u® — 4u — 1)
+

Sa(u) = 3@+ 1) 3+ 1) (3.28)
4 (2u* + 5% - 5u - 2) . 4068 (1> - 1)
3(u+1)> 3 +1)
~ 165 BuV1 — u? sin"' u N o (8 B 8”2)
(u2 + 1)2 u?+1
975uV1 — 12 tan™! (%) 3u (u2 - 1) tan~! u

64V2 (u2 + 1)° 4w +1)*
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and the polynomials PPzCS [u] and P?ZCS [u] are given by

P[] = —58501u'? — 222147u'® - 255058u° (3.29)
+ 11754u® + 323735u* — 149799u> + 4416,
P[] = 280u'? — 5234140 — 2529284 (3.30)

— 472090u® — 536680u* + 26583u> — 18792 .

Here ¢y, ¢3, and c3 are integration constants. It is straightforward to see these three
constants, together with 6 and ¢ 8, correspond to different homogeneous solutions
to the LEE. These solutions are finite on the domain u € [—1, +1], but would have
infinite derivative at the poles u = =1 without an appropriate choice of 5. By
demanding regularity at the two poles and reflection symmetry of the deformed

metric, we set

975 4ey
5ﬁ=— , C3=0, C) = —.
10242 5

Note that 6 will shift the Killing vector H_. By demanding that the perturbed

(3.31)

spacetime has the same Killing vectors as NHEK, we also set 6 = 0. After
inserting the solutions from (3.31) back into the metric, we only need to fix cj.
Collecting the terms proportional to cj, one immediately finds that

ag(o)

(coefﬁcient of c1) o (91?; . (3.32)

This means the homogeneous solution associated with ¢; shifts the mass of the

black hole. Since we don’t want the mass shift, we fix ¢; = 0. With these parameter
choices, we obtain the regular solution to the LEE sourced by the dCS interaction
in the decoupling limit. We call the newly-found spacetime dCS-deformed NHEK.

EdGB-deformed NHEK

For D’>GB, in the attractor gauge, the linear metric deformations are found to be

Svi(u) = fi(u) + % (= +u— 1) log(1 - u) (3.33)
+%(—u2—u— 1) log(1 +u)

—1( _V2u
3uV1 — u? tan l(m)

1 2 2
+-(u"+1)loglu"+1)-
8( J1og ) 256V2
1 2
+ PP P [u],
53760 (u? + 1)
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(u4 -~ +u- l)log(l +u)

Sva = fo(u) + (3.34)
22 +1)°
(u* +u® —u—1)log(1 —u) (1-u?)log(u®+1)
' 2+ 1) T
3V — 2t _1( V2u )
+ ’ T e @ = 1) P?zGB[u],

2 + 7
322 (u? + 1) 6720 (u2 + 1)

where the functions fi(u), f>(u) are identical to the D2CS case and given in
Egs. (3.27) and (3.28); and where the polynomials PPZGB[M] and PgZGB[u] are
given by

PPCBL,] = —27459u'% — 82773u — 42302u° (3.35)
+81766u° — 18815u” +298479u* + 11264,
PD*CBI] = 35859u'0 + 152792u® + 226230uS (3.36)

+ 10160u* + 205503u — 5632 .

As in the D?CS case, the constant § 3 can be chosen so as to cancel a square-root
behavior at the poles which would have infinite derivative. However, the important
difference from D?CS is the appearance of log terms in Egs. (3.33) and (3.34). There

are no integration constants which can cancel these logarithmic divergences.

Still, canceling the square-root behavior and assuming reflection symmetry in u, we
find

969 4ey
5ﬁ=— , C3:0, ) =—. (3.37)
10242 5

We also fix da = 0 to preserve the Killing vector fields of NHEK, and set ¢; = 0
to avoid a mass shift. After fixing all constants, these functions are plotted in
Fig. 3.1. We call the corresponding spacetime EdGB-deformed NHEK. This metric
deformation has a true curvature singularity at the poles, u = +1, which we discuss
further in Sec. 3.6.

3.5 Properties of solutions

Orbits

In this subsection we derive the geodesic equations for a particle in the deformed
NHEK spacetime. Since the NHEK background and the deformed solutions have

the same isometry group, we consider the spacetime with the general metric in
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Eq. (3.16). The relativistic Hamiltonian for geodesic motion of a particle can be
defined as

1
H(x% pp) = Eg“"papb, (3.38)

where p, are the conjugate momenta of the particle. By drawing analogy to geodesic
motion in Kerr spacetime, we can similarly find three constants of motion: energy
E = —p;, z angular momentum L, = py, and Carter’s constant C. The Carter
constant comes from separating the radial and polar motions. Note, however, that
because our Killing vector field 0, is different from the asymptotically timelike KVF
(with norm —1 at infinity), our energy is different from the usual Kerr orbital en-
ergy [85]. Following the Hamilton-Jacobi approach [86], we define the characteristic

function W via
1 R
W=kl Ers f —Vﬁz“jdr v f VOW@)do + L.g,  (339)
r

where A is the affine parameter and %K is the value of the Hamiltonian evaluated

along the world-line of the particle. R(r) and ®(6) are given by

R(r) = BYE - aL,r)* - p*Cr?, (3.40)
0
00 = -1 v g2y o).
v2(6)
Since p, = 37“2, we obtain the following geodesic equations of motion,
dt B2
Ea = r_Z(E —alL.r), (3.41)

s RO,
da
zj—i = £/0(6),

dp ap? vi(6)
>— =L (E-aL.r)+ —=L.,

daA r ( aL.r) va(6) °
where X = M?8%v;(6). These integrals can be directly performed after defining the
“Mino time” 7, where dv = dA/Z (this again differs from the usual Mino time in

the asymptotic region of Kerr, because our time coordinate differs).

In particular, let us consider circular equatorial motion, i.e. 8 = w/2 = 6. For such

motion we only need E and L, to determine the orbit. For a time-like orbit with

b:

four-velocity u“, g.pu‘u —1, we have that

ﬂ)z—v 3.42
Tl = (r), (3.42)
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where the effective potential V(r) is given by

E—al 2 2 L2r2
vy ook T W)
M*v:(0o)  M*vi(8o) M*Bvi(6o)v2(6o)
Solving for the conditions of circular motion, we obtain
M BAv1(6 [
E-o L=+ BVv1(80)v2(6p) (3.44)

V=1 (60) + a?B?v2(60)

The corresponding circular orbits r = r( are all marginally stable, i.e. V" (r) lr=r, = 0.
After integrating out the azimuthal motion we also obtain that ¢ = ¢o + w4, where

the angular frequency wy is given by

_ (. vi(6o)
Wy = (a aﬁ2v2(90)) ro . (3.45)

The fact that all circular equatorial orbits are essentially the same, with a different
angular frequency, is due to the dilation symmetry of the spacetime. That is, the
metric is invariant under »r — cr and ¢t — t/c for any constant ¢ € (0, +c0). As a
result, in Eq. (3.45), the radius-frequency relationship has to be compatible with the

dilation symmetry.

Plugging in the D>CS solutions, we find the angular frequency of the equatorial
circular orbits to be

4
wy S = [_Z + o8 (—GM +0 (&%) | ro. (3.46)

Similarly for the D>GB solutions, the angular frequency is found to be

> 3
w) B = (_4_1 +0 (83)) ro. (3.47)
Therefore at the leading order in the metric perturbations, EdGB-type interactions
do not lead to corrections to the angular frequency of circular equatorial orbits in

an extremal black hole, in the near-horizon limit.

Again, because our time differs from the time coordinate in the asymptotic region,
these frequencies are not the asymptotically observable orbital frequencies. Such
observable quantities were computed for slowly-rotating BHs in D>CS in [65] and
in D’GB in [70, 71, 87-89)].
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Location and area of deformed horizons

Since NHEK is not asymptotically flat, it does not have an event horizon. However,
because of what the near-horizon limit is designed to do—to zoom in on the horizon
region—the scaling limit of the Kerr event horizon gives rise to the horizon of the
Poincaré patch. This Poincaré horizon has the same geometric properties as in Kerr,

and thus it has the same area and entropy.

We can identify the location of this Killing horizon by considering observers whose
world lines are along real linear combinations c;0; + c404, With ¢;, c4 real constants,
such that their world lines are timelike. At the horizon, these world lines are forced
to be null. For any metric of the NHEG form (3.16), the horizon is at r = 0.
Therefore in attractor gauge, the coordinate location of the horizon is not deformed

after including the scalar-gravity coupling in the action.

A cross section of the deformed-NHEK horizon is still homeomorphic to a two-
sphere S2, but the total area has changed. Because the horizon is Killing, we can
compute the area along any spatial cross section H carrying coordinates x. The

horizon areas of the two deformed solutions are both given by

Adeformed = 957{ Vy d?x (3.48)
f 4
3
1+n(—GM) +O0(e )] ,

where ¢ is {cs or {gg when appropriate. Here 7y is the determinant of the induced

= ANHEK X

metric on H. Anugk is the horizon area of an extremal Kerr black hole, which is
given by Angek = 87(GM )2. The constant n varies for the two deformed solutions.
For D?>CS and D?GB respectively we find

Mpecs = (48752 - 13807 — 3928) /7680

~ —-0.18, (3.49)
Npee = (1615V2 — 3007 — 464 — 32010g 2) /2560
~ +0.26. (3.50)

Despite the fact that EAGB-deformed NHEK has a true curvature singularity, this

singularity is integrable, leading to a finite correction to the horizon area.

Note that while considering deformed NHEK, the entropy no longer equals the
horizon area, since the stringy interactions also contribute microscopic degrees of
freedom. The horizon areas computed here will be used in the following subsection

to calculate the entropy of the two deformed solutions.
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Thermodynamics of horizons

The macroscopic entropy of a Killing horizon is interpreted as the Noether charge as-
sociated with the Killing vector field which generates the horizon [90, 91]. In any dif-
feomorphism invariant theory with a Lagrangian .Z = Z (¢, V&, gab» Rabed> VeRabeds - - ),
where ¢ is a matter field, the black hole entropy can be written as an integral over

a horizon cross section H [92]. Again, since the horizon is Killing, any spacelike

cross section will do. This entropy integral is

0L
S = —271'95 Eqp€cd€ . (3.51)
H 6Rabcd

Here € is the induced volume form on the D — 2 dimensional cross section, and €,

is the binormal. The binormal has been normalized such that é,,é% = —2.

The NHEK solution does not have an event horizon; however, we can still get the
correct entropy of the extremal black hole by performing the integral over the cross
section of the Poincaré horizon. The entropy of the NHEK solution can then be
obtained by evaluating Eq. (3.51) in Einstein-Hilbert theory . = Zgy. It is not
surprising that we arrive at the Bekenstein-Hawking entropy for the extremal Kerr

black hole [63, 93], A
NHEK

4G
Similarly in D>CS and D?>GB, by computing the entropy corrections due to stringy

SNHEK = 27 mrz,lANHEK = (3.52)

degrees of freedom, we will be able to obtain the entropies of the deformed-NHEK
solutions in the two theories. Note, however, that the entropy results agree with
the extremal BH solutions, since the Poincaré horizon is the scaling limit of the
extremal BH event horizon. The corrections to the entropy are due to high-energy

stringy degrees of freedom becoming activated.

In either dCS or EdGB gravity, the scalar field Lagrangian .Zy does not contribute
to the entropy while the interaction term %, does. Therefore in a full theory with
action given by Eq. (3.1), the entropy of a stationary black hole solution with horizon

cross-section H is

S =2mwm} SEH € + Sint» (3.53)
where we have defined Sj,; via
8.4
Sint = =27 35 M2 bEcd€E. (3.54)
H 6Rabcd

Compared to Einstein gravity, dCS- and EdGB-deformed NHEK receive entropy

corrections from two sources: the deformation of the horizon area, and the string
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interaction term Siy.. In dCS theory, the correction to the entropy due to the scalar-
gravity interaction term is given by

7T *pabcd » A -
Sint = 5mles ggﬂ 9 *RPE g€ . (3.55)

Similarly, we find the correction to entropy via the EdGB interaction is
n kpyk d ~ A -
Sint = 5ol 567{ 9 R e pécak (3.56)

Now let us explore the effect of taking the decoupling limit and compute the leading
order corrections to the entropy of extremal Kerr in D?’CS and D?GB theories.
The leading order scalar field is already at £! while the metric perturbations correct
at order €2, thus we can evaluate Egs. (3.55) and (3.56) using the original NHEK
metric. Combining the horizon area calculations given by Eq. (3.48), the entropies

of the two deformed NHEK solutions can both be written as

Sdeforrned = SNHEK GM

/ 4
1+g(—) +0(83)], (3.57)

where the constant & for D?’CS and D?GB are given by

écs = (4875V2 + 3607” — 8687 — 3928) /7680
~ +0.49, (3.58)
£pege = (36077 + 4845V2 — 1392 — 960 log 2
— 471(48010g 2 - 607)) /7680
~ +1.54. (3.59)

Here as well, despite the EAGB scalar solution having a singularity at the poles, the
singularity is integrable, leading to a finite correction to the entropy. Note that both
entropy corrections are positive, as should be the case when adding new degrees of

freedom to the underlying microscopic theory.

3.6 Discussion and future work

We have obtained analytic solutions for the linearized metric deformations to near-
horizon extremal Kerr spacetimes as induced by dCS and EdGB interactions in
the decoupling limit. In this limit, the metric deformations solve linearized Ein-
stein equations with a source term arising from the dilaton or axion field and the

background metric. We decomposed the metric perturbations using basis functions
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adapted to the SL(2,R) x U (1) isometry, and turn the systems of field equations into
solvable ODEs. The resulting solution in D>CS, dCS-deformed NHEK, is regular
everywhere, while in D?’GB, EdGB-deformed NHEK has a true curvature singular-
ity at the poles, discussed further below. We studied time-like orbits in these two
newly found spacetimes. In particular, for circular equatorial orbits, we computed
the leading order corrections to the angular frequencies, which are observables for
sub-extremal black holes by gravitational wave experiments. Finally, we computed
the corrections to the horizon areas and the macroscopic entropies of the extremal
black hole solutions in D>’CS and D?’GB. The positive entropy corrections are

related to the inclusion of new degrees of freedom in the theory.

EdGB-deformed NHEK is irregular at the poles # = +£1, no matter how we choose
the constants of integration. This irregular behavior originates from the source
term built from the dilaton field, since the dilaton has an unavoidable logarithmic
singularity at the poles, as discussed in Sec. 3.4. This leads to a true curvature
singularity, which can be seen as follows. We can find the singularity without solving
for h® by simply tracing the equation of motion Eq. (3.15). Since the background
Ricci scalar and the first-order metric deformation both vanish (R@ = 0 = 7)),
the deformation §R® is a gauge-invariant quantity. Now, the uu component of the
source tensor, SEZ GB  contains (8,,19)2 and 8319, which give a pole of order two at
u = x1. The inverse metric component g“* only contributes a single zero at the
poles. Thus the trace of the source term g% Ssz GB blows up with a pole of order 1

at u = =1, and we have an unavoidable curvature singularity.

This problem with extremal EAGB solutions was previously mentioned in [94] and
discussed further in Appendix B of [74]. They presented numerical evidence and
an analytic argument that the extremal limit does not admit regular solutions, for
any values of the GB coupling parameter. Here, we have proven that there are no
regular solutions, in the decoupling limit. While our analysis is restricted to the
decoupling limit, based on the gauge-invariant argument above, we have proven that

the extremal limit is indeed singular for EdGB.

We still lack a clear physical understanding of this curvature singularity. The
simplest interpretation is that this is a sign of a breakdown of EdAGB when treated as
an EFT, and that this singularity is cured by the inclusion of operators at the same
or higher order (such as those which were discarded in the truncation of [68]). This
situation would be a counterexample to Hadar and Reall’s recent claim that EFT

does not break down at an extremal horizon [95].
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Future work. The near-horizon near-extremal Kerr (near-NHEK) spacetime has
the same SL(2,R) x U(1) isometry as the NHEK spacetime. Therefore we expect
all this work can be extended to near-NHEK directly. The techniques we used
here can also be used for any other beyond-GR theory which has a continuous
limit to GR. Therefore, we can also solve for deformed NHEK solutions in a broad
class of theories. It may be possible to use matched asymptotic expansions to
combine perturbation theory about (near-)NHEK and Schwarzschild, in order to

build beyond-GR metric solutions valid for all values of spin, 0 < a < M.

On the observational side, the angular frequencies of the near-extremal Kerr ISCO
may be determined accurately in future gravitational wave experiments, providing

a useful way to test general relativity.

Finally, this work may be helpful in understanding quantum theories beyond Einstein
gravity. We have computed the macroscopic entropies of extremal black holes, which
must be associated with corresponding microscopic entropies. This may be possible

with an analog of the Kerr/CFT correspondence.
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Chapter 4

GEDANKEN EXPERIMENTS TO DESTROY AN EXTREMAL
BLACK HOLE: FIRST-ORDER STUDY

We examine the weak cosmic censorship conjecture (WCCC) for the extremal
charged black hole in possible generalizations of Einstein-Maxwell theory due to
the higher-order corrections, up to fourth-derivative terms. Our derivation is based
on Wald’s gedanken experiment to destroy an extremal black hole. We find that,
provided the null energy condition for the falling matter, the WCCC is preserved
for all possible generalizations. Thus, the WCCC cannot serve as a constraint to
the higher-order effective theories. We also show that up to first-order variations
of black hole mass and charge, WCCC is preserved for nonrotating extremal black
holes in all n-dimensional diffeomorphism-covariant theories of gravity and U(1)

gauge field.

4.1 Introduction

Even though the curvature singularity of a black hole is hidden behind the horizon,
it might still be possible to throw charged or spinning matter into a black hole in
particular ways that can destroy the horizon, revealing the singularity previously
hidden inside. This kind of gedanken experiments was first proposed long ago
by Wald [15] to test the so-called Weak Cosmic Censorship Conjecture (WCCC)
[14], which asserts that the above gedanken experiments cannot succeed in order
to prevent the singularity from being visible. Although the WCCC can be checked
easily for extremal black holes, it is nontrivial to prove for near-extremal black holes
[15, 16] and for general forms of matter. Recently, significant progress for the
general proof of the WCCC has been made by Sorce and Wald [17] who adopted
a general relativistic formulation of the energy conservation which can work for
general forms of matter obeying the Null Energy Condition (NEC). In this way, they
were able to avoid solving the complicated dynamical problems of the in-falling
matter involving the self-force effect, and succeeded to show that the WCCC holds
for the black holes in Einstein-Maxwell theory, up to second-order variation of the
black hole’s mass, charge, and angular momentum. Moreover, their method of
examining the WCCC also provides a systematic framework for general theories

other than Einstein-Maxwell.



59

One compelling reason to examine the WCCC for more general theories of gravity
and electromagnetism is that the standard Einstein-Maxwell theory, which can be a
good approximation at low energies, may need to be corrected at higher energies. In
the low-energy Effective Field Theory (EFT), these quantum corrections can leave
low-energy relics in the form of higher-order derivative terms beyond Einstein-
Maxwell terms, modifying the black hole solutions, as well as the relativistic laws
of the energy-momentum conservation. These terms may also make the WCCC
fail. If we take the WCCC as a universal physical principle, then only those higher
order EFTs that admit the WCCC should be accepted. This is in a similar spirit of
using the weak gravity conjecture [96-98] which takes “gravity force is the weakest
in nature” as a new physical principle to constrain the higher-order EFTs [97]. In
this chapter, we would like to check to see if weak cosmic censorship can serve as a
constraint on the EFTs with higher-derivative terms. By the end we will show that
there is no constraint WCCC can put on the coupling coefficients of such EFTs. This
calls for the further examination of preserving WCCC at the second-order variation
for the EFTs considered !.

4.2 EFTs, black-hole solutions, and extremality condition
To demonstrate the power of the WCCC as a constraint to the EFTs, in this work
we consider the most general quartic order corrections to Einstein-Maxwell theory,

which is given by the following EFT action:

1 1
I = fd“x V-g(—R - —FMVF“V + AL), “4.1)
2K 4
where 2

AL = ¢R* + caR, R" + 3R,y por R™PT
+ C4RF, F* + csRu F*PFY |, + coRyuypor FHY FPT
+c7F F" Foe FP7 + cgF FYPF e F7H 4.2)
We will assume ¢;’s are small and restrict our consideration to O(c;). The afore-

mentioned self-interactions of four photons are the terms with coupling coefficient

c7 and cg respectively.

I'A technical error regarding (4.3) in the previous version of this work is pointed out by [99]. In
this version we fix the error and reach the same results as in [99].

2We have neglected terms proportional to V¥ F.x,V, F¥P, as it does not affect the black hole metric
or our parameter bound. Further note that terms like (V. F,,)(VFF”?) and (V. F,,)(VY FFP) can be
recasted (up to some constant factor) into V¥ F,,,V, F"? plus existing terms in AL and an additional
boundary term, upon using Bianchi identities, Ricci identities, and integrating by parts [100].
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For simplicity, we will consider only the charged non-spinning black holes. The
perturbative procedure of solving such black hole solutions has been outlined in
[101], leading to a family of solutions parametrized by the mass and the charge

(M, Q). Here we list some partial results relevant for our considerations3, namely

the Maxwell gauge field
3 10
A = _4_4 X 02K2 + 4C3/<2 + 10cqk + cs5k — ck |9 — mr - 16¢7 — 8cg |
ro 53 q*
4.3)
and the 7z-component of the metric 4
| Kkm N kq* N mqg®> K¢t 2k%q?
—_ = — —— —_ C —_ —
8 22 " TS 5r6 ré
43mq®  Aqt 8k*g?
+ 3 - -
rd 5r6 ré
6k’mq>  4k’q*  4dkq?
ta\TT 3 : 6q + :1 )
r r r
N 4k’q*  KPmg?
C —
>\ 5r6 rd
Cmg® gt 2k
+ C¢ — —
rd 5r6 ré
4kg* 2kqg* )
+c7 |- +cg|——— | +O(c). 4.4
U s ) 8( 5,6 () (4.4)

Here we define the reduced mass m = M /4n, the reduced charge g = Q/4m and
k = 871Gy, where Gy is the gravitational constant. Note that in (4.4) there is no

O(cy) correction.

As shown by Ref. [101], as long as

2 4
m 2 \/;|(]| (1 - S_qzco) , 4.5)

the singularity of the space-time will be hidden by a horizon; more precisely, the

outer horizon located at the outer-most solution of g, (rgy) = 0. Here

c5 ¢ 47 2cg
c=c+da+—+—+—5+—,
K K K K

(4.6)

and ¢y — 0 recovers the Reissner-Nordstrom solution of Einstein-Maxwell. For a

fixed m, as g increases to, and then exceeds, the critical value at which equality

3See Sec. I of the supplemental materials for the full explicit expressions.
4See Sec. II of the supplemental materials for the full expressions.
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holds in (4.5), two horizons will merge and subsequently disappear, revealing the
singularity. In this way, the extremal solution is defined by imposing equality in
(4.5). This implicitly defines a function g,,;(m) for the extremal solution. For each

m, the horizon radius of the extremal solution is given by

mk 4
t
rey :—+—(62+4C3+

3 4.7)

2 Sm

10¢4 + ¢5 + ¢4 16¢7 + 8cg
K K '

On this extremal horizon, the electrostatic potential is

ext a 2 4C(/)
Oy = - (§%Au) ln = ;(1+§), (4.8)

where 5 = 67 is the time-like Killing vector of the space-time, and

C5 Co 4C7 2Cg
o= +daa+—+—+—+—.
K Kk k2 k2

4.9)
One immediately notes that c(’) = ¢p, but we shall discuss the conseqeunce later. We
refer to (m, g) solutions that strictly satisfy the inequality (4.5) as regular solutions,
those that take equality as extremal solutions, and those that violate the inequality
as singular solutions. We may still refer to them as “black holes”—even though the

horizon may or may not be destroyed.

4.3 Gedanken experiment to destroy the horizon

In gedanken experiments that attempt to destroy the horizon, e.g., as set up by
Wald [15, 17], we shall always (if tacitly) assume stability of our family of solutions.
That is, starting off with a regular solution (m, ¢), as we “throw matter into” it,
the final space-time geometry and field configuration will settle down to another

solution in our family.

If our “way-of-throwing-matter”, for example described by the on-shell metric per-
turbations, field perturbations, and matter stress-energy tensor in the initial slice, is

parameterized by w, then the final solution should be given by (m(w), g(w)).

In this language, the WCCC dictates that a starting regular solution (m, g) long
before “throwing matter” will only lead to (m(w), g(w)) that are still regular. As
a special case, let us now consider a starting extremal solution (m, g..;(m)), and a

particular approach of throwing matter, we can write

mw) = m+wém+0W?),  qgWw) = Gexs(m) + wq + O(w?) . (4.10)
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The condition for the starting extremal solution to not become singular, at first order
in w, is given by

om — z(l+ﬂ)6c]20. (4.11)

K 54>

We therefore need to find out whether physical laws in our modified theory imposes
that (4.11) must hold for all infalling matter — or to find a particular way of throwing
matter that violates (4.11). The advantage of starting off at the extremal solution is:
once Eq. (4.11) is violated, then any infinitesimal w will lead to destruction of the

horizon, and we can restrict ourselves to linear perturbation.

By contrast, starting from a non-extremal black hole with (m, g..;(m) — €), a finite
step size for w must be made to surpass the extremality contour, and in this case
the higher derivatives of m(w) and g(w) may become important, requiring the
computation of higher-order variations. This was indeed the situation encountered
by Hubeny [16], which was latter addressed by Sorce and Wald [17] by considering
the second-order variations. Intuitively, one would expect the sub-extremal black
holes will obey the WCCC if the extremal ones do, but the second-order variations
are needed for a rigorous examination on the sub-extremal case. In this paper we

shall restrict ourselves to the extremal black holes.

As it turns out, condition (4.11) coincides with the requirement that the horizon area
must increase as matter fall into extremal black holes . More specifically, if we

denote by A(m, q) the area of the horizon, then one can show that
8mﬂ(m, q)/aqﬂ(m’ Q) |q:qex, (m) = dQext (m)/dm s (412)

and that dA(m + wdm, g.;(m) + wdq)/dw = 0 is equivalent to the equality in
Eq. (4.11). In this way, the violation of condition (4.11), or the destruction of the
extremal horizon, relies on the possibility of area decrease at linear order. This can
be possible for the theories we consider even when the NEC is satisfied, because
Raychaudhuri equation is now modified, and the NEC does not always lead to

attractive gravity.

4.4 Test particle
For a regular solution (m, g¢), consider a test particle with reduced mass dmg and

reduced charge dqo, falling in from infinity. Using the minimally coupled action of

S, = 4n f dt (6mg — Sqoii - A), (4.13)

3See Sec. IV of the supplemental materials for details
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the reduced canonical momentum of the particle, p = dmoii — dqo A, satisfies
g-? - p = const along the particle’s trajectory; at linear order in §mg and dqy, we do
not have to consider the radiation reaction. Applying this to the particle at infinity

and on the horizon, we obtain
smo(ii" - £) — 560 = 6mo (ii™ - €) = —0Ews, (4.14)

where it and it 7 are the four-velocities of the particle at infinity and on the horizon,

and we have used the fact that A; does not depend on ¢, hence .g-? - A vanishes at infinity.

For the final space-time, we assume that it still belongs to the same family, with
(m + dm,q + 6q). We can argue from the charge conservation that 6g = dqo,
and, from the conservation of ADM mass, as well as the fact that the energy of
gravitational radiation emitted by the in-fall process is O(6m?), that m = SEu:
basically, the charge and the energy of the particle are added to those of the black
hole. We will soon give a more rigorous justification, but with this in hand we can
write

om — @6 = —omo(ii™ - £) 2 0. (4.15)

The latter inequality is because it - 5 < 0: the 4-velocity of the particle must be
pointed toward the future as the particle crosses the horizon. This can be saturated
if the particle is able to rest right on top of the horizon. Inserting Eq. (4.8) into
Eq. (4.15), we obtain the relation between dg and dm in this in-falling test particle

2 4c6
Sm >+ = (1 4 —) 5q. (4.16)
K 5¢>

This is clearly the same as Eq. (4.11) since ¢, = co. However, before discussing its

situation:

consequences, we shall introduce the framework by Sorce and Wald, which provides
more rigorous treatment of the energy conservation, and is able to treat more general

infalling matter.

4.5 Sorce-Wald method for generic matter

We now sketch the method of Sorce and Wald developed in [17, 102]. We follow
the notation of Wald, and denote by ¢ = (gu», As) the metric and field degrees of
freedom. We start off with an extremal black hole, with (m, g.,;(m)), and define a
Cauchy surface % at early time, and a hypersurface X; which starts at sufficiently
late time when the matter all fall in, and terminates at null infinity. We denote by
H the portion of the extremal horizon between Xy and Z; (see Fig. 4.1). We then

apply perturbation d¢, as well as matter, with stress-energy tensor 67, and electric
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Figure 4.1: The gedanken experiment to destroy an extremal black hole. Charged
matter, occupying the shaded region, crosses the H portion of the extremal horizon.

current 0 j,, also a form of perturbation, in an open neghborhood of X,. We will
set up our initial value problem in such a way that ¢, 67, and Jj, all vanish in an
open neighborhood U surrounding the intersection of H and X. In principle, 6¢
and 67y, 0], should be evolved jointly into the future, but here we assume stability
of our family of solutions, and therefore can impose that space-time geometry in an

open neighborhood of % is that of (m + 6m, g + 6q)°.

A general Noether method to derive the law of energy conservation for such an
in-falling process is developed by Iyer and Wald [91], which we will briefly sketch
as follows. Given a theory Lagrangian L(¢) of gravity and matter, we can introduce
the Lagrangian 4-form L = Le, where € is the volume form associated with the

metric. Then, variation of L yields
oL = E(¢)o¢ + dO(¢,6¢), 4.17)

where E(¢) = 0 is Euler-Lagrangian equation, and @(¢, 0¢) is the symplectic

%We note that in general X1 is only a portion of a “Cauchy surface" — with the remaining portion
completed by a portion of the future null infinity. A Cauchy surface that ends at spatial infinity does
not approach (m + dm, g + 8q), fast enough; its ADM mass is not equal to m + dm either, because it
contains the energy-momentum content of gravitational waves emitted during the in-fall process, see
e.g. [102]. Sorce and Wald simply assumed that the late time solution is stable and non-radioactive
to bypass the above concern [17]. On the other hand, in this paper we consider only the infall of
matter into an extremal black hole for which the dynamics is non-radioactive, thus the above issue
does not exist in our consideration.
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potential three-form. For an arbitrary vector £, one can construct the associated
Noether current J; = @ (¢, L¢)—igL, which, because J; is conserved, i.e., dJ: = 0,
can be rewritten as J; = dQg + £°C, with the 3-form constraint C, = 0 when
equations of motion are satisfied. For instance, in Einstein-Maxwell theory, the

3-form constraint is given by

(Ca)bcd = eebcd(Tea + jeAa)’ (418)

with T,, = %(Gab - KbeM ) the non-electromagnetic stress energy tensor, and
j = V,F? the charge current of the Maxwell source. Thus the on-shell condition
C, = 0 gives the equations of motion G = KbeM and V,F% = 0. The form (4.18)
also holds when the higher-order derivative corrections AL are present. Assuming
E(¢) = 0 and & is a Killing vector, i.e., Lg¢p = 0, it is easy to show that 6], =
dig®(¢, 6¢) which is then combined with 6J; = d6Q¢ + £“6C,, and is integrated
over the hypersurface H U Z; to yield

f [6Q - i£O(, 56)] = - f £6C,, @.19)
00 HUZ,

where we have used the Stoke’s theorem to turn the 3-surface integral into the
boundary integrals at the spatial infinity co and at the intersection H N X, by also
imposing ¢ = 0 at H N Zy.

If we assume £ is the time-like Killing vector t* = (9;)“ for non-spinning black

holes, then we denote the change of the ADM mass as
oM = L[ng —i£0(9,09)], (4.20)
and the charge crossing the horizon as,
oQ Ef €abcd 0] ¢, (4.21)
H

where the electric current 9/ ¢ and the stress tensor 67“; can be read off from the

following on-shell relation 7

(5Ca)bcd = €ebed (5Tea + Aafsje) . (422)

After combining all above and requiring vanishing of 4 j¢ and 67¢, on X1 as depicted

in Fig. 4.1, we can turn (4.19) into the the following law of energy conservation for

"To arrive (4.22) we have imposed the on-shell conditions for the theory (4.29) along with the
additional minimally coupled matter of stress tensor §7%? and charge current 6.
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the in-falling process of Wald’s gedanken experiment,

SM - 05,6Q = — IH €bea E96TC, . (4.23)

On horizon H we can relate the 4-volume form € to the 3-volume form € by the
relation €,pcq = —4n[.€pcq) Where n is the null vector normal to H. Using this
relation and the fact £ oc n on H, the R.H.S. of (4.23) turns into 4 f(H EST,pnn’,
which is non-negative if matter’s stress tensor obeys the NEC. Thus, the variational

identity (4.23) becomes an inequality for matter obeying the NEC,
OM—-DL6Q >0. (4.24)

This inequality serves as a constraint on the changes of the black hole’s mass and
charge for the in-falling process, and will be used to check the WCCC by comparing
with the condition (4.11).

4.6 Parameter bounds from WCCC

The Noether method by Iyer and Wald provides a systematic way to calculate 6 M
of (4.20) and 6Q of (4.21) for general theory by evaluating @, Q, and C,. For
example, these quantities for Einstein-Maxwell theory have been derived in [91],
and the results M = 4xdm and 6Q = 4ndq are then used to show that the WCCC
holds for Einstein-Maxwell theory.

Here we apply the same method for our higher-order theory (4.29). The derivation is
tedious but straightforward, and the result is given in the supplemental materials 8,
based on which we can evaluate the corresponding § M and 6Q. As a result, we
find that M = 4ném because the corrections due to higher-order Lagrangian
AL fall off too quickly to contribute asymptotically to 6 M. Similarly, we arrive
0Q = 4ndqg + O(cl.z) after tedious calculations®. The results are consistent with
the test particle case. Therefore, we conclude that (4.24), which holds for general
forms of matter obeying the NEC, gives the same condition Eq. (4.16) as for the test

particle.

8See Sec. III of the supplemental materials for the explicit expressions.

9This can also be seen as follows. By the construction of source theory, j, = V2 (Fup — Sap) in
which S, is given in (5) of supplemental materials and is of O(c;), and using (3) of supplemental
materials, Fyp = F;%j 4 Sap + O(ct.z) where the superscript (0, j) means to evaluate by plugging
the background Reissner-Nordstrom configurations and keeping up to O(c;) terms. We then arrive
Ja = VbFa(%j) + O(cl.z), and use the Gauss’s law the integral Q = f?—l €abed J¢ = fB «FOD) 4 O(cl.z).
Then, 6Q = fB(*F(O’j) —«FO) 4 0(61.2) =00 + O(cl?), where 6Q = 4ndq is the charge carried by
the in-falling matter. Thus, 6Q = 47dq + O(ciz) is obtained.
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Compare the energy condition (4.16) and the WCCC condition (4.11), it is not hard

to see that we must have 66 > ¢ for the WCCC to hold for theory (4.29).

In our case, we simply have ¢ = ¢, thus the WCCC is preserved no matter how

we choose the coupling coefficients ¢;. Thus there is no bound that one can put on
these coeflicients using the WCCC.

4.7 Extension to more general theories

We have shown that for the effective field theory with higher derivative terms, the
WCCC is always preserved and it yields no bound on the coupling coeflicients of
the theory. This conclusion is still interesting in the following two aspects: (i) for
near-extremal black holes, our result calls for check of WCCC at the quartic order
for low-energy effective theories (EFTs) considered in this chapter; (ii) for extremal
black holes, one might wonder whether WCCC holds for all other EFTs in general,

/

o coincides with ¢ for a reason.

i.e., whether ¢

While more technical work is needed to clarify (i), definite conclusions can be drawn
for (ii). More specifically, one can prove that WCCC is preserved for nonrotating
extremal black holes in all n-dimensional diffeomorphism-covariant theories of
gravity and U (1) gauge field; this has also been done by Ref. [99].

As has been correctly argued in the paper, in order for matter to fall into the black
hole we must have
oM — DdysQ > 0, (4.25)

assuming that the infalling matter obeys the null energy condition. On the other
hand, the condition for the extremal solution to not become singular, i.e, to preserve

the WCCC, is given by
oM — (d—M) 00 >0, (4.26)
dQ ext
where (dM /dQ).,; is derivative taken along the extremal trajectory in the (M, Q)
space. Here we have also assumed that (dM /dQ).,; > 0 and that non-extremal black
holes have M > M.,;(Q). Some example violating these assumptions is discussed

in [103] , however, the associated physical implication is obscure.

We then write the first law of black hole thermodynamics for non-extremal black
holes,
oM =T6S + DdyoQ, (4.27)
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where S in the entropy of the black hole. As we approach the extremal solution, we

have T — 0, and
aM
—_— =Qy. (4.28)
( dQ )ext H

This relation can be verified explicitly for the quartic EFTs studied in this paper. Be-
cause of (4.25) and (4.28), (4.26) always holds and concludes our proof. Obviously,
the above proof will not work for near-extremal cases because (4.28) does not hold.

In conclusion, no matter how we change the action of the EFTs, the condition for
the matter falling into the extremal black hole always coincides with the condition
for WCCC. Thus, WCCC for extremal black holes will not constrain the form of
low energy EFTs. For near-extremal black holes, however, one needs to consider
second-order variations of black hole mass and charge. It is still possible that after
the second-order results are taken into consideration, the WCCC only permits a
certain region of the parameter space. We shall leave the second-order calculations

for the future work.

4.8 Appendix
Corrections to the Maxwell source and stress tensor
We consider the most general fourth-derivative higher-order corrections to Einstein-

Maxwell theory, namely,

1 1
I= f d*x V=8(5-R = 2 FuF™ + AL) (4.29)
K
where
AL = ¢R* + caR, R" + c3R 1y por R™FT (4.30)

+ C4RF F* + ¢5R FFPFY ) + c6Ryuypo F* FP7

+ C7Fy F* F oy FP7 4 gF FYP Fpy FOH.

The field equations obtained by the variation of the action (4.29) with respect to A,

and g1” are given respectively by
V,(F¥ =S¥y =0, (4.31)

and

1 ~
R#V - Eg,uvR = KT#V = K(T#V + ATuv) ) (4'32)

where T,N = F,’F,, - ‘—{gw,Fp(,F P9 is the stress tensor of the Maxwell theory,
and AT, and §#” are the corrections respectively to the stress tensor and Maxwell

source field from the higher-dimension operators.
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Here we list the details of the corrections to the Maxwell source field and stress
tensor, i.e., S# in Eq. (9) and AT}, in Eq. (10) of the main text:

SH = 4cyRF™ +2¢s(RMPE,” — RPE M) + 4cgRMPT Fpy +
+ 807 Fpg FP7FM + 8¢ Fpp FPYFH7 (4.33)

and

AT, = ci(8uwR* —4RRyy +4V,V,R - 4g,,0R) +
+ 02 (urRpr RP” + 4V, V,RY = 20R,,, — g,uyOR — 4R%Rqy) +
+ 3 (urRapysR™"° = 4Ry R,V — 8OR,,
+4Y, VR + 8RY Ry = 8R™P Ryayp) +
+ ¢4 (8uwRF* = 4RF," Fyy — 2FRyy + 2V, V, F* = 2g,,0F ) +
+ s (guvR FepFa? = 4Ry FupF7F — 2RPF, Fiy)
~8uVaVp(F* JFPP + 2V, V, (FupFP) = O(F,, F,P)) +
+ 6 (guv R FeaFpq — 6Foy FPYRY 45, = 4V Vo (F ,FP,)) +
+ 07 (gu(F?)?> = 8F?F,"F,p ) +
+ s (v F*FpoF7" Fea = 8F,PF,7F)* Fr) . (4.34)

Note that F? = F,, F? and O = V,V°,

Corrections to the Reissner-Nordstrom black hole

The functions A(r) and v(r) are related to the components of Ricci curvature tensor
R,y via

1 d _

S [re' - 1], (4.35)
I)

%(R;—R;)—Rg:

R — R = - [V (r)+ ()] .

To solve for A and v explicitly, we need an additional boundary condition. Assuming
that at » — oo the metric approaches the Schwarzschld solution, the results are then

given by

M 1 1
oA K _f dr r? [5 (Rtf —~ R;) - Rg] , (4.36)

dar r

v =20+ [ drr (R - R) e,
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We further take the trace-reverse of Eq. (10) from the main text and obtain that

1
R, =« (Tuv — ETgW) , 4.37)

where T is the trace of the total energy-momentum tensor 7, and is given by
T =T +T] + 2T99 . Plugging the trace-reversed Einstein field equation into the
integral expression (4.36), we get

oA KMk f dr r*T!, (4.38)

dar r

v(r) = —-A(r) + Kf drr (Ttt - T,’) et

r

Once we know the diagonal components of the energy-momentum tensor, it will
be straightforward to compute the corrections to the spherically symmetric static

spacetime as induced by 7, .

We now take our background spacetime to be Reissner-Nordstrom black hole in

four-dimension. That is,

O IO kM kQ?
- -y & 4.39
¢ ¢ dnr  32m2r? (4.39)
F,ftg)dx“ ANdx" = O Sdt Adr.
nr

Here v () and 19 () refer to the metric components in the unperturbed black hole
spacetime, and F/ ;(4?/) is the background electromagnetic energy-momentum tensor.
Considering the action in Eq. (2) of the main text, we treat the corrections from
higher-dimension operators as perturbations. For convenience, we also introduce
a power counting parameter &, and consider a one-parameter family of actions I,

which is given by
I, = f d*x \=g(Ly + eAL). (4.40)

The original action will be recovered after setting € = 1. We then expand everthing

into powers series in €. For instance,

g = & +ehly) +O0(E%),  Fu=FY +efy) +0(e?). (4.41)
At order &', the stress energy tensor is given by

T =Tl ®, fO, FO1+ T, [k, FO, FOY + AT, [¢ 0, FO).  (4.42)

Noting that in order to compute the corrections to the metric, we need to calculate

T,” instead of T},,. At order gl Tﬂ"(l) is given by

7,V =7, [, FV 1+ AT, [, FO. (4.43)
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We solve for the corrections to Maxwell equations, and obtain that the gauge field

A, is given by

3 10
A= _4_ q—x oK’ + 4C3/<2 + 10c¢4k + c56 — cok |9 — - 16¢7 — 8cg | ,
ro5r q>
(4.44)
A, =Ag=As=0 .
(4.45)

With the new A, we can solve for the corrected energy-momentum tensor Tu"(l).

We then find the corrected metric tensor component to be

_1 km  kq® 3mg®  6kqt 4k*q?
e'=l-—+—F+0 - -
ro 2r? rd 5r6 ré
1263mq®  24i3¢* 166247 14k*mq®  6k%g*  16xq>
+ c3 - - + Cc4 - -
r 5r6 ré r ro ré
5k*mq®  11k%g*  6kq? T’mg*  16«%¢*  8kq?
+Cs - —— | +¢s — -—
rd 5r6 r rd 5r6 r
4kg* 2kq*
top|l——= ] +cs|——],
T\ 56 ) s ( 5r6
2 3 2 3 4 2.2
Km  Kq K> mgq K’q"  2k°q
eV =1l-—+—+ — — 4.46
ro 2r2 ( rd 5r6 ré ) (446)
43ma®  43d* 8k2a? 6x2ma®  4i2a*  dka?
tes k’mq-  4k’q"  8k'q +C4_Kmq+l<q+/<q
rd 5r6 ré rd ro ré
42t Cmg? Cmg® gt 2xq?
+ C5 - + Cq - -
5r6 rd rd 5r6 ré
dkqg* 2kq*
+c7 |- +cg |- . 4.47
gl ) 8 ( 5,6 (4.47)

We have defined the reduced quantities m = M /4r and g = Q/4n. Note that the
R’-term in the action has no contributions to the equation of motion at leading
order in &. The contributions from R, R*" and R#ypgR/“p@ can be canceled out
by choosing ¢ = —4c¢3. This directly confirms that the Gauss-Bonnet term is a
topological invariant and does not influence the equation of motion. Due to the fact
that only the tr— and rt—component of Fj,, are nonzero, the term F,, F*'F,, FF7
always has twice the contributions from F,, F"PF,,F?" towards the equation of

motion.

Explicit forms of Q¢ and C,, for the higher theory
The Lagrangian four-form L for the higher theory can be writtenas L = Lo+ }; ¢;L;.
In this appendix, by following the canonical method developed by Iyer and Wald,
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we derive and present the Noether charge and constraint associated with each term
in L.

Variation of the Lagrangian 4-form L yields

1 1
6Ly = 6gap (—2—KGab + Eng\/I) €+ 04, (VoF™) €+ dOy, (4.48)

where G, = Ryp — % gabR is the Einstein tensor, and beM is the electro-magnetic

stress-energy tensor, which is defined by

1
TEM = FooFy* - ZgadeeFde . (4.49)

The symplectic potential can be written as

@ = 0 + O™, (4.50)
where
1
®SIE (¢,00) = Zedabcgdegfg (Vg(sgef - Vefsgfg) ’ (4.51)
O (¢.0¢) = —€dapcF A, . (4.52)

Let £ be any smooth vector field on the spacetime. We find that the Noether charges

associated with the vector field are respectively,

1

(QFF),, = —5€areaVE?, (4.53)
1

(QEY),, = ~5€apeaF Ack”. (4.54)

The equations of motion and constraints are given by

1
Eos¢ = —€ (ETabdgab + j“dAa) : (4.55)
Cbcda = €ebed (Tea + jeAa) s (456)

where we have defined T, = % (Gab - KTE’[) as the non-electromagnetic stress

energy tensor, and j¢ = V,F? is the charge-current of the Maxwell sources.

We similarly obtain the Noether charges and constraints for all higher-derivative

terms. The results are presented below.



L, Variation of L, yields
OL| = 6gap(E1) e +dO,

where we have defined

1
(E)“ = 58 ¢“’R?> —2RR + 2V’VR - 2"V .V°R .

The Noether charge associated with the vector field £¢ is
(QPab = €avea (—4£° VIR + 2R V£ |
The constraints are given by

Cheda = —2€cbed (El)ea .

L, Variation of L yields
6L, = 6gap(Er) e + dO;,

where we have defined
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(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

1
(Ez)ab abRcdRcd +V, VbRac +V, v Rbc abvdVCRcd _ VchRab _ 2RacRbc )

2%

The Noether charge associated with the vector field £¢ is

(Q2)ab = €aca (4 VIR + RN/ &€+ RpVIET)

The constraints are given by

Cbcda = _2Eebcd(E2)ea .

Lz Variation of L3 yields
SL3 = 6gapc3(E3) e + dO3,
where we have defined
(Es)* =

28
The Noether charge associated with the vector field £¢ is

(QDab = €avea (—4°V pRS ! + 2R,V £°) |
The constraints are given by

Cbcda = _2Gebcd(E3)ea .

1
g’ R + 28" R.qR* + 2R’ R -8R qR*"* +2V"V*R - 40R*" .

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)
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L4 Variation of L, yields
0Ly = 5gap(ES) Y€ + 5AL(E}) € + dOy, (4.69)

where we have defined the equations of motion for g,, and A, respectively as

1 ‘
(E$)* = [—R”b + 28R =gV + V(“V”)] F> —2RF“F,°, (4.70)
(E{)* =4V, (RF™) . 4.71)

The Noether charge associated with the vector field £¢ is
(@b = €avea (F?VIES = 26°VIF? + 2RFIAE°) . (4.72)
The constraints are given by

Cheda = —2€ebcd (ES)° = €ebca(E4) Aq . (4.73)

Ls Variation of Ls yields
OLs = 6gap(ES) "€ + 5A.(EL) € + dOs, (4.74)
where we have defined the equations of motion for g,; and A, respectively as
(E$)* = 2F " F ARV g = F*“F"Req + %FceFCdg“dee (4.75)

—vapbey,Fd - pedy veph _ pley wo g d _ pleqpa
— VOF VIFYC — Fedgiby \V  F.¢ = VaF VIF

1 1
+ EgachFCdVeFde _ EgadechVeFCd ,
(E{)* =2V, (R™F*, + F*RY}) . (4.76)
The Noether charge associated with the vector field £¢ is

(Qg)ab = €abed [_zé\;EAeFfCRfd _ 2§CFf(eVeFfd) + gEVd (FfLFef) + Fdeng[Cg@]:I .
(4.77)

The constraints are given by

Cheda = —2€ebca(ES)® | — €cpea(E) A . (4.78)
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L¢ Variation of Lg yields
0L6 = 0gapn(ES)" € + 5AL(EL) € + dOg, (4.79)
where we have defined the equations of motion for g,, and A, respectively as

1

(E$) = 3 FUFe g% R gop — 3FCF®RY 4, (4.80)
—2FV N FP? - 2F VN FP4 - 4V F v FP,

(E}H =4V, (FbCRadbc) : (4.81)

The Noether charge associated with the vector field £¢ is
(O)ab = €avea [26°AF SRy =26V (FUUFS) + FUF V] . (482)
The constraints are given by

Cpeda = _zeebcd(Eg)ea - Eebcd(Eg‘)eAa . (4.83)

L7 Variation of L7 yields
6L7 = 6gap(ES)* € + 6AL(E}) € + dO, (4.84)

where we have defined the equations of motion for g,, and A, respectively as

1
(ED™ = Sg" FF? — 4F“F’ F?, (4.85)
(E})* =8V, (F°F?) . (4.86)

The Noether charge associated with the vector field £¢ is
(Q;)ab = €abcd (4§eAeFCdF2) . (487)
The constraints are given by

Cheda = _2Eebcd(E§)ea - Eebcd(Eﬁ)eAa . (4.83)
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Lg Variation of Lg yields
OLg = 6gap(E5)*"€ + 6A,(E{) € + dOs, (4.89)
where we have defined the equations of motion for g,, and A, respectively as

1 .
(E§)* = Eg“chdFdeFef Ff — 4F“F"F.“Fy,, (4.90)
(E{)* = -8V (FUpFP.F?) . (4.91)

The Noether charge associated with the vector field £¢ is
(QD)ab = €avea (4°AFy F FT) (4.92)

The constraints are given by

Cheda = —2€ched (E§) | — €cpea(E)* Aq . (4.93)

Finally, the above results can be summarized in the following compact form:

(Qf)C3C4 = €abcsey (Mabc é:c - Eade V[c ‘fd]) s (494)

where
M = -2V, E*°? + E4P A, (4.95)

and
(COabe = €canc REPT°R, A +4V V4 ET 4+ 2E FY—2A"V, Efl - g L) (4.96)
with

Eabcd = oL ab = oL )
6Rabcd’ F 6Fab

(4.97)

Proof that constant area direction is along the extremality curve
Suppose the radius, hence area A of the horizon is determined implicitly by the
following equation

F(M,0,A)=0. (4.98)

The extremality condition requires, in addition, that
0AF(M,0,A)=0. (4.99)

This is because the two roots of 1/g,, coincide at this location.
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Figure 4.2: Extremality contour and constant area contours. Extremal black holes
live on the red solid line which divides the whole parameter space into the naked sin-
gularity region and the non-extremal black hole region. The constant area contours
are always tangent to the extremal line. A small perturbation around an extremal
point then shifts the spacetime to one of the following: (i) a naked singularity
when the horizon area is decreased; (ii) another extremal solution when the area is
unchanged; and (iii) a nonextremal black hole when the area is increased.

Extremal black holes are of a one-parameter family, with Qc,/(M), Aex (M) deter-
mined jointly by Egs. (4.98) and (4.99). In practice, when Q < Q¢ (M), we will

have contours of constant A (as shown in Fig. 6.4), determined by
OmFdM + 0pFdQ =0, (4.100)

or
(dQ/dM), = -0 F|0pF . (4.101)

On the other hand, we can find out the direction of the extremality curve in the

(M, Q, A) space. The tangent vector satisfies

OMFAM + 0y FAQ + 04FAA =0. (4.102)
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However, because we have d4 F on that curve, we have d4F = 0 and also
(dQ/dM)e,y = —OMF [0pF . (4.103)

This means, on the extremality contour, the direction at which area remains constant
is the same as the contour itself. This does not mean that the contour all has the same
area — instead, constant area contours reach the extremality contour in a tangential

way, as shown in the figure.
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Chapter 5

GEDANKEN EXPERIMENTS TO DESTROY A BTZ BLACK
HOLE: SECOND-ORDER STUDY

We consider gedanken experiments to destroy an extremal or near-extremal BTZ
black hole by throwing matter into the horizon. These black holes are vacuum solu-
tions to (2+1)-dimensional gravity theories, and are asymptotically AdSsz. Provided
the null energy condition for the falling matter, we prove the following: (i) in a
Mielke-Baekler model without ghost fields, when torsion is present, an extremal
BTZ black hole can be overspun and becomes a naked conical singularity; (ii) in
three-dimensional Einstein gravity and chiral gravity, which both live in the tor-
sionless limits of Mielke-Baekler model, an extremal BTZ black hole cannot be
overspun; and (iii) in both Einstein gravity and chiral gravity, a near-extremal BTZ
black hole cannot be overspun, leaving the weak cosmic censorship preserved. To
obtain these results, we follow the analysis of Sorce and Wald on their gedanken
experiments to destroy a Kerr-Newman black hole, and calculate the second-order
variation of the black hole mechanics. Furthermore, Wald’s type of gedanken ex-
periments provides an operational procedure of proving the third law of black hole
dynamics. Through the AdS/CFT correspondence, our results on BTZ black holes
also indicate that a third law of thermodynamics holds for the holographic conformal

field theories dual to three-dimensional Einstein gravity and chiral gravity.

5.1 Introduction

Weak cosmic censorship conjecture (WCCC) was formulated by Penrose [14] to
postulate that a gravitational singularity should not be naked and should be hidden
inside a black hole horizon. A gravitational singularity is usually mathematically
ill-defined due to the divergent spacetime curvature. Thus, the WCCC helps to
avoid seeing such an unphysical part of the universe and retains the predicted
power of physical laws. Its philosophical incarnation was summarized by Hawking
that “nature abhors a naked singularity"!. In this sense, a special case worthy
of consideration is the three-dimensional Banados-Teitelboim-Zanelli (BTZ) black

hole, for which there is no curvature singularity but a conical one. The conical

ISee the story in https://www.nytimes.com/1997/02/12/us/a-bet-on-a-cosmic-scale-and-a-
concession-sort-of.html
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singularity will thus cause no physical divergence unlike the curvature one. It is
then interesting to check if WCCC holds for this case or not, and partly motivates
the study of this chapter.

The general proof or demonstration of WCCC is notoriously difficult. One way is to
find the critical situation in which a black hole almost turns into a naked singularity
due to small perturbations. This is when a Kerr-Newman black hole is in its near-
extremal regime. A super-extremal solution possesses the naked singularity, thus
checking WCCC is to see if a sub-extremal black hole in the near-extremal limit
can turn into a super-extremal one by throwing some matter. Along this line of
thought, a gedanken experiment was first proposed by Wald [15] to demonstrate the
impossibility of destroying an extremal Kerr-Newman black hole by throwing the
matter obeying the null energy condition. The key ingredient in [15] is the linear

variation of black hole mechanics [104, 105], i.e.,
oM - QudJ —dyo0 >0, 6.

where M is the mass of the black hole, J the angular momentum, Q the charge, and
Qp and @p are respectively the angular velocity and chemical potential evaluated
on the horizon. A similar consideration for the near-extremal Reissner-Nordstrom
black hole was examined by Hubeny [16], who found that it can be overcharged to

violate WCCC by throwing a charged particle. See [106—109] for follow-up works.

Recently, it was realized by Sorce and Wald [17] that the analysis in Hubeny’s
type of gedanken experiments is insufficient at the linear order so that the second-
order variation must be taken into account to check WCCC for near-extremal black
holes. Based on an earlier development of the second-order variation of black hole
mechanics [102], they went beyond the first-order analysis in [16] and derived the
following inequality

M — Qpé*J — Oy*Q > —Tys>S, (5.2)

with Ty the Hawking temperature and S the Wald’s black hole entropy [90][91],
which equals to the Bekenstein-Hawking entropy of area law for the case of Einstein’s
theory of gravity, but receives modifications for non-Einstein theories of gravity [92]
((5.40) for the case of Mielke-Barkler gravity). Under the situation that the linear
variation is optimally done, i.e., the inequality (5.1) is saturated, Sorce and Wald
adopted (5.2) to show that the WCCC holds for Kerr-Newman black holes in four-

dimensional Einstein-Maxwell gravity. In [17] it is assumed that the near-extremal
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black hole is linearly stable, so that at very late time the linear perturbation induced
by falling matter becomes the perturbation towards another Kerr-Newman black
hole. Thus, the WCCC prohibits the possibility of a naked singularity, and can
be formally described as the condition for a one-parameter family of black hole
solutions

f() >0, forall 1 >0 (5.3)

with f(A1) = 0 being the condition for extremal black hole. For examples, f(1) =
M()? - Ajl(&); — Q(2)? for a Kerr-Newman black hole of mass M(2), angular
momentum J(A) and charge Q(1), and f(1) = M(A)> + AJ(1)? for a BTZ black

hole in three-dimensional anti-de Sitter (AdS) space of cosmological constant A < 0.

Note that there is no need in this formulation of examining WCCC to consider the

self-force effects of the in-falling matter as done in [110-114].

In this chapter, we will check WCCC for a BTZ black hole in three-dimensional
torsional Mielke-Barkler gravity (MBG) [115-117] with the general falling matter?.
In some special limits of MBG, we have either Einstein gravity or chiral gravity [120],
both of which have the known dual descriptions by a two-dimensional conformal
field theory (CFT) in the context of AdS/CFT correspondence [121]. Especially,
the extremal black hole has zero surface gravity, and corresponds to a dual CFT
state at zero temperature. The motivation of our study is two-fold. First, we would
like to see if WCCC holds even for the naked conical singularity such as the one in
BTZ, and at the same time extend the formulation of [17] to more general gravity
theories. Second, Wald’s type of gedanken experiments provide an operational
procedure of proving the third law of black hole dynamics [107, 122]: One cannot
turn the non-extremal black hole into an extremal one in the finite time-interval
by throwing into the black hole the matter satisfying the null energy condition.
We can turn the above third law into the one of black hole thermodynamics if we
adopt Bekenstein and Hawking’s point of view. Moreover, through the AdS/CFT
correspondence, this third law also corresponds to the third law of thermodynamics
for the dual two-dimensional CFT3. Our results indicate that such a third law of
thermodynamics holds for the holographic CFTs dual to three-dimensional Einstein
gravity and chiral gravity. Intuitively, the cooling procedure can be holographically
understood as throwing the coolant, i.e., matter of spin J and energy E with J > E,
into the black hole.

2See also recent papers [118, 119] for the related discussion for special falling matter.
3See [123] for the earlier discussion on AdSs cases in context other than WCCC.
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We organize the rest of the chapter as follows. In Sec. 5.2 we derive the linear and
second-order variational identities for the MB model, with which we can proceed to
the consideration of gedanken experiments for three ghost-free limits of MB model,
i.e., the Einstein gravity, chiral gravity and torsional chiral gravity. In Sec. 5.3
we consider the gedanken experiments for an extremal BTZ black hole by using
the linear variational identity and the null energy condition. In Sec. 5.4 we check
WCCC for nonextremal BTZ black holes for the chiral gravity and Einstein gravity.
Finally in Sec. 5.5 we summarize our results and conclude with some discussions on

the issue of proving the third law and its implication to the holographic dual CFTs.

5.2 BTZ black hole and variational identities

BTZ black holes are topologically non-trival solutions to the three-dimensional
Einstein gravity as well as the topological massive gravity (TMG) [124-126]. In
fact, they are solutions to a quite general category of gravity theories called Mielke-
Baekler (MB) model [115, 116] which also incorporates torsion, with Einstein
gravity and TMG arising as special limits in its parameter space. In this section,
we derive the variational identities and canonical energy for this model following

Wald’s formulation.

In three-dimensional spacetime, it is convenient to express the gravity theory in
the first-order formalism. The Lagrangian of a general chiral gravity with torsion,

namely the MB model, is as follows:

LZLEc+LA+Lcs+LT+LM, (5.4)
where
1 a
LEC = ;e /\Ra, (55)
A a b c
Ly = —6—€abc€ Ne  ANe", (5.6)
n
1 .
Lcg = -6 (w”/\dwa + geabcw”/\wb/\af) , (5.7
Or
LT = ﬁe /\Ta, (58)

in which A < 0 is the cosmological constant, #; and 61 are coupling constants,
L g is the Einstein-Cartan term, L, is the cosmological constant term, L g is
the Chern-Simons (CS) terms for curvature, L T is a translational Chern-Simons

term, and L y; is the Lagrangian for the matter. 7, is the torsion 2-form defined
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by T = de” + w A e’ with e the dreibeins. We have also defined the dual spin

connection w* and the dual curvature 2-form R“ for simplicity:

1 1
w' = 3 e W, R = > € R™, (5.9
Variations of the Lagrangian (5.4—5.8) with respect to the dreibeins e¢“ and the dual

spin connections w“ give rise to the equations of motion EL(f) =0and EC(,‘“) = 0 with

1 0 A .

E((le) = = (Ra + _TTa — 7~ €abc eb/\ec) ’ (5.10)
n n 2
1 0 :

Eéw) = — (Ta - 27T9LRa + _Teabc eb/\et) (511)
i 2

for vanishing matter. For the case 1 + 2616, # 0, the equations of motion are solved
by

re = L € e’ e, (5.12)
T
R b
R = —ﬁe"bce Aec, (5.13)
in which
_ —bp + 27°A6, i+ mA 5.1
- 2+ 49T6L ’ B 1+ 2HTGL . .

The MB model was originally proposed as a torsional generalization of TMG. It has
a Poincaré gauge theory description, and there are propagating massive gravitons
just like in TMG. We will be especially interested in three limits:

(i) Einstein gravity (with negative cosmological constant). This could be approached
by taking the limit 8, — 0 and 6t — 0.

(ii) Chiral gravity. The torsionless branch of the MB model, which is equivalent
to TMG, could be obtained by setting 7 = 0 according to (5.12). It was pointed
out in [120] that TMG is only well defined at the critical point in which the dual
CFT becomes chiral. In our convention, the critical point is located at 6y =
—1/(2nV-A) . Hence the chiral gravity is approached by setting 7~ = 0 first and
then taking the limit 6, — -1/ (27rﬂ) .

(iii) Torsional chiral gravity. For the branch with non-vanishing torsion, we note
from the Lagrangian (5.4-5.8) that the torsion field 7;, could not be kinematic since
there is no second-order derivative of w“. The torsion field should just contribute to
the interaction term in the linearized theory, while the propagators of the gravitons
should not be changed compared with TMG. We then expect that the MB model
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also behaves well with no ghost at the critical point 8, — — 1/(27V—A) . Note that
by taking this limit first, we obtain 7~ — 7V—A /2 hence the torsion field could
not be vanishing. This is a different limit from the case (ii), and we refer it as the

torsional chiral gravity.

An interesting class of solutions to the Egs. (5.12)(5.13) are the BTZ-like solutions

with non-vanishing torsion [127]. They are described by the following dreibeins,

dr
0 _ 1 _ 9 2 _ ¢
= Ndr, el ==, e =r (dg + N%dr) | (5.15)
and the dual spin connections,
T
w' = 0% + —e?, (5.16)
m
with the torsion free parts
0 1 N’ 2
&’ = Ndgp, &' = —Wdr, &% = —Agrdt + rN%do, (5.17)
in which
) , J? s J
N-(r) = M — Agr™ + —, N?(r) = - —, (5.18)
4r 2r?

where M and J are constants corresponding to mass and angular momentum of BTZ
black hole, respectively, for the case of Einstein’s gravity, and
T2+R

Aeff = -
7-(-2

) (5.19)

Taking the torsion free limit 7~ — 0, the above solutions recover the usual BTZ

black holes with A = A . The horizons are located at

1
r2 = T (— M T M2+ Aeffﬂ) , (5.20)

(note that A.g < 0 for asymptotic AdS solutions), and the angular velocity of the

outer horizon is
J r_

Qg = — = —+v-Aer . 5.21
= 52T ft (5.21)
The black hole temperature is fixed by the vanishing of the conical singularity of
the corresponding Euclidean metric:
Aes r2—r2
= Dl 52

27ry

and the surface gravity is kg = 27Ty .
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First-order variations

Wald’s gedanken experiment to destroy a black hole begins with considering a
general off-shell variation of the fields, which in principle incorporates all kinds of
possible perturbations of a black hole, including throwing matter into it. From the

variational identities one obtains general constrains obeyed by these perturbations.

The first-order variation of the Lagrangian (5.4-5.8) gives rise to the equations of

motion as well as a surface term:
SL = §e°ANEY + Sw'ANEY + dO(¢,50), (5.23)

in which ¢ = (e?, w%), Eff) and Ef,w) are given by (5.10) and (5.11). The surface
term O(¢, 6¢), called the symplectic potential, is evaluated to be
1 a Or a a
O(p,00) = —0w'Ne, + —=de" Ne, — OL0W" Nw,, . (5.24)
n 2n?
In Wald’s approach, the space of field configurations is the phase space of the theory,
and the variation 6¢ = (d¢p/dA)| =0 is the phase space flow vector associated with
a one-parameter family of field configurations ¢(A1). For a two-parameter family of

field configurations ¢(411, A7), one could define the symplectic current

Q(¢, 619, 620) = 610(¢,629) — 620(4,619), (5.25)

in which ¢, 6, denote derivatives with respect to parameters A, As:

0 0

01 = — , 0) = — .
"7 9 Lo 27 92140

(5.26)

One can show that the symplectic current is conserved when the linearized equations
of motion are satisfied:
dQ = 0. (5.27)

The Noether current two-form associated with a vector field £ is defined by

Je = O(d, Led) —igL, (5.28)

in which i, L represents the interior derivative which contracts £ into the first index

of the three-form L. Then, j¢ could be written in the form

Je = dQ¢ + C¢, (5.29)
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in which the Noether charge Q¢ and the constraints C¢ are given by

1
Q¢ - (iew) Neq + (ize”) Neq — O (i:0") Awg, (5.30)

T
2712

Ce = —(ige) NEY — (isw") NES . (5.31)

Suppose the field configuration is a family of asymptotic AdS spacetime. Variation
of (5.28)(5.29) gives rise to the following linear variational identity after integrating

over an achronal hypersurface X:

f 50 — i:0(¢,6¢) = f Q(¢, 5¢, Led) — f 5C; — f i-(ES¢). (5.32)
o z z z

The first term on the right hand side is recognized as the variation of the Hamiltonian

h¢ associated with the diffeomorphism generated by the vector field &

She = fz Q(¢, 6, Led) . (5.33)

Note that h, (or the first term on the R.H.S. of (5.32)) vanishes if £ is a Killing
field, i.e., Lgp = 0. If the ¢ is on-shell so that £, = 0, then the last two terms
on the R.H.S. of (5.32) also vanish. This then motivates the following definition of
the conserved ADM quantity H, conjugate to the Killing field & for an on-shell ¢
[90][91]:

SHy = f 5Qs — i:0(¢,5¢), (5.34)

where foo is the integration over the circle at spatial infinity. For a black hole
solution, the boundary of X contains also horizon as the “inner boundary" besides
the “outer boundary" at spatial infinity, then there will be contribution to the L.H.S.
of (5.32) from the “inner boundary" as well (i.e., the area law term for Einstein
gravity). Combining all the above, (5.32) finally yields the first law of black hole

mechanics/thermodynamics.

For the timelike Killing field 0/d¢ and the rotational Killing field 0/d¢, the above
integration gives rise to the variation of the total mass M and the total angular
momentum J , respectively. For the BTZ-like black holes (5.15-5.17), it could be
evaluated that [128]

M = M =200 (TM + nAesd) , (5.35)
J +200(nM - TJ) . (5.36)

Q
Il
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For the case that the equations of motion are satisfied and ¢ is a Killing field, the

linear variational identity (5.32) yields

f 60 — i:0(¢,6¢) = — f S5C; . (5.37)
0 z

For nonextremal black holes, the boundaries includd infinity as well as the bifurca-
tion surface B . If ¢ is the horizon Killing field £¢ = /0t + Qud/d¢, the boundary

integral over infinity is given by

f 0Q¢ — igO(4,0¢) = IM-QuéJ . (5.38)

For Einstein’s theory of gravity, the boundary contribution from the bifurcation
surface B turns out to be proportional to the variation of the Bekenstein-Hawking
entropy [90][91]:

f 5Q: — i:0(¢,6¢) = Ty S, (5.39)
B

in which S = Ag/4 where Ap is the area of the bifurcation surface. We will take
the above equation as a rightful definition of the modified black hole entropy in the
MB model so that the first law of the black hole thermodynamics still holds but with
Wald’s generalized black hole entropy. It has been evaluated for the BTZ-like black
holes that [128]

S = 4nr, — 86 (Tr+ — = A r_) . (5.40)

(5.37) then takes the form

OM—-Quog —Ty oS = —f&Cg. (5.41)
z

We will consider the special situation the perturbation vanishes near the internal
boundary of the surface X, (5.41) with 65 = 0 would hold for both extremal and
non-extremal black holes. Noting (5.35)(5.36) and 65 = 0, (5.41) turns out to be

2 2
(1 = 20T — 276.Q) (6M — QuoJ) — 2n9LAeﬁ(#) 5] = - f 5Ce .
r z
(5.42)

+

for BTZ-like black holes in the MB model.

(5.41)(5.42) are derived from the Lagrangian without matter. It might be puzzling
that the vacuum configuration could be perturbed without matter; however, this
is physically possible since there are gravitational waves in the MB model with

general couplings. In general, 6M and 6J should be understood as variations
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allowed mathematically in the parameter space, rather than consequences of certain
physical evolutions. On the other hand, since we didn’t enforce the linearized
equations of motion to be satisfied, it should be expected that these equations could
also be used for considering perturbed configurations due to matter contribution*.
The right hand side of (5.42) would be related to the energy-momentum tensor of
the matter. To see this explicitly, we first define the “energy-momentum 2-form” X,

and “spin current 2-form” 7, as follows:

oL oL
3, = —-M 7, = —M (5.43)
oed ow?
The equations of motion with matter would be
EY = -3,, EY = -1,. (5.44)
Since X, = 7, = 0 in the background spacetime, from (5.31) we get
0C: = (ige") NO0Z, + (iz0") NOT, . (5.45)

X, should be related to the conserved canonical energy-momentum tensor X/ de-
fined by

0L 0L
— - — pHp 7=
V-g X, = det, e, L 200) D,

in which ¢ is the matter field, £ is the Lagrangian density of the matter related

v, (5.46)

to Lpgby Ly = L d*x, and D, is the covariant derivative defined by D, =
el (Ou+w #bc fep) Where f,;, are the representations of the generators of the Lorentz

group associated with . From (5.46) we obtain

1
Sa = 5 € T dxF A dx . (5.47)
Note that
€uvad = —3k[#€v/1], (548)

in which k* is the future-directed normal vector to the horizon, and € is the volume
element on the horizon. The first term on the right hand side of (5.45) then turns
out to be

(i) AOZ, = — &,k 0T\ —y d*x, (5.49)

“For the matter field, we impose Dirichlet condition on asymptotic AdS boundary, as conven-
tionally used in AdS/CFT dictionary for black holes dual to thermal states in CFT. This choice will
not affect the argument for WCCC as we only care about the matter that falls in.



89

as &M oc k*, thus the contribution of this term to the right-hand side of equations
(5.42) is non-negative if and only if the null energy condition of matter energy-

momentum tensor 0X,, is satisfied:

ktk"6Z,, > 0. (5.50)

For the second term on the right hand side of (5.45), our ““spin current two-form” 7,

is related to the canonical spin angular momentum tensor 7, b“ defined by

0L 0L
Vgt t=—"TT = -— , 5.51
Comparing (5.51) with (5.43), we obtain
1
T, = — 3 eabc €uva Tbc/l dx* A dx”, (5.52)

hence the second term on the right hand side of (5.45) is reduced to
(i) A ST, = = (E7w™)) ky 67, =y d*x . (5.53)

For axially symmetric stationary black holes, in general we have [128]

1 .
ey = - 5 K € n" + igK |y, (5.54)
in which n“? is the binormal to the horizon and K¢ is the dual contorsion one-form
definedby T = € K b A e, satisfying the identity w® = @* + K*. For BTZ-like
black holes, (5.16) gives

K = —e”. (5.55)
T

Using (5.54)(5.55), (5.53) turns out to be
s a T o vA 2
(igw™) NOT, = |Knnyy + — €y o kyotH =y dx. (5.56)

The first term on the right hand side is vanishing for extremal black holes. We note
that the sign of the second term could not be determined for torsional chiral gravity
unless the spin angular momentum tensor satisfies €,,,” k-ka 54 > 0, of which

the physical meaning is not clear yet for us.

Combining all the results above, we obtain the following linear variational identity
for the BTZ-like black holes in the MB model, with the additional assumption that
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the perturbation 6¢ vanishes near the internal boundary of X

oM — Qué T

2 2
(1 - 2007 - 27T9LQH) (5M — QH6J) - 27T9LAeff(r+ zr—)(5J
s

.
f d>x\=y {gﬂkv(szﬂv - (KHn,N +— eﬂffg) k/lé‘r”wl} . (557
s Vs

For extremal BTZ black holes with kg = 0 and ry = r_ , the above identity takes

the following simpler form:

SM — Qué T (1 — 20T - 2n0L\/—Aeﬂ~) (6M — A 5])

f d*x\=y {gﬂkv(szf” T Eﬂyo-fo-k/15‘["m//l} . (5.58)
> T

Second order variations

As pointed out in [17], for near-extremal black holes it is in general not sufficient to
consider just the linear order variation due to Hubeny-type violations. We therefore
construct further the second-order variational identity. A second variation of (5.32)

gives rise to

Ex(¢;6¢) = f [6°0¢ - 1:60(¢,69)] + f §2Ce + f ic (SEAS) , (5.59)
0z z z
in which
&x(0:00) = [ 00060 Leoo) (5.60)

is Wald’s canonical energy of the off-shell perturbation 6¢ on X . For the case that
the background ¢ is a stationary black hole solution and ¢ is the horizon Killing

field, the boundary contribution from infinity is simply

f 6*Q¢ — i£00(,6¢) = &M — Qué*J (5.61)

according to (5.38). The contribution from interior boundary would be vanishing if
there’s no perturbation in its neighborhood, as supposed before. Then (5.59) turns

out to be

M — Qus*J = Es(¢;6¢) — f is (BEAS¢) — f §2Cs . (5.62)
> z

Noting (5.44), (5.47), and(5.52), the integrand of the second term on the right hand

side is evaluated to be

is (6E A 69) i¢ (ES A" + SEL A dw”)

fT E[luy‘r] dx* A dx”, (5.63)
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in which 3
Eyve = = 5 € (62,1 0e%, + 67,5 60) . (5.64)

Since ¢ is tangent to the horizon, the pullback of (5.63) to the horizon vanishes,

hence this term gives no contribution. From (5.31), it turns out that

v T a v
6°C; = 52{—612“/—7 [fukvzf‘ - (KHn,w+ — e gg) ko ﬂ]} . (5.65)

Substituting the above expression into (5.62) leads to the following identity for the

second-order variation:
M - QustT = Es(¢:6¢)

T
+6° ‘[z d*x\=y {gﬂkvzw - (KHn#V + - Eﬂygfg) kﬂ'“”} )
(5.66)

5.3 Gedanken experiment to destroy an extremal BTZ

We now consider our gedanken experiment to destroy a BTZ black hole along the
line of Wald’s proposals [15, 17]. In this section, we will deal with an extremal BTZ
black hole with mass parameter M and angular momentum parameter J. We wish
to see if a naked singularity can be made via throwing matter into the extremal black
hole. Without losing generality, we take our gravity theory as MB model, and then
discuss its three limits, torsional chiral gravity, chiral gravity, and three-dimensional

Einstein gravity.

Considering a one-parameter family of solutions ¢(1), ¢9 = ¢(0) is an extremal
BTZ black hole, which is a vacuum solution in MB model. The existence of event

horizon is determined by a function,
F) = M)? + A J (1) (5.67)

If f(1) > 0, the spacetime is a BTZ black hole. If f(1) < 0, it is a naked conical
singularity and WCCC is violated. We now consider perturbations to the extremal
black hole ¢¢. Then, to the first order in A, we have

FQ) =2A3= A 17| (6M = /= Aeg 67) + O (A7), (5.68)

where we have used the extremal condition M = v/— A |J| to eliminate M. It is
then evident that if 6M < V- AcgdJ, f(A) can be negative.

We would like to see whether this sort of violation of WCCC is possible if we

throw matter into the BTZ black hole in a certain way. Let £y be an asymptotically
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AdS hypersurface which extends from the future horizon to the spatial infinity. We
consider a perturbation d¢ whose initial data for both fields de“ and dw? on X
vanish in the neighborhood of the intersection between Xy and the horizon. We
assume that the initial data for the matter sources 6X,, and 5t also vanish
in this neighborhood, and, only exist in a compact region of Xy. That is, we
consider perturbations whose effects at sufficiently early times are negligibly small.
To simplify the discussion, we only consider the case where, as we evolve the
perturbation, all of the matter will fall through the horizon. Therefore, the whole
evolution of the matter source 6, and §7#'4 stays in a shaded region as shown
in Fig. 5.1. As matter falls in, we further define a hypersurface X in the following
way—it starts on the future horizon in the region where the perturbation vanishes
and extends along the future horizon till all matter falls into the horizon; then
it becomes spacelike, approaches the spatial infinity and becomes asymptotically
AdS. We denote the horizon portion of X as H, and the spatial portion as X;.

Figure 5.1: Carter-Penrose diagram of an extremal BTZ black hole. The shaded
region consists of the falling matter which all goes into the black hole. The pertur-
bation d¢ vanishes in a neighborhood of Xy N H.

We now use the linear variational identity with vanishing inner boundary contribu-
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tions (5.58) for this choice of . As we will show later, this identity constrains the
sign of f(1). We notice that in e.q. (5.58), the integral in the second line is not
positive definite due to the spin angular momentum term and its coupling to torsion.
That is, in torsional chiral gravity, whether WCCC can hold depends on an addi-
tional relation between the spin angular momentum and the torsion. The physical
origin of this additional information needed is unclear, and is beyond our scope of
this chapter. We will leave it to a future work. In the torsionless limit 7~ — O,
however, this integral would be non-negative as long as the null energy condition is
satisfied. From now on, we will focus on this limit, and assume the falling matter
satisfies the null energy condition. Then f (A1) is non-negative only if the constant

factor on the right hand side of the first line of Eq. (5.58) is non-negative,

1 -20LT —2n0LV—Aeg = 0. (5.69)

For chiral gravity, we choose 8; = —1/(2nV—-A), and send 7 — 0. The inequal-
ity (5.69) is then satisfied. Therefore extremal BTZ black hole in chiral gravity
cannot be destroyed in our experiment, and WCCC is preserved.

For three-dimensional Einstein gravity with a negative cosmological constant, both
torsion and Chern-Simons interaction vanish, thus we set i, — 0 and 6t — O.
The inequality (5.69) is then satisfied. Consequently, extremal BTZ black hole in
three-dimensional Einstein gravity cannot be destroyed, leaving WCCC preserved.

5.4 Gedanken experiment to destroy a near-extremal BTZ

For extremal BTZ black holes, we have found that WCCC can be violated in the
presence of torsion. With torsion being turned off, we have seen that WCCC is
preserved in both chiral gravity and three-dimensional Einstein gravity, provided
that the matter obeys the null energy condition. In four-dimensional Einstein gravity,
Hubeny [16] proposed that violations of WCCC might be possible if one threw matter
into a near-extremal black hole in an appropriate manner. In order to examine
whether Hubeny-type violations can truly happen, one has to calculate the energy
and momentum of the matter beyond the linear order. In this section, we will
examine the Hubeny-type violations for a near-extremal BTZ black hole in chiral

gravity and three-dimensional Einstein gravity respectively.

As shown in Fig. 5.2, we make similar choices of Xy and X like those for the extremal
BTZ case. The only difference is that, the two hypersurfaces now terminate at the

bifurcation surface B. We further assume that the second-order perturbation 62¢ for
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both fields de“ and dw* also vanishes in a neighborhood of B. Again, we simplify
our discussions by restricting to the case where all matter falls into the black hole.

We will also make the following additional assumption:

Assumption: The non-extremal BTZ black hole is linearly stable to
perturbations, i.e., any source-free linear perturbation d¢ approaches a
perturbation 5¢B7# towards another BTZ black hole at sufficiently late

times.

Although our perturbations are not source-free in general, we will only apply the
above assumption on the late-time spatial surface X long after all of the matter has
fallen in the the black hole. We emphasize that this linear stability assumption does
not indicate WCCC which we wish to prove. This is because a finite perturbation
is needed to overspin a non-extremal black hole, while a linear perturbation can
always be scaled down to a infinite small one. Hence the linear instability of a non-
extremal BTZ black hole should be independent of the instability associated with
overspinning, i.e., a linearly stable non-extremal BTZ black hole could possibly be
overspun by a finite perturbation, just like the situation for the Kerr-Newman black
hole in [17].

Chiral gravity
We now consider our thought experiment to destroy a near-extremal BTZ black
hole (M, J) in chiral gravity for which 7 = 0 and 6, = — ——. Thus, using

2nV=A
(5.35-5.36) it is straightforward to see
Q
M - Qué T = (1 + —H) (6M - V-As7), (5.70)
VA
and the first law of black hole thermodynamics yields
TuoS =M -QuoJ . (5.71)
where the black hole entropy is given by [128]
S=d4n(ry—r-) . (5.72)

Recall (5.57), the null energy condition for the falling matter yields the first-order
relation that
oM > V-Ad6J . (5.73)
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Figure 5.2: Carter-Penrose diagram of a near-extremal BTZ black hole. The shaded
region consists of the falling matter which all goes into the black hole. The pertur-
bation §¢ and 5%¢ vanishes in a neighborhood of B.

The first-order perturbation has been optimally done, i.e. 65 = 0, such that
oM =~N-A6J. (5.74)

For some constant entropy S, we can then plot the line of constant entropy in the

parameter space of BTZ black holes, which is shown in Fig. 5.3.

We are now ready to discuss our experiment to destroy the near-extremal BTZ black
hole. Starting from a point (Mo, Jy) in the parameter space, after a perturbation of
the spacetime as induced by falling matter, we will always arrive at another point
(M, J1). At the linear order, the change from one point to another will correspond
to a tangent vector in the parameter space. For any S, the line of constant entropy is
given by

M = («/I) J - #52. (5.75)

The slope of the constant entropy line is then equal to that of the line representing

extremal BTZ black holes. Since the tangent to the constant entropy line is a lower
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Figure 5.3: The parameter space of BTZ black holes in chiral gravity. The black
solid line corresponds to extremal BTZ black holes. Any point above this line
corresponds to a non-extremal BTZ black hole, while any point below the line is
a naked conical singularity. The orange dashed line is one of the lines of constant
entropy, which is parallel to the line for extremal BTZ black holes. Starting with
some point on the constant entropy line, any tangent vector will always be parallel to
the extremal BTZ line. That is, there is no Hubeny-type violation that can overspin
a near-extremal BTZ black hole in chiral gravity.

bound to all physically-realizable perturbations, a non-extremal BTZ black hole will
at most be perturbed to another BTZ black hole with the same entropy. There is
no Hubeny-type violation of weak cosmic censorship for the BTZ black hole in

three-dimensional chiral gravity, thus WCCC is preserved.

Einstein gravity
The discussions above can be applied to the BTZ black holes in three-dimensional
Einstein gravity as well, for which we turn off both torsion and Chern-Simons

interactions in MB model. In this theory, the linear variational identity is given by
OM—-QuéJ =M —QudJ . (5.76)
Given the material null energy condition, we similarly find that

oM - QuéJ > 0. (5.77)
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Once a first-order perturbation is optimally done by choosing 6M = QudJ, accord-
ing to the first law of black hole thermodynamics, we will also find a lower bound
for all perturbations given by 65 = 0. In Einstein gravity, the entropy of the BTZ

black hole is S = 4nr,, and the curve of constant entropy is given by

4n? ) A,
M=—J -—=S 5.78
A\ 1672 (578)
We plot one of such curves in Fig. 5.4.
57 .
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Figure 5.4: The parameter space of BTZ solutions in the three-dimensional Einstein
gravity. The black solid line corresponds to extremal BTZ black holes. Any point
above this line corresponds to a non-extremal BTZ black hole, while any point below
the line is a naked conical singularity. The orange dashed curve is one of the curves
of constant entropy, which meets the extremal BTZ line tangentially. The tangent
vector at the point of an extremal BTZ black hole will always bring it to another
extremal BTZ black hole. However, starting from a slightly non-extremal BTZ black
hole, to linear order, the tangent vector can perturb the spacetime to become a naked
conical singularity.

As shown in Fig. 5.4, if the initial spacetime is an extremal BTZ black hole, a
tangent vector at this point is also tangent to the line representing extremal BTZ
solutions. Therefore given extremality, the best one can do is to deform the black
hole to another extremal BTZ black hole. WCCC is then preserved and no naked
singularities will form. However, if one starts at a slightly non-extremal BTZ black

hole, the tangent to the curve of constant entropy is possible to move the original
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point to another point located in the region representing naked conical singularities.
This type of violation of WCCC is exactly the Hubeny-type violation, which can
be found at the linear order for near-extremal black holes. As we will see in the
following discussions, a conclusive answer to whether this type of perturbations

truly leads to a violation of WCCC requires calculations to the second order.

Now we consider a one-parameter family of solutions ¢(1), ¢g = ¢(0) is a nearly
extremal BTZ black hole in three-dimensional Einstein gravity. We then expand
f(4) ine.q. (5.67) to second order in A,

fQ) =(M*-a’J?) + 21 (MM - a*J5T ) + (5.79)
+ A2 [(6M)2 — 28N+ M&*M - azjazj] + 013,

where we have introduced a parameter @« = V—A. For convenience we also introduce

a parameter € according to

2 2
Py =T extremal M? - a?J?
€= : = . 5.80
- - (5.80)

+,extremal

The background spacetime corresponds to € < 1, and € — 0 is the extremal limit.
The null energy condition for the matter fields yields 6M — QugdJ > 0, which
is equivalent to the statement that black hole entropy always increases. If we only
consider perturbations to first order in A, that entropy always increases will constrain
f(A) by

f(A) 2 M?€ = 22e (a?J5T) + O(1*). (5.81)

It is then evident from this inequality that, when 6J ~ eM/a, it is possible to make
f (1) < 0 by some careful choice of §J. This is exactly the Hubeny-type violation
of WCCC. The problem is that when 6J ~ e M /a, the violation of f(1) > 0 is of
order M?€> ~ a*(6J)%, which is not fully captured to first order in A. Therefore
to determine whether there is a true violation of WCCC, one needs to calculate all

quantities in (5.81) to the appropriate order.

We now consider the second-order variations in order to give a bound for f(A).
Given the null energy conditions for the falling matter, we can obtain the following
relation from the second-order variational identity with no inner boundary contri-
butions (5.66),

8°M — Qué°J > Es(¢;6¢), (5.82)
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where the canonical energy &y is given by

Ex(¢:60) = E4(¢;6¢) + Ex,(4:6¢) (5.83)
=LQ(¢,5¢,$§5¢)+I Q(¢, 66, Z:69) .

X

In (3+1)-dimension, the term Egy (¢; d @) is identified as the total flux of gravitational
wave energy into the black hole [102]. In (2+1)-dimensional Einstein gravity,
however, there is no propagating degree of freedom in the bulk, i.e. there is no
gravitational wave solution. Thus E¢;(¢; ¢) = 0. A more rigorous way to see this
can be done by following the calculation of the canonical energy as in [102], and

we similarly find that

1 1
f Q(¢p, 00, ZLeo9) = —f (k)50 g6 € + — (k)68 50 apé,
H Ar H 167 HNT,

(5.84)
where « is the surface gravity, u is an affine parameter on the future horizon, do
is the perturbed shear of the horizon generators, and € is the volume element. In
three dimension, it is found that every null geodesic congruence is shear-free [129],

i.e. ogp = 0, therefore 6oy, = 0 on H and the canonical energy on H vanishes.

Then we only need to calculate the canonical energy on X£;. According to our
assumption, the perturbation 6¢, as induced by the falling matter, approaches a
perturbation 6¢27% towards another BTZ black hole on ;. Also since ¢277 has

no gravitational wave energy through 9H, we may replace X; by X and obtain that

Ex,(¢;00) = Ex(¢; 5¢°77). (5.85)

We use the general second-order variational identity (5.59) on this X. As before,
we consider a one-parameter family of BTZ black holes, 7% (). The black hole
mass and angular momentum are given by M(8) = M + B6MB7Z and J(B) =
J + B6JBTZ where 6MBTZ and §JB7% are fixed by the first-order perturbation for
¢(A). Therefore for this family of solutions, we have 82M = 6%J = 6E = 6*C = 0.
In Eq. (5.59), the only nonvanishing contribution in the evaluation of the canonical
energy Ex(¢; 5¢BT%) then comes from the integral over the bifurcation surface B,
which yields

Es, (¢;6¢) = —Tyo>SPT% . (5.86)

Here, the minus sign is due to the fact that the bifurcation surface is the inner

boundary of X.
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With the canonical energy being calculated, (5.82) now reads
6*M — Quo*J > ~Tys* BT (5.87)

Here the temperature of the BTZ black hole is given by

A2 —r?) aMe
To = — _ _ 5.88
i 211y A2M( +6) (5.88)

The second-order variation of the black hole entropy is calculated as

(5.89)

2SBTZ _ (57 (_mM (0272 (3e +2) + 2M2eX (e + 1) )

V263 [M3(e + 1]
V2 (e +2) ) N (6M)2( m(e-2)(e+1) )
MeNM3(e+1) V2aeM3(e+ 1))

where we have used the relation that for this family of solutions, 6°M = §2J = 0.

+ (5J6M)<

We assume that the first-order perturbation is optimally done, i.e. M = QudJ, and
we use the inequality (5.87) to constrain f(1) in (5.79). We obtain that

. /lza4J2(5J)2

T FO( e’ E.€), (5.90)

FQ) 2 M*e - 22e (a?T67)
which can be further written as

atJsJ

2
f(A) > (Me - ) +0(2%, €A% €24, €. (5.91)

Consequently, f(1) > 0 when second-order variations in A are also taken into
account. Our gedanken experiment cannot destroy a near-extremal BTZ black hole

in three-dimensional Einstein gravity, leaving WCCC preserved.

5.5 Conclusions and discussions

Along the line of Wald’s proposals [15, 17] for 4D Einstein gravity, in this chapter we
have considered the gedanken experiments of destroying a BTZ black hole for three
different limits of Mielke-Baekler (MB) model of 3D gravity. They are (i) Einstein
gravity, (ii) chiral gravity, and (iii) torsional chiral gravity. All three limits are free
of perturbative ghosts and show different behaviors in the gedanken experiments.
We find that there are Hubeny-type violations for Einstein gravity but none for chiral
gravity when trying to destroy a nonextremal BTZ black hole. However, in these
two theories, the WCCC holds for both extremal and nonextremal BTZ black holes

if the falling matter obeys the null energy condition. It is philosophically interesting



101

to see that WCCC prevails here even though the BTZ singularity is just a conical

one.

On the other hand, for the torsional chiral gravity there is an additional contribution
to the null energy condition from the spin angular momentum tensor even at the
linear order of variations. Thus, that the WCCC will hold or not depends on the
imposition of additional null energy-like condition for the spin angular momentum
tensor. If WCCC does not hold for the first-order variations, one needs to check the
second-order variation to see if there is Hubeny-type violation. However, the full
formalism of deriving the second-order variational identity for MB model is out of

scope of this chapter, and it deserves to be a future work.

The third law of black hole dynamics was first proposed by Israel and a sketchy proof
was also given [122], which states that one cannot turn a nonextremal black hole into
an extremal one by throwing the matter in a finite time interval. Later, the detailed
proof was given by Sorce and Wald [17] as described and adopted in this chapter.
In the context of AdS/CFT correspondence, the temperature of the boundary CFT is
the same as the Hawking temperature of the black hole in the bulk. Thus, our results
in this chapter can serve as an operational proof of the third law of thermodynamics
by holographically mapping our gedanken experiments around a near-extremal BTZ
black hole into the cooling processes of the boundary CFT toward zero temperature.
Generalizations to BTZ black holes though seems straightforward, its implication
to the third law of thermodynamics for holographic condensed matter systems is
nontrivial and deserves further study. Especially, the generalization to the higher-
dimensional AdS black holes for more general gravity theories will give holographic
tests of the third law of thermodynamics for the more realistic systems. We plan to

attack this problem in the near future.

Before ending the chapter, we comment on one more point about the proof of the
third law by noticing that the equality of (5.91) holds for one particular choice of
parameter A. This implies that one can reach the extremal black hole at the second
order for this particular case. To pin down the issue, one needs to check the third
order of variation for this particular A value. This is too involved to carry out just
for a measure-zero possibility. However, it is still an interesting issue for the future

work.
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Chapter 6

INSTABILITY OF EXOTIC COMPACT OBJECTS AND
IMPLICATIONS FOR ECHOES

Exotic compact objects (ECOs) have recently become an exciting research subject,
since they are speculated to have a special response to the incident gravitational
waves (GWs) that leads to GW echoes. We show that energy carried by GWs can
easily cause the event horizon to form out of a static ECO — leaving no echo signals
towards null infinity. To show this, we use ingoing Vaidya spacetime and take into
account the back reaction due to incoming GWs. Demanding that an ECO does not
collapse into a black hole puts an upper bound on the compactness of the ECO, at
the cost of less distinct echo signals for smaller compactness. The trade-off between
echoes’ detectability and distinguishability leads to a fine tuning of ECO parameters
for LIGO to find distinct echoes. We also show that an extremely compact ECO
that can survive the gravitational collapse and give rise to GW echoes might have

to expand its surface in a non-causal way.

6.1 Introduction

Black holes are important predictions of classical general relativity, and shown to be
robust products of gravitational collapses. The event horizon, describing the bound-
ary within which the future null infinity cannot be reached, is the defining feature of a
black hole [130]. It is hoped that gravitational-wave (GW) observations can provide
evidence for the event horizon. Absence of the event horizon, as well as deviations
from the Kerr geometry near the horizon, can be motivated by quantum-gravity and
quantum-information considerations. Objects whose spacetime geometries mimic
that of a black hole, except in the near-horizon region, have been speculated to exist,
and are referred to as exotic compact objects (ECOs) [131, 132]. The boundary
between the Kerr and non-Kerr regions of the ECO are often placed at Planck scale

above the horizon.

Pani et al. argued that GWs emitted from a gravitational collapse or a compact binary
coalescence (CBC), which results in an ECO, should be followed by echoes [18,
19, 133, 134]. GWs that propagate toward the ECO can be reflected by the ECO
surface — or penetrate through the ECO and re-merge at its surface — and bounce

back and forth between the ECO’s gravitational potential barrier (at the location of
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the light sphere) and the ECO itself [21, 135-138]. GW echoes, as the smoking
gun of ECOs [20], have generated enormous interest. Most notably, Abedi et
al. claimed to have found evidence of echoes in Advanced Laser Interferometer
Gravitational Wave Observatory (Advanced LIGO) data after the first few observed
CBC events [22, 30, 31], and the statistical significance of these signatures was

being questioned [32-35]. Alternative techniques in searching for echoes have been
proposed [33-35, 139, 140].

It was realized that ECOs may suffer from nonlinear instabilities [141]. Moreover,
the accreting matter can trigger the instability of ECOs, which then puts a bound
on the compactness of the existing ECO models, using the Vaidya geometry [142].
We would like to consider the possible instability of ECOs induced by incoming
gravitational wave radiations. As radiations propagate near the ECO surface, they
get increasingly blue shifted (for observers with constant Schwarzschild/Boyer-
Lindquist r, e.g., those who sit on the ECO surface); energy is also crammed into
a compact region (in terms of Ar), and we need to consider its back reaction to the
spacetime geometry [143]. As Eardley [144] and Redmount [145] were studying
the stability of white holes and worm holes in an astrophysical environment, they
concluded that the “blue sheet” made up by in-falling material and radiations can
cause the formation of an event horizon. Another point of view of such instability is
through Thorne’s hoop conjecture [146], as shown in Fig. 6.1, which says a certain
amount of mass/energy will collapse into a black hole when it is inside the “hoop”
located at its own Schwarzschild radius. Similarly, ECOs may suffer from such
instability caused by GW's and collapse into black holes. In this paper, we study the

condition for ECO to remain stable and the impact of back reaction on GW echoes.

6.2 Set up of the problem

We would like to consider a particle (or a star) plunging into an ECO. During the
ringdown process, gravitational waves can be emitted near the light ring both towards
the ECO and the infinity. For simplicity, we consider a spherically symmetric initial
ECO with mass M and areal radius rgco = 2M + €, and an incident GW packet with
energy E. Here € is a small distance that quantifies the compactness of the ECO;
A = V8Me is also used to characterize “the spatial distance between ECO surface
and the horizon”. For the ringdown phase of a CBC, cumulative energy emitted

from the potential barrier towards the ECO, up to Schwarzschild time ¢ is given by

Erp(t) ~ an(@n)*M(1 — ™), (6.1)
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Figure 6.1: A pulse of GW with energy E incident on a static ECO with mass M.
A hoop is placed at the Schwarzschild radius 2(M + E). When the spatial extent of
the GWs becomes compacted within the hoop in every direction, the event horizon
forms.

where 7y is the imaginary part of the quasinormal modes (QNM) frequency, n =
MMy (M, + M>)7? is the symmetric mass ratio, with M; and M, being the masses
of the two objects in the binary, and the numerical factor ay is typically estimated
to be 3%-10% depending on the choice of ringdown time [147]. Here we fix this
parameter to be 5%. We define the tortoise coordinate r, from the Schwarzschild
radius r as r, = r + 2M log (r/2M — 1). The conventional estimate for the time lag

between the first echo and the beginning of the ringdown signal is given by

ArOY = 2|, LR _ pECO L oM + AM log(M /€). (6.2)

echo

where LR stands for the light ring at r'® = 3M, and rE€O is the tortoise coordinate

for FECO L

6.3 Estimates based on the hoop conjecture

According to the hoop conjecture [146], the event horizon forms when a certain
amount of mass gets compacted within its own Schwarzschild radius. This cor-
responds to a zeroth-order estimate on the effect of the incoming energy towards
an ECO, in the sense that we neglect the back reactions of the GWs to the ECO

!In some existing literature, the time lag between the first echo and the beginning of the ringdown
signal is denoted by fccho, and notation Afecpo is used to denote the time lag between two echoes.
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Figure 6.2: A Vaidya spacetime with an incoming null packet spatially bounded
by the black dashed line. The trapped surface evolves along the blue solid line.
The event horizon evolves along the red dashed line, and coincides with the trapped
surface after all energy goes into the horizon. Any ECO with its surface crossing
the pink line will promptly collapse, while those cross the green line does not. Static
ECOs can then be divided into three different types (a), (b), and (c), separated by
the gray dashed lines (not world lines), and are discussed in detail in the main text.

Schwarzchild spacetime. As shown in Fig. 6.1, at the instant when all incoming
energy gets compacted within the “hoop”, the event horizon forms. If we consider

the null packet carrying the ringdown energy (6.1), to prevent horizon formation,
the location of the ECO surface must satisfy

reco — 2M > 0.015(47)>M (My/0.1)(a/0.05) . (6.3)

This means, stable, static ECOs cannot be very compact—e or A are far from Planck

scale.
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6.4 In-going Vaidya spacetime
To approach a more accurate study of the back reaction of the incoming GWs, we

consider a Vaidya geometry,
ds> = —[1 =2M®v)/r1dv? + 2drdv + r*dQ?, (6.4)

where v is the advanced time, and M(v) is the total gravitational mass that has
entered the spacetime up to v. The Vaidya geometry, as an approximation, describes
a spherically symmetric spacetime with (gravitating) in-falling dust along radial null
rays, but does not capture the fact that GW energy is not spherically symmetrically
distributed — nor does it capture GW oscillations. For incident GWs during
Vmin < V < Vmax, We have

M) = Myin + E(v), (6.5)

where E(v) is total GW energy that has entered since vj,. M grows from M, to
Mmax = Mpin + Eior. During the process of incoming GWs, as shown in Fig. 6.2, the
apparent horizon (AH) traces the total energy content, and is located atrag = 2M (v).
The event horizon (EH), on the other hand, follows out-going radial null geodesics,

parameterized by r(v), which satisfies
2dr/dv =1 -2MW)/r(v). (6.6)

We also need to impose a final condition of rgg(Vmax) = 2Mmax. Assuming M < 1,
writing rgg(v) = 2M (v) + 8(v) with 6 < M, we have § — §/(4M) = —2M, and the

solution is given by

S5(v) =2 f " M Yexp [— f Cay—1 ] . 6.7)

AM(v")

The required final condition for d, as well as the dependency of §(v) on M) at
v/ > v, embodies the teleological nature of the EH: the location of the EH right now

is determined by what shall happen in the future.

For the ringdown of a CBC, we substitute E(v) = ErRp(V — vmin) into the solution

and obtain

_16(4n)*auM (My)
o) == %my ¢

=2(V=Vmin) =

epe 2 Vmin) (6.8)

Next, we use Vaidya spacetime only as the exterior of the ECO, and consider two
scenarios: (i) GW-induced collapse of a static ECO and (ii) an ECO with expanding

surface.
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Figure 6.3: (a) A static ECO scenario where the ECO surface is outside the event
horizon and, which can give rise to GW echoes. The spatially nearest incoming
ray, denoted by the green dashed line, reflects at the potential barrier and the ECO
surface, leading to a time delay Af..ho between the main wave and the echo as
observed at spatial infinity. (b) A static ECO scenario where part of the incoming
GW energy gets reflected at the ECO surface and gives rise to echoes until “the-last-
ray-to-escape”. The subsequent echoes are highly redshifted due to the formation
of event horizon, leading to a weak echo signal. (c) Spherically symmetric ECO
absorbing GWs and expanding in radius. The event horizon grows along the red
dashed line. If the ECO surface always remains outside the event horizon, incoming
rays can lead to GW echoes, as shown by the green dashed lines.

6.5 Back reaction: static ECO with future incoming pulse
For static ECOs with radius r = rgco and initial mass M,;,, we can divide them

into three types as in Fig. 6.2:

(a) For rgco < 2Mmpin + €, the ECO will promptly collapse and there will be no
GW echoes, since the first incoming ray reaches the ECO inside the EH.

(b) For rgco > 2Mpax, the ECO does not collapse, and conventional echoes (gener-

ally more than one) will form, as individually shown in Fig. 6.3(i).

(c) For 2Mpin + €n < rgco < 2Mmax, the ECO enters the EH (hence collapses)
during the incoming GW pulse. Only one echo, with reduced magnitude, could

form, as individually shown in Fig. 6.3(ii).

The magnitude of ey, indicates that static ECOs that can produce echoes will deviate
from a black hole at a distance far from Planck scale above the horizon. In terms of

compactness, for My = 0.1, we have
en/(2M) = O.OZZ(aH/O.OS)(4n)2. (6.9)

For a comparable-mass binary (e.g., n = 0.25), this corresponds to a moderate

bound on the compactness; for extreme mass-ratio inspirals (EMRIs) withn = 1077,
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compactness €/(2M) reaches 3.5 X 1071 for typical values of g and My. In

terms of proper distance above the horizon, we have, My ~ 0.1,

Doy (4n) M3
Ath_S\/ “Ti'é)M Y~ 2.4nM~Jan/0.05. (6.10)

For stellar mass CBC, Ay, is at least kilometer-scale, far from Planck scale.

6.6 Back reaction: expanding ECO

If the ECO has an expanding surface, as shown in Fig. 6.3c, its increasing radius
could in principle keep up with the influx of GW energy, so that the horizon will
not form. For example, if

reco(v) = rgg(v) + € =2M ) + 6(v) + €, (6.11)

with a constant positive € which can be aribitrarily small, ECO surface will be time-
like. We need to emphasize that the expansion trajectory (6.11), although being
time-like, is feleological in nature, since its rate of expansion must be determined
by the future in-going GW flux. In other words, internal physics of the ECO must
know how much energy is going to come in the future, and adjust the ECO radius

accordingly, before the waves arrive.

6.7 Implications for GW-echo phenomenology

The back reaction of incoming GWs substantially affects the phenomenology of
GW echoes by imposing constraints on Atecho, Which is the first echo’s time lag
behind the main wave. When Af..p, is comparable to the ringdown time scale 1/y,
the echoes will interfere with the main wave [21], giving rise to less distinct echo
signals. To better illustrate this, we define a ratio R between these two time scales

via R = yAtecho. Then the echo is separated form the main wave when R > 1.

For static ECOs of type (a), which promptly collapse, there are no echoes. For types
(b) [Fig. 6.3a] and (c) [Fig. 6.3(ii)], the ratio R can be obtained from

reco/M —2 = en/M + exp[-R/(4My) + 1/2]. (6.12)

In Fig. 6.4, we plot the contour of R as function of rgco/M —2 and ay (417)2. For type
(b), echo arises from the entire duration of incoming GW, there will be subsequent
echoes, when GW reflected from the ECO further travel back and forth between the
potential barrier and the ECO. For type (c), echo arises only from the first part of
the incoming GW, up till the “last ray to escape” shown in Fig. 6.3(ii), and there
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Figure 6.4: Contour plot for R as function of rgco/M — 2 and agy (477)2. Regions
in red, white, and yellow indicate types (a), (b), and (c), respectively. Along the
vertical axis, the ranges indicate comparable, intermediate, and extreme mass ratio
inspirals.

can only be one echo. The reflected GW will first oscillate and then be “frozen" due
to ECO gravitational collapse. Since the low-frequency component of the reflected
GW can not propagate to infinity due to the filtering of the frequency-dependent

potential barrier, the distant observer will just see a weakened QNM waveform.

For CBCs observable by LIGO, we choose, for instance, n = 0.25, ag = 0.05 and
My = 0.1, which are consistent with GW 150914 [148]. We then have €, = 0.044 M.
Type (b) ECOs should have rgco > 2.1 M. In particular, for 2.1M < rgco < 2.18M,
we have 1 < R < 1.4. For type (c) ECOs, we could have much larger R, but that

would correspond to a small region in parameter space.

Previously, one could have argued that exotic physics could create static ECOs that
have rgco/M very close to 2. However, to have a moderately large R, Eq. (6.12)
requires that rgco/M be exponentially close to 2 + €y, with €y depending on the

incoming GW. This seems a fine tuning for static ECOs which is very unlikely to
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happen.

For EMRIs targeted by Laser Interferometer Space Antenna (LISA), less incoming
GWs allows more compact ECOs to be probed. Let us consider ay = 0.05,77 = 1077
and My = 0.1, and use the boundary between type (b) and type (c) as the typical
ECO compactness. In this case, we will have RWPical 13 which corresponds to a

distinct echo signal.

In the case of expanding ECOs with rgco = 2M (v) + €, under the approximation that
M) < 1, Atecno is given by AtZZﬁgnd = 2M+4M log[M /€], which is equal to Atggﬁg
Here we see that a teleologically expanding ECO has the same phenomenology

proposed in existing literature.

6.8 Discussions

As an attempt to use simplified analytical solutions to capture features of a highly
complex spacetime geometry, governed by yet unknown physics, our work has
several limitations. (i) We have focused on the echo of reflective type, i.e., the
echo generated by the reflection of the main wave on the ECO surface. For those
echoes of transmissive type, i.e., the echo generated by the GW penetration into and
re-emerging out of the ECO surface, the delay of echo signal depends on the specific
ECO model. (ii) Our Vaidya spacetime model only captures the back reaction of
the ingoing GW flux, while in reality the reflected outgoing GWs also gravitate.
The back reaction of the reflected waves may have qualitatively significant effects
on the echoes when the surface reflectivity is large. (iii) We have not attempted
to describe what happens as the other object impacts the ECO, which takes place
roughly at the same time as the ringdown wave starts to impinge on the final compact
object. Finally, while the teleological response necessary for the expanding ECO
sounds unnatural, it might arise due to non-local interactions that were speculated
to exist near the event horizon [149]; we also note that the final-state projection

model [150, 151] may also be regarded as teleological in nature.

6.9 Appendix

Derivation of the ECO compactness bound via the hoop conjecture

In this section, we present a derivation of Eq. (6.3), which gives the compactness
bound on ECOs using the hoop conjecture. For simplicity, we assume that there is a
pulse of gravitational wave carrying energy E and incidenting on a static ECO with

mass M, as shown in We further assume that the spatial extents of the gravitational



112

wave are bounded by r;"** and r;™". Therefore at any given moment, we have

rP -t =T (6.13)

where T is the duration of the GW pulse measured in Schwarzschild time. According
to the hoop conjecture, when the spatial extents of the gravitational wave are all
within a “hoop” located at the Schwarzschild radius 2(M + E), a black hole forms.
Therefore in a threshold case, when r™" coincides with the ECO surface, r™**
happens to coincide with the location of the event horizon (or the “hoop”). That is,

to avoid the event horizon formation, it requires

2E
TECO —

In the threshold case, we can solve for a critical duration 7¢. using

2E(T.) )

1
Feco — 2M (6 5)

T. = 2E(T.) + 2M log(

We plug in the ringdown energy E(T) = ay(4n)>M (1—e=2T), and take T-derivative

on both sides. For the threshold case, we obtain

4yM e 2T
~2yT¢ _
dagynMe "¢ + 1% - (6.16)
The critical duration 7 is then given by

yr_ Gawy(dn)2M + 4y M + 1)2 + 16any (4n)2M 617

e Ve =— .
Bany(4n)*M
1 1

1
+ -+ + :
2 2au(4n)?  Sany(4n)’M

Thus using (6.14), one can show that, in order to avoid horizon formation, the bound

on the ECO compactness is given by

2aun*(M
reco — 2M > WM +0 (ad. (My)?) | (6.18)

which reduces to Eq. (6.3) when ay and My are both small.
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Chapter 7

TIDAL RESPONSE AND NEAR-HORIZON BOUNDARY
CONDITIONS FOR SPINNING ECOS

Teukolsky equations for |s| = 2 provide efficient ways to solve for curvature perturba-
tions around Kerr black holes. Imposing regularity conditions on these perturbations
on the future (past) horizon corresponds to imposing an ingoing (outgoing) wave
boundary condition. For exotic compact objects (ECOs) with external Kerr space
time, however, it is not yet clear how to physically impose boundary conditions for
curvature perturbations on their boundaries. We address this problem using the
Membrane Paradigm, by considering a family of zero-angular-momentum fiducial
observers (FIDOs) that float right above the horizon of a linearly perturbed Kerr
black hole. From the reference frame of these observers, the ECO will experience
tidal perturbations due to ingoing gravitational waves, respond to these waves, and
generate outgoing waves. As it also turns out, if both ingoing and outgoing waves
exist near the horizon, the Newman Penrose (NP) quantity o will be numerically
dominated by the ingoing wave, while the NP quantity ¥4 will be dominated by the
outgoing wave — even though both quantities contain full information regarding
the wave field. In this way, we obtain the ECO boundary condition in the form of a
relation between ¢ and the complex conjugate of 4, in a way that is determined
by the ECO’s tidal response in the FIDO frame. We explore several ways to mod-
ify gravitational-wave dispersion in the FIDO frame, and deduce the corresponding
ECO boundary condition for Teukolsky functions. Using the Starobinsky-Teukolsky
identity, we subsequently obtain the boundary condition for ¢4 alone, as well as for
the Sasaki-Nakamura and Detweiler’s functions. As it also turns out, reflection of
spinning ECOs will generically mix between different £ components of the per-
turbations fields, and be different for perturbations with different parities. It is
straightforward to apply our boundary condition to computing gravitational-wave
echoes from spinning ECOs, and to solve for the spinning ECOs’ quasi-normal

modes.

7.1 Introduction
A black hole (BH) is characterized by the event horizon, a boundary of the space-

time region within which the future null infinity cannot be reached. The existence
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of a horizon has lead to the simplicity of black-hole solutions in general relativity
and modified theories of gravity, although the notion of a horizon has also led
to technical and conceptual problems. First of all, at the classical level, the even
horizon has a feleological nature: its shape at a particular time-slice of a spacetime
depends on what happens to the future of that slide. Even if we are provided with
a full numerical solution of the Einstein’s equation (e.g., in the form of all metric
components in a particular coordinate system), it is much harder to determine the
location of the event horizon than trapped surfaces, whose definitions are more

local.

In classical general relativity, it has been shown that a singularity (or singularities)
should always exist inside the event horizon [14]. This requires that quantum gravity
must be used to study the space-time geometry inside black holes. Naively, one
expects corrections when space-time curvature is at the Planck scale. However, the
unique causal structure of the horizon already leads to non-trivial quantum effects,
e.g., Hawking radiation [63, 152]. From considerations of quantum gravity, it has
been proposed that space-time geometry near the horizon can be modified, even at
scales larger than the Planck scale [153, 153-163]. It has also been conjectured
that a phase transition might occur during the formation of black holes, leading to
non-singular, yet extremely compact objects [164, 165]. All these considerations (or
speculations) lead to a similar class of objects: their external space-time geometries
mimic those of black holes except very close to the horizon. We shall refer to these

objects as Exotic Compact Objects (ECOs).

Followed by the unprecedented discovery of gravitational waves from the binary
BH merger event GW 150914 [2], and follow-up observations of an order of ~ 100
binary black-hole merger events [3, 4], we now know that dark compact objects do
exist in our universe, and that their space-time geometry and dynamics are consistent
with those of black holes in general relativity, better than order unity, and at scales
comparable to the sizes of the black holes. Observations by the Event Horizon
Telescope (EHT) provides yet another avenue toward near-horizon physics of black
holes [5-12].

Since the horizon is defined as the boundary of the unreachable region, hence it
“absorbs” all radiation. Instead of asking whether the horizon exists, a more testable
question might be how absorptive the horizon is: any potential modifications to
classical general relativity near the surface of an ECO, be it quantum or not, may

impose a different physical boundary condition near the horizon. That is, for any
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incoming gravitational radiations, they not only can fall into the dark object, but
may also get reflected, and then propagate to the infinity. In the context of a
point particle orbiting a black-hole candidate, this was studied as a modified tidal
interaction [166—168]. Alternatively, a stronger probe of the reflectivity is provided
by waves that propagate toward the horizon of the final (remnant) black hole after
the merger of two black holes — in the form of repeated GW echoes at late times
in the ringdown signal of a binary merger event [18-29]. Following this line of
thought, the gravitational echoes have been extensively studied in different models
of near-horizon structures [140, 169—175]. Even though the idea of ECOs might
be speculative, one can always regard the search for ECOs as one to quantify the
darkness of the final objects in binary merger events, and in this way its importance

cannot be overstated.

The key problem for calculating the echoes from spinning ECOs is how to apply
boundary conditions near the horizon for curvature perturbations obtained from the
Teukolsky equation. This was discussed, by Nakano et al. [176] and Wang and
Afshordi [170], but for Kerr there are still more details to fill in — even though
Kerr echoes have already been studied by several authors [23-27]. This is the main

problem we would like to address in this paper.

Imposing a near-horizon boundary condition is more straightforward in Schwarzschild
spacetime. The Schwarzschild metric perturbations can be fully constructed from
solutions of the Regge-Wheeler equation [46] and the Zerilli equation [49], both of
which are wave equations that have regular asymptotic behaviors at horizon and in-
finity. These metric perturbations can then be used to connect to the response of the
ECO to external perturbations. In the Kerr spacetime, perturbations are most effi-
ciently described by the s = +2 Teukolsky equations [41] for curvature components
that are projected along null directions, and therefore are less directly connected to
tidal perturbations and responses of an ECO. Furthermore, the Teukolsky equations
for the s = +2 cases do not have short-range potentials, and result in solutions that
do not have the standard form of incoming and outgoing waves, leading to certain

difficulties in finding numerical solutions.

To solve the second issue, the Teukolsky equations can be transformed into wave-like
equations with short-ranged potentials, namely the Sasaki-Nakamura (SN) equa-
tions, via the Chandrasekhar-Sasaki-Nakamura (CSN) transformation [177-179].
In order to define the near-horizon reflection of waves in the Kerr spacetime, it

was proposed that the reflection should be applied to the SN functions — as has
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been widely used in many literatures regarding gravitational wave echoes [23—
26, 26, 136, 138, 140, 167]. Despite the short-rangedness of the SN equation,
the physical meaning of SN functions are less clear than the Teukolsky functions,

especially in the Kerr case.

For the Kerr spacetime, Thorne, Price, and MacDonald introduced the “Membrane
Paradigm” (MP) [180], by considering a family of fiducial observers (FIDOs) with
zero angular momentum. World lines of the collection of these observers form a
“membrane”—which can be used as a proxy to think about the interaction between
the black hole and the external universe. In order to recover the pure darkness of the
black hole, the membrane must have the correct complex (in fact purely resistive)
impedance for each type of flux/current, so that nothing is reflected. For example, the
membrane must have the correct specific viscocity in order for gravitational waves
not to be reflected, and the correct (electric) resistivity in order for electromagnetic
waves not to be reflected. Extensive discussions were made on the physics viewed
by the FIDOs, in particular tidal tensors measured by these observers in the presence
of gravitational waves. The picture was more recently used to visualize space-time

geometry using Tendex and Vortex picture [181-183].

It has been proposed that reflectivity of ECOs can be modeled by altering the
impedance of the ECO surface [170, 176, 184]. In this paper, we generalize this
point of view to ECOs with nonzero spins. It is worth mentioning that the the
membrane paradigm point of view has been taken by Datta et al. [168, 185] to study
the tidal heating of Kerr-like ECOs, although reflection of waves by the ECO was
not described. In this paper we shall continue along with the membrane paradigm,

and propose a physical definition of the ECO’s reflectivity.

In order to do so, we make a careful connection between Teukolsky functions, which
efficiently describe wave propagation between the near-horizon region and infinity,
and ingoing and outgoing tidal waves in the FIDO frame of the Membrane Paradigm.
We then obtain boundary conditions for the Teukolsky equations in terms of tidal
responses of the ECO in the FIDO frame. Here the fundamental assumption that we
rely upon — as has also been made implicitly in previous ECO reflectivity literatures
— is that the ECO has a simple structure in the FIDO frame — for example as a
distribution of exotic matter that modifies dispersion relation of gravitational waves
in the FIDO frame.

We organize the paper as follows. In Sec. 7.2, by considering individual FIDOs,

we introduce the modified boundary conditions in Teukolsky equations based on
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the tidal response of the ECO, and obtain input-output relations for Teukolsky
equations in terms of that tidal response. In Sec. 7.3, we more specifically consider
a Rindler coordinate system near the horizon, and put our discussion into a more
firm ground by relating the Teukolsky functions to Riemann tensor components in
this coordinate system. We further consider modified gravitational-wave dispersion
relations in the Rindler frame, and relate these relations to the ECO’s tidal response.
In Sec. 7.4, we translate our reflection model into a model which fits most literatures
on gravitational-wave echoes, in particular making connections to the SN formalism.
In Sec. 7.5, we apply our method to obtain the echo waveform as well as the quasi-
normal modes (QNMs) of the ECOs. Showing that even- and odd-parity waves will
generate different echoes, and generalize the breaking of QNM isospectrality found
by Maggio et al. [184] to the spinning case. In Sec. 7.6, we summarize all results

and propose possible future works.

Notation. We choose the natural units G = ¢ = 1, and set the black hole mass M = 1.

The following symbols are also used throughout the paper:

A=r?=2r+ad°, (7.1)
Y =r? +a®cos? 0, (7.2)
p=—(r—iacosd)! . (7.3)

Here (¢,r, 6, ¢) are the Boyer-Lindquist coordinates for Kerr black holes and a is
the black hole spin. The Kerr horizons are at the Boyer-Lindquist radius ryg =
1 + V1 — a2, while the inner horizons are at rc = 1 — V1 — a2. The angular velocity

of the horizon is given by Qy = a/ (2ry). The tortoise coordinate is defined by

re =1+

2ry ln(r'—l”H)_ 2rc ln(r—rc) . (7.4)

rg —rc 2 rg—rc 2
7.2 The reflection boundary condition from tidal response
In a (3 + 1)-splitting of the spacetime, the Weyl curvature tensor C,p.s naturally
gets split into an “electric” part, which is responsible for the tidal effect, and a
“magnetic” part, which is responsible for the frame-dragging effect. From now on,
we will focus on the electric part, as it gives rise to the gravitational stretching and
squeezing, i.e. the tidal force, which drives the geodesic deviations of particles that

are slowly moving with respect to that slicing.

In MP, a relation is established between the Newman-Penrose quantity ¢ near the

future horizon and components of the tidal tensors in the FIDO frame. In this
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r cos ¢ r sin ¢

Figure 7.1: Trajectory of the FIDO in a constant 8 slice of the Kerr spacetime in
the (¢, r cos ¢, r sin ¢) coordinate system. Here the green surface indicates the ECO
surface with r = b, while the black surface indicates the Kerr horizon. Each FIDO
has r = b, but has (¢, ¢) = (¢, po + Qgt).

section, we will extend this to include waves “originating from past horizon”, which
really are waves in the vicinity of the horizon but propagate toward the positive r
direction, see Fig. 7.2. More specifically, we seek to derive the relation among the
tidal tensor components, the incoming waves, and the “reflected” (outgoing) waves
due to the tidal response. This will establish our model of near-horizon reflection

for the Teukolsky equations.

FIDOs
Starting from the Boyer-Lindquist coordinate system (¢, r, 8, ¢), FIDOs in the MP

are characterized by constant r and 6, but ¢ = const + wgt, with

2ar

Wy = (75)

[1]

and
2= (r?+a)? - d*Asin’ 0. (7.6)
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ECO Surface

Figure 7.2: Waves that propagate toward the ECO surface can be approximated as
propagating toward the future horizon, while those originate from the ECO surface
can be approximated as originating from the past horizon.

Each FIDO carries an orthonormal tetrad of !

. 3o
6 = | <0 6y = —, 7.7
ep 5 r e 5 ( )
= Z a_;s = 1 - —
%=\Zsme’ 0= (G +weds).

with
(7.8)

¥ ==
Here ¢ is the four-velocity of the FIDO. The FIDOs have zero angular momentum
(hence are also known as Zero Angular-Momentum Observers, or ZAMOs), since
€, has zero inner product with 5¢. Here « is called the redshift factor, also known as
the lapse function, since it relates the proper time of the FIDOs and the coordinate

time ¢.

Near the horizon, we have @ — 0; FIDO’s tetrads are related to the Kinnersly

'Note that MP uses different notations for the 0, x.
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tetrad [186] via

- - 1,3 > a -
. [s oL /Aeo_ef 4 (60+l€¢)
where 0
B = tan”! (“‘;‘: ) . (7.10)

Tidal Tensor Components

Let us now introduce the electric-type tidal tensor & as viewed by FIDOs, which
can be formally defined as [182]

Eij = hihiCopeaU U . (7.11)

Here U = 5() is the four-velocity of FIDOs as in Eq. (7.7), and h;“ = 6; + U;U“ is the
projection operator onto the spatial hypersurface orthogonal to U. In particular, we
look at the mm-component of the tidal tensor, as the gravitational-wave stretching
and squeezing will be along these directions. Near the horizon, the tidal tensor

component is then given by
A DI
Enm = oo ~ =350 = 7V - (7.12)

For convenience, let us define a new variable ;Y which is the solution to the

Teukolsky equation with spin weight s. For s = £2 we have

Y = p M, 2T =Y. (7.13)

We briefly review the Teukolsky formalism in Appendix. 7.7. For perturbations
that satisfy the linearized vacuum Einstein’s equation (in this case the Teukolsky
equation), at r, — —oo, in general we can decompose ;I using the spin-weighted

spheroidal harmonics Sz, (6), and write

d . .
ST 6.0 =Y [ S oS @) e (7.14)
tm
X [Z?,‘,’Z’afAze‘ik’* + Z;fnjz eik’*] ,
dw —iw im
+2T(t, T, 0, ¢) :Z f Ee [+2S€mw(9) e ¢ (715)
tm

% [Yhale A—Ze—ikr* + Yl‘efl eikr*] ,

tmw tmw

where k = w — m Qy. We use the shorthand 3., = 31,7, Z;:—f’ in which ¢ is the

multipolar index, and m is the azimuthal quantum number. Note this m here should
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not be confused with the label m in the Kinnersly tetrad basis. Here Zy,,, and Yz,
are amplitudes for the radial modes, with “hole” labeling the left-propagation modes
into the compact object (in this paper, left means toward direction with decreasing
r), and “refl” labeling the right-propagation (reflected) modes (in this paper, “right”

means toward direction with increasing r)2.
Note that for outgoing modes of either 4,1 or ', we have

o lwt eikr* eimed — piw(t=r.) eim(qb—QHr*)’ (7.16)

therefore the outgoing modes are functions of the retarded time u = ¢ — r., and the
position-dependent angular coordinate ¢ — Qgr.. Similarly for ingoing modes, we

have
eIt pmikry pim _ piw(ttr.) fim($+Qur.) (7.17)

indicating that the ingoing modes are functions of the advanced time v = ¢ + r,, and
another position-dependent angular coordinate ¢ + Qgr.. We can then write down
one schematic expression for either 1,1 or _»T', by decomposing both of them into
left- and right- propagation components:

1
2Tt 70 0, 0) =20 (u,0,0-) + p+2TL(V, 6, 04), (7.18)

Y1 0, 8) =2 TR, 0, 0-) + A* 2T (0,6, 04), (7.19)
where we have defined

o =¢—Qpur., o+ = ¢+ Qpr.. (7.20)

Here both the L and R components are finite, and the A represents the diver-
gence/convergence behaviors of the components. As we can see here, once we
specify these L, and R components on a constant ¢ slice, as functions of (7., 6, @),

we will be able to obtain their future, or past, values by inserting ¢.

Here we also note that, while the vacuum/homogeneous perturbation of space-time
geometry encoded in both ¢ and ¢4 — either of them suffices to describe the

perturbation field [187, 188]3. Near the horizon, the numerical value of g is

20f course here we refer to ECOs instead of black holes, the label “hole” is for matching the
notations from [187].

30ne may imagine a very rough electromagnetic analogy: for a vacuum EM wave (without
electro- or magneto-static fields), both £ and B fields contain the full information of the wave, since
one can use Maxwell equations to convert one to the other. Nevertheless, when it comes to interacting
with charges and currents, E and B play very different roles, and sometimes it is important to evaluate
both E and B fields.
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dominated by left-propagating waves, while the numerical value of ¢4 is dominated

by right-propagating waves. According to Eq. (7.12), we then have

x4

1
Smm ® __+2TL(V’ 0, ¢4) — P

z *
4ZA A [—ZTR(M’ 9, SO—)] . (721)

Note that both terms diverge toward r, — —oco and at the same order. This divergence
correctly reveals the fact that the FIDOs will observe gravitational waves with the
same fractional metric perturbation, but because the frequency of the wave gets
increased, the curvature perturbation will diverge as a~2.

Linear Response Theory

Now, suppose we have a surface, S at a constant radius r. = b, (or in the Boyer-
Lindquist coordinates r = b), with e <« 1. Here k = (rg — rc)/2(r%{ +a?) is
the surface gravity of the Kerr black hole. To the right of the surface, for r. > b.,
we have completely vacuum, and to the left of the surface, we have matter that are
relatively at rest in the FIDO frame, we shall refer to this as the ECO region. The
ECO is assumed to be extremely compact and S is close to the position, as viewed

as part of its external Kerr spacetime.

For the moment, let us assume that linear perturbation theory holds throughout the

external Kerr spacetime of the ECO. On § and to its right, &,,,, will be the sum of

two pieces,
Emm = Epmey + Ey » (7.22)
with the first term
Epm = —%n‘r“(v, 0, p+) (7.23)

a purely left-propagating wave that is sourced by processes away from the surface,

e.g., an orbiting or a plunging particle. The second term can be written as

x4

z .
Emm = —pT [T, 0,00, (7.24)

as the ECO’s response to the incoming gravitational wave.

Now we are prepared to discuss the reflecting boundary condition of the Teukolsky
equations in terms of the tidal response of the ECO. According to the linear response
theory, we can assume the linear tidal response of the ECO is proportional to the
total tidal fields near the surface of the ECO. That is, we may introduce a new
parameter n7, and write

Emmy =1(b,0) Epun - (7.25)
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Here n is analogous to the tidal love number. This leads to the following relation at

re = by:

[_ZTreﬂ(t —b,, 0, ¢ — QHb*)]* n e 4B

= A?. 7.26
2Tt + b, 0, ¢ + Qub,) 1-n 4 (7.26)

In particular, when  — oo, we will have the Dirichlet boundary condition,

[_ZTreﬂ(t —b.,0,¢ — QHb*)] " 4B
= _ A2, (7.27)
+2TSI‘C(1‘ + b*, 0, ¢ + QHb*) 4

This then provides us with a prescription for obtaining the boundary condition at

SIc

0 s the reflected waves due to the

r« = b,. Once we know the left-propagating ¢
tidal response are simply given by Eq. (7.26).

Let us now define a new parameter R (b, 6) as

R(b, ) = —IL . (7.28)

This parameter has the physical meaning of being the reflectivity of the tidal fields
on the ECO surface. This local response assumes that different angular elements of
the ECO act independently, which is reasonable since on the ECO surface, and in
the FIDO frame, the gravitational wavelength is blue shifted by «, hence, much less
than the radius of the ECO.

This parameter has the physical meaning of being the reflectivity of the tidal fields

on the ECO surface. In terms of R(b, 0), we can write

(21"t — b 6. — Qurb)]

—4ip
__¢ RO, O)A2., T (t + by, 6, + Qub,) (7.29)

This local response, constructed for the surface element with Boyer-Lindquist co-
ordinates (¢, b, 0, ¢), assumes that different angular elements of the ECO act inde-
pendently, which is reasonable since on the ECO surface, and in the FIDO frame,
the gravitational wavelength is blue shifted by «, hence, much less than the radius
of the ECO.

Furthermore, the ECO’s response may not be instantaneous, but may instead depend
on the history of the exerted tidal perturbation. In order to account for this, we should
construct a more general boundary condition, in which reflected field emitted at
(t, b, 0, ) — more specifically, emitted by a FIDO at spatial coordinates (b, 6, ¢) at
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Boyer-Lindquist time t — is the result of incoming fields at (¢, b, 6, ¢ — Qg (t —1")),
with ¢’ < t; these are points on the past of the world line of this same FIDO [See
Fig. 7.1]. To implement this, we rewrite the right-hand side of Eq. (7.29) as an
integral. In this integral, we evaluate the incoming tidal field ,,Y*" at arguments
t—>t,0 > 0,andp > ¢ —Qp(t—1") (¢’ <t). For the response, we replace the
instantaneous response R (b, 6) by a Green function, which, assuming stationarity,
only depends on the time difference t — t': R(b, 8;t —t'). In this way, we can now

write

[_zTreﬂ(l‘ — b, 0,0 — QHb*)]* - (7.30)

—4ig ot
_¢ 2 f di'R(b, 0;1t — t)A? Y (t' + by, 0, + Qub, — Qut — 1)) .

oo

Here the —Qp (f — ') term has been inserted into the argument of ,, 7" because the
FIDO follows ¢ = ¢o + Qpt (see Fig. 7.1). This is the key equation of our reflection

model.

Mode Decomposition

We now have obtained the modified boundary condition (7.30) in terms of the
Newman-Penrose quantities, and are ready to apply it to the Teukolsky formalism.
The solutions to the s = —2 Teukolsky equation, ", admits the near-horizon
decomposition as in Eq. (7.14). In this equation, Z"°" is the amplitude of the
ingoing wave down to the ECO, which is contributed by the source, and Z™! is
the amplitude of the reflected wave due to the tidal response. For s = +2, the
corresponding amplitudes are Y™!® and Y™, We would like to derive a relation

among the four amplitudes.

Near the ECO surface S, 1,T*" is given by

. dw _; _
DT, 0,00 = ) | Soe I A oS (B, 64), (7.31)
— 2n

. . . hol
where we have kept only the dominant piece—the left-propagating mode, and ¥,°®

is the amplitude of that mode. The quantity _, ™ is given by

dw —iwu
LT 0,0) = Y f S aSimuB.) . (132)
tm
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Inserting the above two equations into Eq. (7.30), we obtain

Z Z;:,?w ~28¢mew (6, ¢)
¢

' -m-w*

1 i B—2i m * *
=7 ; B2k, (1 HR—k* YR s, (6, 8), (7.33)

where R, (b, 0) is the Fourier transform of R(b, 0;¢t—t’), and k = w —mQyp. During
the derivation, we have used the fact that the spheroidal harmonic functions satisfy

the relation
—ZS;mw(e’ ¢) = =D"128¢-m-w (6, }) . (7.34)

Assuming the normalization that

2 b8
f f im0, ) 2Spmr (6. 6) sin 6d6d = 6L5T . (135)
0 0
from Eq. (7.33), we can write
1 . *
Zygn, = D™ 2N Mueno Y (736)
f/
with
7T .
Metrmo = f R e emary, (0 0) €P O x (7.37)
0

X 2Seme(0)-2Sk, (6) sin6 d6 .

In general the reflection will mix between modes with different €, but not different
m. Note that the mixing not only arises from the 8 dependence of R(6, b), but
also from the 6 dependence of . This mixing vanishes for the Schwarzschild case.
For our calculation, it will be good to discard the phase term ¢*# and make the
assumption that R is independent of the angle #. But we should keep in mind that

these assumptions only work well in the Schwarzschild limit a — 0.

In the simplified scenario where mode mixing is ignored, we can write

Zreﬂ ~ (_1)m+1 le_Zikb* R* Yho]e* (738)

tmw 4 —w*+mQy € -m-w*°

In this way, the w frequency component of the ¢4 amplitude of each (/, m) mode
is related to the —w™ frequency component of i of the (/,—m) mode. Here in a
Fourier analysis, w is always real, but we have kept w* so that our notation will

directly apply to quasi-normal modes, where frequency can be complex.
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7.3 Wave propagation in the vicinity of the horizon

In the previous section, we have obtained a new reflecting boundary condition (7.30)
relating Newman-Penrose quantity ¥ and ¢4 on a spherical surface near the Kerr
horizon. This was further converted as a relation between frequency components of
the in-coming ¥ and the outgoing /4. Before moving on to the applications of these
boundary conditions, in this section, we put the discussions of the previous section
onto a more solid ground. We consider a concrete coordinate system associated with
the FIDOs, and relate condition (7.30) to modified refractive indices or dispersion
relations of gravitational waves in this coordinate system. This way of modeling the
ECO can be thought of as a generalization of Refs. [169, 170, 176] to the spinning

case.

Rindler approximations
Let us now study the propagation of waves near the horizon, and explore how

emergent gravity might influence the boundary condition there.

Inside the ECO boundary S, we can consider propagation of metric perturbations
in the near-horizon FIDO coordinate system. According to MP, the unperturbed

metric takes the simple form [180]:

da? e _
ds* = —a*di" + S + 3df” + + 2 sin’ 04, (7.39)
g H
where
-1 _
gH:@ , Si =12+ atcos2d. (7.40)
rH

This metric, only valid for @ <« 1, is a Rindler-like spacetime with spherical sym-
metry, with horizon located at @ = 0. According to the membrane paradigm [189],

the new radial coordinates (e, 6, @) are defined as

P=t, (7.41)
:@Hzm%mm@oumﬁ, (7.42)
s
=g 102 (7.43)
4gHZ
$=0-Qut. (7.44)

The Kinnersley tetrad, near the horizon, can then be expressed in terms of the
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Rindler coordinates as

- 2 - -
[ = %(&, v gnady), (7.45)
o r — —
i = 5 (G~ gnady). (7.46)
—p* > aQpysinfcosh -
e [iasindd; - M ke
V2 1 — aQysin® 6
+ 3y + (L — iaQy sin é) 3] (7.47)
sin 6

where we have used the near-horizon approximations and discarded all O(a?)

corrections.

For convenience, we introduce a new radial coordinate x, which is related to the

lapse function via
a = eSH* (7.48)

The regime x — —oo is the horizon, where @ — 0. In fact, (z, x) is exactly
the Cartesian coordinate of the Minkowski space in which this Rindler space is

embedded. Now we consider metric perturbations of the trace-free form

hag(t,x,0,8) = TuH.(t,x,0,8), (7.49)
hag(t, x, 0, ) = 2ry sin GHy(t, x, 0, §), (7.50)
hgg(t, x,0,8) = —4rg, sin0*H. (t,x,0,8) /X . (7.51)

Note that H,x are metric perturbations in the angular directions, measured in

orthonormal bases. We first find that the Einstein’s equations reduce to
(=0} +0HH, =0, p=+Xx. (7.52)

Again, to obtain the equations above we have only kept the leading terms in a-series.
The absence of 6 and ¢ derivatives in this equation supports the argument that tidal
response of the ECO is local to each angular element on its surface, as we have

made in Sec. 7.2.
We can further decompose H,, (%, x) to the left- and right-propagating piece as
Hy(t,x,0,4) = Hy (1 +x,0,6) + H)(t = x.0,9), (7.53)

Using the Rindler approximations, we then find that the Weyl quantities ¢ and ¢4
near horizon can be written as
_ . 8rie’B .
Yo(t, x, 0, §) = Z — (8 — gud)H" (1, x,0,9), (7.54)
[p*at.x.0.8)| = 2r},e™P (9] - guo ) H (1, x.6. ). (7.55)
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Figure 7.3: Illustration of the constant-x contours in the (7., cos ) plane. Reflections
from the same x for different 6 will appear as being reflected at different r, for
different 6.

where we have defined
HE = HE +iHE, HR = HR + iHE . (7.56)

Note that in this approximation, we only extract the leading behavior of ¢ and ¥4
near the horizon, namely a left-going wave ~ (r — rg)~2 for ¥, and a right-going
wave ~ (r —ry)? for 4. Here, we are considering wave propagation and reflection
independently for each (6, ¢). Eq. (7.54) and Eq. (7.55) are consistent with our
reflection model given in Eq. (7.30). For instance, in the case of total reflection, we
have R = —1, and all left-propagating modes H If become right-propagating modes
HE.

Let us now evaluate the Riemann tensor components in an orthonormal basis whose

vectors point along the (¢, x, 0, ¢) coordinate axes. The results are

e—Zng

— e pna — — 92
1016 ~ _Riqj—nﬁ - 2 [ o + gHax] H,, (7.57)
e—Zng 5
Ry = ——— |07 + 8nds| Hx. (7.58)

This also confirms the reflection model that we have obtained from the previous

section.

We also point out that near the horizon, x and r, differ by an additive constant for
each (6, ¢). Let’s work out the § dependence of the asymptotic shift between x and

r«. More specifically, near the horizon, the tortoise coordinate r. is approximately
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given by
1
r«  — In[2gyg(r —ry)] + 1, (7.59)
28n
with a constant |
_ 'H\ _ 2
T=ry +ln( K ) 3 (8rng) (7.60)

Here we have neglected O(r — ry) terms. Note that r, is independent of §. We

define the difference between the two radial coordinates as
x—r.=0(0)-1T, (7.61)

where

_ 1 _
§(9) = — In(1 — aQy sin 6) . (7.62)
2gn

This may influence the mode mixing of reflected waves from an ECO whose surface
has a constant redshift. In Fig. 7.3, we illustrate contant-x contours in the (7., cos )

plane.

Finally let us derive the Teukolsky reflectivity R using the Rindler approximation.

Supposing for x in certain regions we can write the wave solution as

H(t,x,0,8) = HE1, x,0,¢) + HE (1, x,0, ), (7.63)
with
HEL@, x, 6, @:Z f %@)k(é)e—ikxe—ik’eim@, (7.64)
— 2
HER(, x,0, &):Z f %@)k(é)gkeikxe—ikfeim‘f. (7.65)
— 2

Here ®(6) gives the k-dependent angular distribution. ¢, = (k) is the reflection
coeflicient that converts left-propagating to right-propagating gravitational waves.

Thus ¥ and 4 are respectively given by

872 ¢2iBO) i ) | o
HT Z f -0k (6)(—](2 + ing)e_lkxe_lklelm¢’

‘//O(f, X, 9’ ¢) = 7

(7.66)

- - - dk _ . =

(0™ Wa) (1,%,0,8) = 2 e PO f 5 OkO (=K = igyk) (e eT e
(7.67)

Now that we have obtained ¥ and 4 using the Rindler approximations, and would

like to relate ¢ to the Teukolsky reflectivity R. To accomplish this, recall that in
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Sec. 7.2 we have obtained a reflection relation (7.30) between /¢ and ¢4 on the ECO
surface. Since the relation is written in the Boyer-Lindquist coordinates, we first
perform the coordinate transformations on g and ¥4 according to x = r,.+06(60) -1,
0 =60,and ¢ = ¢ — Qput. During the coordinate transformation, we have used the

near-horizon approximations and discarded all O(a?) terms. The results are given

by
8r2 eziﬁ(@) dk . . . ,
wO(V, 0’ Q0+) — HA2 Z f 2_®k(0)(_k2 + l-ng)e—l(k+mQH)Ve—lk5(9)elkfelm(p+ ,
T
(7.68)
4, 2 -2iB(6) dk 2. —i(k+mQp)u iks(0) —ikI jimp_

(070a)" (. 0,¢) = 2y PO ) | 2 0u(0) (<K ~ iguk) e )1 IkO(0) =IkT gime-
(7.69)

Using the reflection model (7.30), we obtain that

—k —ign . . .
R = Lk m exp [2ikb, + 2ik6(0) — 2ikI] . (7.70)

Thus once we know ¢, the Teukolsky reflectivity R can be readily obtained. Here we
point out that the phase factor e?**« here will cancel the e~2?- factors in Sec. 7.2.
This is because in the previous section we chose b, as the location for the “surface of
the ECO”, while in this section, the ECO is embedded into the x coordinate system,
therefore we no longer need to introduce a reference location b, as “surface of the

ECQO”. The information of ECO location will now be incorporated into (.

Before the end of this subsection, let us look at the factor M,, in Eq. (7.37),
and see how the mode mixing shows up in the reflected waves. We can pull out the

angular dependence of this factor by defining

—k —ign\ .. 2ikb.—2ikT
Mfg’m(l.) = (m) g_w*+’nQHe ! ! M[f’mw, (7.71)
where
Metrmeo = f P D 5 Spimuy(0)-257,,(6) sin 6 d6, (7.72)
0
with
D,,(0) =2(w —mQpy)o(0) +48(0) . (7.73)

This M[g/mw directly shows the mixing of modes due to the phases 6(6) and 5(6),
which arises due to the non-spherical nature of the ECO surface. Since e/®m® ig



131

a unitary operator, we must have

D Mt Mgy, = 04 - (7.74)
¢

We plot the absolute value of Mgg/mw for ¢ = 2, m = 2 and for various spin and ¢’ in
Fig. 7.4. For a = 0, we have M{g/mw = 1, indicating no mode mixing. As we raise
the spin, modes get more mixed and the reflected waves attain more contributions
from ¢’ > 2 modes. This quantitatively shows the mixing of different £-modes is a

significant feature for reflection of waves near horizon.

(=2m=2a=0.1 (=2m=2a=03
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0.2 : 0.2
0.0 0.0 = sa e
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Figure 7.4: The absolute values of the factor Mggrmw for various spin a and ¢’. This
factor shows the mixing between different £-modes after an incoming single mode
gets reflected on the surface of an exotic compact object. Here we have chosen
¢ = 2, m = 2 as an example. In general for spacetimes with higher spins, the
reflected waves gain more contributions from higher £’-modes, thus the effect of
mode mixing is not negligible for rapidly spinning ECOs.

Position-dependent damping of gravitational waves
We now calculate the reflectivity R in a simplest setting — by adding dissipating
terms in the linearized Einstein equation in the Rindler coordinate system, obtaining

{, and then converting to R. Wang et al. already introduced a model in which the
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wave is damped, by introducing a complex “Young’s modulus” of space-time [170].
They name the reflection coefficient they found as the Boltzman reflectivity. As an
alternative approach, let us introduce a position-dependent damping to gravitational
waves, which increases as we approach the horizon. This model has the feature of

being able to provide more well-posed differential equations.

To do so, we modify the linearized Einstein equation by adding an extra dissipation
term, with coupling coefficient €, to the equation satisfied by the perturbation H
defined in Eq. (7.63):

~OPH — e SHQH + 2H = 0. (7.75)
Assuming harmonic time decomposition H (x,t) = H (x)e ™ we have
d2 2, - -guX | ¥
— +k“ +ikee S| H(x) =0. (7.76)
dx?

Here k has the physical meaning of being the angular frequency of the perturbation
measured by FIDOs, before blue shift. The modified Einstein equation then admits

a general solution given by

H(x) =T (1 -inJ () + GEA +indiP(2), (7.77)
where
y =2k/gn, 7 =27 Vek/gn, (7.78)

and JV(I) (z) is the Bessel function of the first kind. The appropriate solution which

damps on the horizon is given by

i T(+iv) _,

Cz = —me (779)

Here we shall assume € < 1. In this way, there is a region where x <« —1, but still
with ee™8#" <« 1. In other words, this is a region very close to the Kerr horizon, but
here the damping has not yet turned on. In this region, the damping solution can be
written as

H(x) o e 4 fpel*~, (7.80)

with

(LA 20k gm) femids ~fh ol ka0, (7.81)

) =~ F ik e
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Here we have imposed k > 0 because the sense of ingoing and outgoing waves

changes for k < 0, where we need to write

{p(=k) = (k). (7.82)

This is the same form of reflectivity proposed by Wang et al. In Eq. (7.81), the first

factor involving two I" functions is a pure phase factor that has a moderate variation
2ik k

at the scale k ~ gy, and the phase factor ¢ ¢+ " 1 is similar; the amplitude factor
ik

e su provides unity reflectivity for k ~ 0 and this reflectivity decreases as |k|

increases. We plot |{p (k)| for gz = 1 in Fig. 7.5.

The final phase factor in {p can be written in the form of
eEe s ke xo= Line, (7.83)
8H
This provides an effective x location around which most of the wave is reflected —
as we can see, we no longer have a single location r = b for the ECO surface at
which all the waves are reflected. To obtain the reflectivity R, we simply insert {p

into Eq. (7.70), which adds an additional -dependent phase factor.

GW Propagation in Matter

The damping term in the linearized Einstein equation causes reflection in the near-
horizon region. In this subsection we consider another scenario where there exists
some effective matter fields in the vicinity of the horizon. The effective stress-energy
tensor is denoted as ijlg, and its existence may be related to the emergent nature of
gravity. We now modify the linearized (1 + 1)-Einstein equation (7.52) by adding

the effective source, and get
~OPH + 02H = —16me*H TN (7.84)

In this equation, on the left-hand side, we have a freely propagating GW in (1 + 1)-
Minkowski spacetime, while on the right-hand side, we have the effect of emergent

gravity.

Tidal response of matter

We now discuss how Tf\f]g should respond to H. Suppose theses effective degrees of
freedom act as matters that stay at rest in the FIDO frame. The AB component of

the Riemann tensor is given by

R = 5 (=07 + guds) H . (7.85)

N =
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We postulate that the response of the effective matter is given by

u

ff
Tszg

RTATB P (786)

where 7 is the proper time for the Rindler metric (7.39), and u is a physical cou-
pling constant measured in the local Lorentz frame of the FIDO, which can be
dependent on the driving frequency felt by the FIDO. Physically speaking, u is the
linear response of the matter towards external perturbations, which is similar to the

permeability of gravitational waves in matter. Thus we have

u

eff _ _ H
Tas = 8ma? Riae = 16ma?

(-07 + gudy) H . (7.87)
Note that the Einstein’s equation is now modified into

Gap = uR: 4B - (7.88)

With the effective stress-energy tensor, the metric equation of motion can now be
written as
|-(1+ 107 + grupude + 87| H = 0. (7.89)

Here (1 + w) acts as the permeability of gravitational waves in matter, and de-
creases the speed of gravitational waves. Now let us consider two kinds of matter

distributions for the exotic compact object.

Homogeneous star

For simplest model, let us look at a homogeneous star with uniform g in the interior
region. For a frequency-independent y, we can write H o e *%xand the

modified dispersion relation is given by k = k. or k_, with

. 2,2
k. = ’gg“ + \/(1 + k2 - gf;” . (7.90)

We immediately note that gravitational waves become evanescent when

gl
k| < ke = —22A (7.91)

241+ pu
That is, we have a total reflection of all waves below w¢,. Substantial reflection
also takes place near the wy, frequency. For |k| > kg, and positive u, waves will
be amplified when propagating towards the x — —oo direction, i.e., towards the

horizon.
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We may further postulate that u is of order unity inside a surface at which the surface

gravity is blue-shifted to the Planck frequency wp:

o, @ 'gw > wp,
u= (7.92)

0, otherwise.

The surface is then located at x = xp, where

1

xp = —ln(g—H) . (7.93)
8H wp

As before, we write down the general solutions to Eq. (7.89) as H (x, 1) = H (x)e .

Outside the surface, we can write
H (x) oc e 4+ 4pe* (7.94)

Inside the surface we have
H(x) o k¥ (7.95)

Matching the solutions on the surface gives

. 2,2
k+ 8L _ (1 + w)k? - 2 .
ly = -+ | k>0, (7.96)

. 2,2
k—’g%“+\/(1+y)k2—%

Similarly to the previous section, {3/ (—k) = {*(k). For |k| < ky, we have |y = 1,

indicating a total reflection of low frequency waves. For higher frequencies, |{/]

VIi+u—-1
1+\/1+/,z'

We plot |{y| for different us in Fig. 7.5. Since u is supposed to be a small

approaches a constant

lim £y | = (7.97)

number, high-frequency waves have nearly zero reflection near the surface. This
{y is qualitatively similar to the Lorentzian reflectivity model adopted, e.g., by
Ref. [138].

Inhomogeneous star

Let us make u grow as a function of the location, with
p=poe ™, (7.98)

where u and 77 are positive constants. In this way, we successfully “revive” u near

the horizon.
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Figure 7.5: Absolute values of {p and {3 as functions of the frequency k. We have
set gz = 1. As indicated by Eq. (7.70), { and the Teukolsky reflectivity R only
differ by a phase, || is the same as |R|. The blue solid line represents |{p|. The
yellow dotted line, the green dashed line, the red dot-dashed line, and the purple
long dashed line give |{y| for p = 0.1,0.2,0.5, co respectively. The Boltzman
reflectivity, i.e. £p, exponentially decays for higher frequencies. For our model of
homogeneous stars, we have total reflection of waves on the ECO surface below a
certain threshold frequency. Beyond the threshold frequency, the reflectivity gets
decreased and converges to a constant. When u — oo, we have total reflection of
waves for all the frequency range, which is equivalent to the case of inhomogeneous
stars we have introduced.

We write down the general solutions to Eq. (7.89) as H (x,t) = H (x)e~k and
obtain that

Ho8H

H (x) =Are* e M) 5 M (a b, 2)+ (7.99)

) _ ik 1, (M08H \ , nk
Azelkxe 7 ln( n )+ n M(a*, b*, Z)’

where

a=—-—), b=1
n  &H7N n

A1, Ap are some constants, and M (a, b, 7) is the confluent hypergeometric function.

ik k? 2ik
! + l_, = —,u()gH e_nx, (7100)

The hypergeometric function behaves asymptotically as
a-bL(D)

I'(a)’
M(a,b,z) ~ 1, z—0. (7.102)

M(a,b,z) ~ ez 7 — 0

, (7.101)
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The solution that damps on the horizon is then given by

& _ ke I'(b) I'(a™)
A ¢ T T T

(7.103)

For x in the region that pupgye ™™ < 1 and positive k, this solution can then be
written as
H(x) = e ™ + et (7.104)

where

2ik ik k2
e e T (14 3) T4 - 25

- ) gHT
£y = — el (™ T TE (7.105)
n n 8HT

One immediately notes that |{y| = 1 for all real k, indicating a total reflection of
waves. This may be due to the fact that our assumption of x in (7.98) is equivalent
to putting infinite numbers of reflecting surfaces near the horizon, i.e. the u — oo

case in Fig. 7.5.

7.4 Boundary condition in terms of various functions

In calculations for gravitational waveforms, one does not usually compute both ¢
and ¢4; the Sasaki-Nakamura formalism was also used to obtain faster numerical
convergence. In this section, let us convert our boundary condition (7.36), which
involves both ¢ and ¢4 amplitudes, into those that only involve 4 amplitudes, and

compare our reflectivity with the one defined using the Sasaki-Nakamura functions.

Reflectivity for /4 mode amplitudes

The Newman-Penrose quantities ¢ and ¢4 can be tranformed into each other using
the Teukolsky-Starobinsky identities. The amplitude Z"°'® and Y™ are related
by [187]

Cfmwyggr(,)i)e = Dfmwz?,?}:) > (7.106)
with
Dime = 64Q2rp)*(ik) (K* + 427) (=ik + &) , (7.107)
and C is given by
Comol* = (A +2)* + dawm - 4a’w?) (7.108)

X [/12 + 36awm — 36a2a)2]

+ (24 + 3)(96a’w? — 48awm) + 144w*(1 - a?),
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with

ImC = 2w, (7.109)

Re C = +4/|C|?2 — Im C)2. (7.110)

V1 — a?

47‘1-1

Here we have defined

) (7.111)

E =

and A = _pA¢py is the eigenvalue of the s = —2 spin-weighted spheroidal harmonic.

See Sec. 7.7 for more discussions on the Teukolsky-Starobinsky identity.

Combining Eq. (7.36) with Eq. (7.106), we finally arrive at the relation between
z™ and Zi", which is given by

Zis = Z GeomwZi"S e (7.112)
f’

where

1 . Dy
m+1 1 oikp, 0 mw
Geormw = (1) —€ Meerme .
4 Cf’mw

We have used the relations D¢y, = D, . and Cgme, = C, . in order to obtain

(7.113)

the above equation.

If we restrict ourselves to the simple case where ¢- and £’- modes do not mix up, we
may simply write Eq. (7.112) as

Zi, = Gimew 2y (7.114)
with
5 _ Dt’mw * - refl
i = g Reotmay €7 (7.115)
and

= (m+ ) - 2kb. . (7.116)

Eq. (7.114) says that, the (£, m, w)-mode of gravitational-wave echoes is not in-
duced by the reflection of the incoming (€, m, w)-mode but the (¢, —m, —w™)-mode
instead. The mixing of these two types of modes essentially indicates the breaking
of isospectrality as pointed out by Ref. [184]. We will get back to this point later.
The other new result is the extra phase term ¢™f for the reflected waves, which may
be important for observations.
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Reflectivity for Sasaki-Nakamura Mode Amplitudes

Since most previous literatures on gravitational wave echoes based their models
on the reflection of Sasaki-Nakamura (SN) functions, one may ask how the tidal
reflectivity can be related to the SN reflectivity. (See Appendix 7.7 for a brief review
of the SN formalism.) In the vicinity of the horizon, the s = =2 SN function, i.e.,

the one associated with 4, can be written as

Xjno = Epo e 4 g0 ek re = b, (7.117)

Under the Chandrasekhar-Sasaki-Nakamura transformation, we have

refl
el = Zhimar it = 72 a18)
with
deme = \2rul(8 — 24iw — 16w?)r,
+ (12iam — 16 + 16amw + 24iw)ry
—4a’m* - 12iam + 8], (7.119)
and
Ak\2ry [2kry +i(ry — 1
Fomer = — rg [2krg +i(rg —1)] _ (7.120)
n(ru)

Inserting Eqgs. (7.118) into Eq. (7.112), we obtain boundary condition for the {mw
components of the SN functions:

(_1)m+le—2ikb* Dg/ i
Eimer = v > Meefmwm%f?f’}; s (7.121)
K/

Here we have used the identity that

dé’mw =d,

€-m-w* *

(7.122)

As we will see later, the fact that reflection at the ECO surface turns the ingoing
(¢, —m, —w) SN components into outgoing (/,m,w) SN components leads to the
breaking of isospectrality, which has also been pointed out by Maggio et al. [184];
here we take the further step of relating these coefficients to the tidal response of the
ECO.

For the most simplified scenario where Z?f’;fiw* = Z?;f and different ¢’-modes do

not mix, we may simply write

é:reﬂ — lmofh()]e (7 123)

tmw tmw
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where
RN — TSN+ (7.124)

{mw tmw -w+mQy

with X
T-SN _ (_1)m+ Dt’mw
tme 4C{’mwf€mwd€mw

This is a simple linear factor that converts R into the RSN that are used in SN

(7.125)

calculations. In the Schwarzschild limit, we have

gT-sN _ CD" (4w =) [120 + (4 +2)]
tmo (4w + i) [12w —id(A +2)]

=0, (7.126)

where 4 = (£ — 1)(£ + 2). One immediately notes that |‘7(€£;’)SN| = 1 in the
Schwarzschild limit. For spinning ECOs, we numerically investigate 7(;;’)51\1 for

the (2, 2) mode for different spins in Fig. 7.6.

a=0,0=2m=2 a=03=2m=2
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Figure 7.6: Conversion factor K, gn TUSN from the Teukolsky R to the Sasaki-Nakamura
Rsn. Here we have ignored the ¢-¢” mode mixing. We plot real and imaginary
parts, as well as the modulus, of ‘K[EZ)SN for the (2,2)-mode with a = 0,0.3,0.7, 1
respectively. The gray dot-dashed line marks the horizon frequency mQpg. In the
Schwarzschild case, the two reflection coefficients only differ by a phase. For Kerr
spacetimes we have | 2SN| > 1 for both low and high frequencies, but | —SN|
dips below 1 for some frequencies. Also note that |7(€£;’)SN | = 1 when w equals to
the horizon frequency.
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Energy Contents of Incoming and Reflected Waves

The reflection coeflicient we defined in last subsection is indeed the (square root
of) power reflectivity of the gravitational waves on the ECO boundary. To see this,
consider a solution to s = —2 Teukolsky equation near the ECO surface. The energy
flux down to the surface is given by [187]

dEnole w hole |2
- Y, , 7.127
dw Z 64k (k? + 462)(2rH)3| s (7.127)

tm

while the energy propagating outward from the surface is given by

dEreﬂ w
= zen 2 7.128
dw Z drk(k? + 4€%)(2rpy)3 1Ztmo| ( )

tm

Here w are all taken as real numbers. See Appendix 7.7 for detailed discussions on
the energy flux and the energy conservation law. In the simple case of neglecting
¢-¢’ mixing, incoming energy from the (¢ -m -w)-mode will return from the ({mw)-

mode, with

dEreﬂ 2 dEhole
= |R.w+m . 7.129
(dw )fmw |R-w+mQy | ( o )g_m_w ( )

This means our reflectivity R indeed acts as an energy reflectivity.

7.5 Waveforms and quasi-normal modes of the ECO
In this section, we show how our ECO boundary conditions can be applied to echo
computations and resonant conditions for quasi-normal modes. We shall also restrict

ourselves to the case of
gAfmw = é;—m—w* . (7.130)
This is satisfied by all the reflectivity models discussed in this paper, since in these

cases the tidal response in the time-domain, R (b, 6;t) [Cf. (7.30)] is real-valued.

Even and Odd-Parity Echoes

In this subsection, we derive the gravitational-wave echo waveform based on our
reflection model. Note that this echo can be the additional wave due to the reflection
at the ECO surface during the inspiral phase — it does not necessarily has to be the

echo that follows the ringdown phase of the coalescence wave.

Suppose now we have some small perturbations towards the ECO spacetime. We
assume that the source in the Teukolsky equation drives a _,Y?), which has the

following form at r, — —oo:

d . .
210 =) f S Zpoe O A2 (6. ) (7.131)
{m
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This satisfies the Teukolsky equation with the appropriate source term away from
the horizon, the outgoing condition at infinity, but not the ECO boundary condition
near the horizon. We will need to add an additional homogeneous solution, which
satisfies the outgoing boundary condition at infinity. Recall that for the radial part,

we have

Din AZe—ikr* +D0ut eikr*’ r —>b,

tmw tmw

R™ =

tmw ~—

r3elwrs r — +00.

2

Thus we add the following homogeneous solution to Y©:
dw o i
—ZTeChO = Z f chme;mw—ZSme(e’ P)e wr (7.132)
tm

so that _, Y 4+ _,7°ch° j5 of the form (7.14), also satisfying (7.114). The asymptotic
behavior of _,YM is given by

dw S
Z Cfmwr?,eﬂwr*e lwt—ZS{’mw(H’ ¢) , ry — +00,
o~ 2

5 Techo —

d i 7 . .
Z f %Cﬁmw [D}r;nwAze_’k’* + Dg;j;ue’kr*] e 3 Stme(0,0), 1. — b..
‘m
(7.133)
Here we already see that the amplitudes c;,,,, directly give us the additional grav-

itational waves due to the reflecting surface. Identifying term by term between
YO 4 ,recho and Eq. (7.14), we find

Zhole — ZhOIG (0)

tmw tmw

+ Come D™ Ze = e DO (7.134)

tmw>  “tmw tmw *
Applying Eq. (7.112), we obtain
cmoDfy = ) Gt [ 2+ oD ] -
7
CFom oDl = D Gt [ Zome” + ComwDPy,| (7.135)
7
Here we restrict ourselves to real-valued w only. Using the symmetry of the Teukol-

sky equation, for real-valued w, it is straightforward to show that the homogeneous

solutions have the symmetry that

Din — Din>x< Dout — Dout* (7136)

tmw -m-w’ tmw -m-w *
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We can then write

( Seer DY =Grtrmw Dy, >( Co'mw ) B ( Gimw 0 ) ( zp O )

_— . % - —_ i O ’
~GemoDpy,, — SeoDP oo 0  Gurme Z}f’ngaf

(7.137)

Grtmw =Gl (7.138)

where the components in all matrices are also block matrices with ¢ and ¢’ repre-
senting sections of rows and columns. This will allow us to solve for ¢y, , therefore
leading to the additional outgoing waves at infinity, i.e. the gravitational-wave

echoes.

In the simple case where there is no £-¢’ mixing for reflected waves (so that the
relation between reflected waves and incoming waves is simply given by Eq. (7.114)),
and that

G tom-w = Gimo (7.139)

we can have simpler results. For each harmonic for the Z components (similar
for the ¢ components), we can define symmetric and anti-symmetric quadrature

amplitudes

hole (0) hole (0) *
Zhole 0),S _ mew + Zf - -w 7.140
tmw = ’ ( . )
V2
hole (0) hole (0) =
Z -7
Zhole (0),A _ {mw C-m-w . (7 14 1)

tmw \/il

We then have

?mw _ gﬁ:mu | Z?ole OS (7.142)
Dout _ gf Din mw
tmw mw= tmw
A= o Gem — zpole A (7.143)
tmw + g tmo™ e,

Here we see that the A quadrature has a reflectivity of — ngw, compared with ngw
for the S quadrature. These quadratures correspond to electric- and magnetic-type

perturbations.

As it turns out, non-spinning binaries, or those with spins aligned with the orbital
angular momentum, only excite the § quadrature — although generically both
quadratures are excited — they will have different echoes. In the case when echoes

are well-separated in the time domain, the first, third, and other odd echoes, the A
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and S will have transfer functions negative to each other, while for even echoes, they

will have the same transfer function.

If we further simplify the problem by demanding ¢/ = ¢, _,, ., Eq. (7.137) gives
that

T 140
- Ylmw

{mw tmw

Comw =

This expression coincides, for instance, with the one obtained in [21] for the
spherically-symmetric spacetime with a reflecting surface. Note that the phase

factor e~2%>+ has been absorbed into our definition of é

Echoes driven by symmetric source terms
In our reflection model (7.114), as discussed in Ref. [190], the coefficients Z?f’,f:u*
and Z?Zlf) are related for quasi-circular orbits. For such orbits, one can define a
series of frequencies as

Wik = MQy + kQy, (7.145)

where Q4 and Qy are two fundamental frequencies defined for periodic motions in ¢
and 6. Then, for real frequencies, we can decompose the amplitude Z}‘;nw according

to

tmw

Zp0 = 3 Zpoeo(w = wpi) (7.146)
k
It is easy to check that for Kerr black holes,

zpole = (=1)fkzhole (7.147)

-m-k

That is, if we consider a specific circular orbit, we have the symmetry that Z?f’,f*_w* is
either equal to Z;}Ole, or they differ by a minus sign. In this simple case, our reflection
mw
model (7.114) does not involve different modes, and the model becomes similar to
those reflection models based on Sasaki-Nakamura functions like in Ref. [170].
However, if we consider the full quasi-circular motions, i.e. adding up all orbits,
this symmetry no longer exists, and one has to consider the mixing of modes when
dealing with the reflecting boundary. For general orbits that are not quasi-circular,

the symmetry between Z?f’,ffw* and Z?;lz may not exist.

Now for the symmetric source, where there is no mode mixing, let us consider a

solution _»Y"® to the Teukolsky equation, which has the following form at r, — —co:

d . .
210 =) f S Zpoe O A28 (6. ) (7.148)
tm
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Following the same steps as in the last subsection, it is straightforward to show that

the echo solution to the Teukolsky equation at infinity is given by

d .
_yyeche — Z f %z;;hg_zsgmw(e, P)e (7.149)
m
with R
ho _ Gemw hole (0)
Zimey = D ¢, D zpole ) (7.150)
tmw tmw Yo,

where we have chosen the normalization D;° = 1. The tidal reflectivity can also
be directly related to the SN reflectivity as

Dy
RN = (—1)m*! e R* . 7.151
tme ( ) 4C£’mwf€mwd€mw wtmQy ( )

In this simple scenario, the tidal reflectivity is exactly the energy reflectivity for each

mode.

Quasi-Normal Modes and Breakdown of Isospectrality

For Quasi-Normal Modes, we set Z to zero, and analytically continue Eq. (7.137) to
complex w. The QNM frequencies can be directly solved by setting the determinant
of the lhs matrix of Eq. (7.137) to zero, i.e.

S ,Dout _ , Din

det( OcDiny, — =Gttmo Dy, ): 0. (7.152)
_gft” -m-w* Dé’mw é‘M/Dfma)

This will in general cause a mixing between QNMs with different ¢, and break the

isospectrality property of the Kerr spacetime and lead to two distinct QNMs for

each (£, m).
Neglecting the £-¢’ mixing, we can simply write
2 A ~ : 2 ~ A
|Des|” = GemwGeme | D]~ - Gimw = G tom-wr (7.153)

In the special case of égmw = égmw (which is satisfied by all the reflectivity models

discussed in this paper), we note that the ECO’s QNMs split into S and A modes,

S

with w>, and wAg satisfying different equations:
ntm ntm

4
DY = Gemws Difyins = 0, (7.154)
DY, + GemwsDipygy, =0 (7.155)

This still breaks the isospectrality properties of Kerr spacetime. Note that this
property has also been found and studied in Ref. [184] with their echo model which
describes the ECO as a dissipative fluid. Since modes of the ECO are usually excited
collectively, the main signature of the breakdown of isospectrality is still the fact

that S and A echoes have alternating sign differences in even and odd echoes.
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7.6 Conclusions

In this paper, we developed a more physical way to impose boundary conditions for
Teukolsky functions near the surface of extremely compact objects. We adopted
the Membrane Paradigm, and assumed that the ECO structure is well adapted to
the coordinate system of the Fiducial Observers, which is an approximate Rindler
coordinate system near the horizon. More specifically, assuming that the additional
physics near an ECO can be viewed as modified propagation laws of gravitational
waves in the Rindler coordinate system, we were able to obtain reflectivity models
for spinning ECOs that are similar to those proposed by previous literature, when
taking the Schwarzschild limit. In particular, the Boltzmann reflectivity of Oshita
et al. was obtainable from a position-dependent damping of gravitational waves in
the Rindler coordinate system, which might be thought of as due to the emergent

nature of gravity.

As it has turned out, the most directly physical condition is between ingoing com-
ponents of ¥ and outgoing components of ¢4, although relations between ingoing
and outgoing components of 4, as well as those of the Sasaki-Nakamura functions,
can be obtained by using the Starobinsky-Teukolsky transformation, as well as the

Chandrasekhar-Sasaki-Nakamura relations.

The deformation of space-time geometry due to the spin of the ECO causes a mixing
between different £ modes during reflection at the ECO surface; reflection at the
ECO also takes (m, w) — (—m,—w™). This means an incoming (¢, m, w) mode is
reflected into (£’, —m, —w*) modes. For moderately rapidly spinning holes, such £-¢’
mixing is moderate, but non-negligible, which means accurately modeling echoes
will indeed have to take such mixing into account. For incoming waves toward the
ECO caused by a quasi-circular inspiral of a non-spinning particle, the waveform
has a definite partiy, and is invariant under the (m, w) — (—m, —w™) transformation.
For more general waves, the (m,w) — (—m, —w™) map causes echoes from even-
and odd-parity waves to differ from each other; it also causes the breakdown of
quasi-normal mode isospectrality, as has been pointed out by Maggio et al. in the

Schwarzschild case.

7.7 Appendix
The homogeneous Teukolsky and Sasaki-Nakamura equations
Perturbations of Kerr spacetime can be described by the Teukolsky equations [41].

In the vacuum case, one can decompose solutions to the homogeneous Teukolsky
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equation as
dw  _irvim
=), f 5= € S Romo (1) sSem () (7.156)
tm

where ;S¢m, () is the spin-weighted spheroidal harmonic function, and s is the spin
weight. The Teukolsky equations are then separable, and the equations for R and S

are respectively

[ d (As+li)+1<2—2is(r—1)1<

A5 —
dr dr A

+4iswr — sArmo | sRemw =0, (7.157)

(m + scos 49)2

1 d(, d _
[_sineﬁ (sm 9%) — a*w?*sin? 6 — e 2aws cos 6 + s + 2maw + sA¢mw | sStmw = 0,

(7.158)

where K = (r? + a®)w — ma, and ;A is the eigenvalue of the spin-weighted

spheroidal harmonic.

For s = -2, the radial equation (7.157) admits two independent solutions, _zR?mw

and R, . which have the following asymptotic forms:

Bout rSeiwr* + Bin -1 —iwr,

{mw {’mwr € > =00,
LR = (7.159)
B?r‘:zl:)Aze_ikr* , r—ory;
D;ffnwr3ei“”* , r — oo,
_ZRE‘W = (7.160)
Dg::weik’* + Di};ﬂwAze_ik’* , F—>TrH.

The Sasaki-Nakamura-Chandrashekar transformation [178] takes the Teukolsky ra-
dial function _pR(r) to the Sasaki-Nakamura function X (r), and the Teukolsky
equation becomes the Sasaki-Nakamura equation. The homogeneous SN equation
is given by

dZX[mw _F(r) dXeme
dr? dr,

The explicit expressions for F(r) and U(r) are given in Ref. [191]’s Egs. (51-58).

-Ur) Xemw =0. (7.161)

The SN equation also admits two independent solutions, X(H and X,° , which
mw {mw



have the asymptotic values:

Aout eiwr* + Ain —iWry

mw fmwe » =00,
X;_Im(l) =
Al{};’jf)g—ikr* , r—ory;
C;;’rlweiwr* , r— oo,
X;fnu) =9
C?";weikr* + C}’;we_ikr* , r—>TrH.
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(7.162)

(7.163)

The amplitudes A and C can be related to the amplitudes B and D by matching the

asymptotic solutions to the SN and the Teukolsky equation on the horizon and at

infinity. The B-coeflicients and A-coeflicients are related by

. 1 .
in  _ in
Bé’mw - _4602 Afmw ’
2
Bout _ _4w Aout
mw — o tmw
Bhole _ 1 Ahole

tmw dﬁ’mw tmw

and the D-coefficients and C-coefficients are related by

Din 1 Cin

tmw — dt’mw tmw

DOut — f{’mwcout

tmw fmw
Dé’mw = _C_Cfmw’
0
where
deme = \2rul(8 — 24iw — 16w?)ry,

+ (12iam — 16 + 16amw + 24iw)ry

—4a*m? - 12iam + 8],
and

AkN2ry [2kryg +i(rg — 1)]
n(ru) '

ffmw = -

Here n(r) is defined by

C1 (6] Cc3 C4
nr)y=c+—+=5+3+—,
r r r r

(7.164)

(7.165)

(7.166)

(7.167)

(7.168)

(7.169)

(7.170)

(7.171)

(7.172)

(7.173)
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with
co=—12iw+ A(1 +2) — 12aw(aw — m), (7.174)
c1 = 8ial3aw — A(aw — m)],
¢y = —2dia(aw — m) + 12a*[1 - 2(aw — m)*], (7.175)
c3 = 24ia3(aw -—m) — 2442,
cy = 12a*,
where 4 = _»Ad¢y, is the eigenvalue of the s = —2 spin-weighted spheroidal
harmonic.

Conservation of energy for gravitational perturbations

In this section, we derive a new conservation relation among four energies, which
corresponds to waves that are outgoing at infinity, ingoing at infinity, coming down
to the “horizon”, and being reflected from the “horizon”, respectively. A derivation
has been done by Teukolsky and Press in [187] for the relation among the first three
energies. Here we extend their results to include the reflected one.

From the Newman-Penrose equations, one can derive the Teukolsky-Starobinsky

identities for s = +2, which can be written as
g_lfoglgg S + 12iw_25 =C_LS, (7.176)
1
DDDD HR = 1 >R, (7.177)

where we have omitted ({mw)-indices in R and § for the sake of brevity. We will

adopt these abbreviated notations throughout this section. The operators . and D

are defined by
Ly =0p+mcescH —awsinf +ncotf, (7.178)
D =0, —-iK/A, (7.179)
and C is given by
ICP = ((A +2)” + 4awm - 4a’w?) (7.180)
X [/12 + 36awm — 36a2a)2]
+ (24 + 3)(96a*w?* — 48awm) + 144w (1 — a?),
with

ImC = 12w, (7.181)

Re C = +4/|C|? = (Im C)?. (7.182)
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Similarly we define

LT = L(—w,—m), (7.183)
9" = D(~w,-m) = 6, +iK/A. (7.184)

A complementary set of equations to Egs. (7.176) and (7.177) then gives

LN LI LT LI C S + 12i0C" S = €S, (7.185)
29" D" 7TA* ,R=4|CPA 4R (7.186)

Now let us derive the relation between ¢ and 4 by using the Teukolsky-Starobinsky
identities. Note that at large r, the radial function R has the following asymptotic

behavior,

e—iwr* eiwr*
2R =Y, — + Youtr_s» (7.187)
e—iwr*

SR =27 + Zoyr e (7.188)

Plugging these asymptotic expressions into Eq. (7.177), and keep the terms leading

in (1/r)-expansions, we have
CYy = 640 Z;, . (7.189)

A set of useful identities can be used during the derivations are

ADD =2(-iK +r - 1)D + 6iwr + A, (7.190)

AN’DDD =[4iKG(K —r + 1) + (1 + 2 + 2iwr)A] D (7.191)
—2iK (A + 6iwr) + 6iwA,

ANDDDD = [A(—4iK(A +2) - 8iwr(r — 1)) (7.192)

+ 8iK (K? + (r = 1)?) + 8iwA?| D
+ A[(1+2 = 2iwr)(A + 6irw)
-12iw(iK +r —1)]
+4iK(iK +r—1)(1+6irw) .
Similarly, plugging the asymptotic expressions of the radial functions .»R into

Eq. (7.186), we obtain that
4wyt = C* Zous - (7.193)
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On the horizon, the radial function ;R is given by

2R = Yiole A2+ Yo' (7.194)
R = Zpoe AP + Zne* (7.195)

Plugging these expressions into Eq. (7.177) and (7.186), we obtain that

CYhole = 64Q2rm)*(ik)(—ik + 4€) (k> + 4€>) Znole » (7.196)
AQ2r) (k) (—ik — 4€) (k> + 4€*) Yoo = C* Zrent - (7.197)

In the Schwarzschild case, the energy conservation relations can be most easily
seen from the Wronskian of two linearly independent homogeneous solutions to
the perturbation equations such as the Regge-Wheeler equation. In the Teukolsky
equation, due to the existence of the dR/dr.-term, the Wronskian is then dependent
on r. To resolve this, one can rewrite the radial Teukolsky equation (7.157) in a
form of

d*Y|dr2 +VY =0, (7.198)

which is possible if one defines

Y = A% + a®)'?R, (7.199)
[K2 = 2isK(r = 1) + Aldirws = 1= 2) = s*(1 = a®)|  AQr + a2 = 4rd® + a*)
V= -
(r2 + az)2 (r2 + az)4
(7.200)

The Wronskian of any two solutions of Eq. (7.198) is then conserved. By equating

the Wronskian evaluated at infinity and that on the horizon, we have

_—SY* - sY

di"* di"*

d;Y d_Y* _(dsY
r_rH_ dr, dr,

d_Y*
[ ) ‘gt ) ) (7.201)

For s = 2, we substitute Eqs. (7.187), (7.188), (7.194), and (7.195) into the Wron-
skian equation, and we use Eqgs. (7.189), (7.193), (7.196), and (7.197) to obtain
that

~iC*[Yhote? 256(ik)ry (k> + 4€*) (k> + 16€) [Yrel*  ~iC*[%inl®  8icw®Youel?

+ = + ,
32k(2ry)3 (K2 + 4¢€2) C 3203 C
(7.202)

where € is defined in Eq. (7.111).

This is indeed the energy conservation law relating the ingoing energy at infinity

Eiy, the outgoing energy at infinity E,y, the energy absorbed by the “horizon” Ejje,
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and the energy reflected from the horizon E,.q. The conservation law can be written

as
dE; _ dE oy _ dEnole  dEre

- _ 7.203
dw dw dw dw ( )
in which the explicit expressions for the four energies are

dE;, 1 ) 64w’
=3 — vt =y 22z R, 7.204
- ;647@2' ol ;ﬂlqg il (7.204)

dE oyt 1 ) 4® 5
=Y — | Zoutl? = Y —— Y%, 7.205
o ;%)g oul ;ﬂlag ol (7.205)

dEnole w 2
- Y 7.206
dw % 64k (k2 + 462)(2FH)3| hole| (7.206)

64wk (k2 + 4€2) (k2 + 16€2)2ry)?
= - 2| Zhote* (7.207)
tm ﬂlCl
dEreﬂ w 2
= Zeeti]?, 7.208
dw ;4 4k (k2 +4€2)(21’H)3| rel| (7.208)
dwk (k?* + 4€>)(k? + 16€>)2ry)°

= B |Yrenl? . (7.209)

n|C|?
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