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ABSTRACT

In this thesis, we study two topics in using gravitational waves (GWs) to probe
fundamental physics. The first topic is using black hole (BH) perturbation theory to
model GW emissions by binary BH mergers in gravity theories beyond Einstein’s
general relativity (GR). The second topic is studying holographic quantum gravity

signatures around interferometers in flat spacetime.

For BH perturbation theory beyond GR, we first construct a novel formalism based
on Teukolsky’s seminal work in the 1970s. Our modified Teukolsky formalism
works for BHs with arbitrary spin in a broad class of beyond-GR theories that
admit an effective field theory description. We derive this formalism by following
Chandrasekhar’s prescription to make some convenient gauge choices, under which
different degrees of curvature perturbations naturally decouple. In the end, we get
two decoupled and potentially separable second-order partial differential equations
for the Weyl scalars W and W4, representing the ingoing and outgoing gravitational
radiations of a perturbed BH, respectively. Our formalism works for both linear
and nonlinear orders in the beyond-GR couplings. We then apply our formalism to

specific examples.

In the first example, we study the isospectrality breaking of quasinormal modes
(QNMs) in beyond-GR theories, where the even- and odd-parity QNMs have different
frequencies. We apply the modified Teukolsky formalism and the eigenvalue
perturbation method to construct a direct connection between the parity features
of a theory and its structure of isospectrality breaking. In the second example, we
focus on the QNMs of dynamical Chern-Simons gravity up to the first order in the
slow-rotation expansion. We first directly compute the scalar field equation and the
modified Teukolsky equations for ¥y and W4 in the ingoing and outgoing radiation
gauges, respectively. We then reduce all the equations to radial ordinary differential
equations by projection to the spin-weighted spheroidal harmonics. We find that the
scalar field is only coupled to the odd-parity perturbations, which is consistent with
the previous studies. We then compute the QNM frequencies for the non-rotating
case via the eigenvalue perturbation method. The results from the two gauges are
self-consistent and agree well with previous results using metric perturbations. Since
this is ongoing work, we briefly discuss the strategy for the rotating case at the end. In
the third example, we apply a similar analysis to certain parametrized axisymmetric

deviations of non-rotating BHs using a Weyl multipole expansion. We compute the
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QNM frequencies directly and analyze their connections to the multipole structure

of a BH spacetime.

For holographic gravity in flat spacetime, we build an effective model for geometrical
spacetime fluctuations driven by entropic fluctuations, or “geontropic fluctuations”
for short, in the casual diamond defined by an interferometer. Our model involves
a bosonic scalar field with some nontrivial occupation number, called “pixellon.”
The pixellon field characterizes all the nonlinear holographic quantum gravity
fluctuations within a causal diamond in flat spacetime. We then build up a framework
for computing the gauge-invariant observables of geontropic fluctuations for an
interferometer with equal arms separated by arbitrary angles. We compute both
the power spectral density and angular correlation of length fluctuations in such
an interferometer for the pixellon model. We then use the existing or predicted
noise spectra of LVK, LISA, GEO-600, and Holometer to constrain the pixellon
model. In our follow-up study, we further extend the pixellon model to incorporate
configurations of multiple interferometers. We then apply this extended pixellon
model to calculate the power spectral density of geontropic fluctuations in Cosmic
Explorer, Einstein Telescope, NEMO, and optically-levitated sensors. For Cosmic
Explorer, Einstein Telescope, and NEMO, we find that the signal of the pixellon
model could exceed the detector’s predicted sensitivity by one or two orders of

magnitudes.
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Chapter 1

INTRODUCTION

The detection of gravitational waves (GWs) emitted by over a hundred binary black
hole (BH) mergers [ 1-3] usher us into a new era of gravitational physics. With the
much-improved sensitivity in the fourth observing run of the LIGO-Virgo-KAGRA
collaboration, we are now able to detect these binary mergers at a single-detector
signal-to-noise ratio threshold of 8 with a distance as far as 1600 Mpc from the
Earth [4]. Anticipating next-generation ground-based detectors, such as Cosmic
Explorer [5-7] and Einstein Telescope [8, 9], and space-based detectors, such as LISA
[10], TianQin [11], and Taiji [12], we will be able to observe mergers of compact
objects even in much larger parameter space, including mergers of primordial and
supermassive BHs, extreme mass-ratio inspirals (EMRIs), BH-neutron star (NS)
mergers, and possibly the first binary NS merger [6, 13]. This extensively expanded
scope of targets provides abundant opportunities to scrutinize strong gravity physics,
such as probing the near-horizon geometry of BHs, examining modifications to
general relativity (GR), discovering exotic compact objects, understanding asymptotic
symmetries of spacetime, and unveiling possible quantum gravity signatures [6,
13]. Furthermore, these GW detections also open avenues to investigate numerous
questions in astrophysics, cosmology, and particle physics, including but not limited
to the formation channels of supermassive BHs in the early universe, the physics of
dense matter at high temperatures, the properties of dark matter and dark energy,

and the evolution of our galaxy and universe [6, 13].

To reliably study different physics from GW detections, it is crucial to accurately and
efficiently model the GW emissions by different compact objects in various gravity
theories and diverse astrophysical environments. The first part of this thesis (Chapters
2-6) focuses on a specific direction in the waveform modeling by constructing a new
formalism based on Teukolsky’s seminal work in [14—16] to model the GWs emitted
by BHs in beyond-GR theories and astrophysical environments and applying this
formalism to selected examples. Besides generating reliable waveformes, it is also
important to understand the physics around interferometers. The second part of this
thesis (Chapters 7 and 8) focuses on studying certain quantum gravity effects around
the interferometers in flat spacetime, first proposed by Verlinde and Zurek in [17-22],

and computing the relevant observables for current and future GW detectors.



1.1 BH perturbation theory beyond GR

Accurate and efficient waveform models of GW emissions are crucial for reliably
extracting information from GW detections and examining GR. For the past twenty
years, significant progress has been made in waveform modeling in GR, including
both numerical relativity (NR) [23—-27], where the full nonlinear Einstein equations
are evolved on some numerical grid, and analytical or semi-analytical approaches,
where the Einstein equations are perturbatively solved by expansion about some
small parameters. There are several main analytical or semi-analytical approaches
[28]: post-Newtonian expansion [29-33], which expands about the ratio of a system’s
internal speed v with the speed of light c¢; post-Minkowskian expansion [34—-38],
which expands a curved spacetime about the Minkowski background using the
gravitational constant G; gravitational self-force theory [39-43], which expands
about the small mass ratio of two compact objects; and BH perturbation theory
[14-16, 44-50], which considers vacuum perturbations of an isolated BH. Although
NR usually produces the most accurate waveforms, where all the nonlinear features
of gravity are completely captured, NR is expensive. For example, simulations of
a binary BH merger with a highly spinning remnant can take up to several weeks
or months [51, 52], which is not suitable for certain jobs in GW data analysis, such
as parameter estimation. Many efforts have been taken to shorten the computation
time of NR, such as finding better gauges [51], interpolating waveforms across
large parameter space (e.g., surrogate models [53—55]), or hybridizing analytical
or semi-analytical approaches with NR [54, 56-59]. As NR folds information in
a highly nonlinear way, these analytical or semi-analytical approaches also aid in
understanding NR results by extracting key features of a binary merger in different
limits. Thus, it is crucial to further deepen our understanding of these analytical or

semi-analytical approaches while developing NR.

BH perturbation theory, as one of the most important analytical or semi-analytical
approaches, focuses on gravitational perturbations of an isolated stationary BH!,
given that the merger of binary BHs always settles down to a stationary geometry
in GR. BH perturbation theory provides very accurate descriptions of a binary BH
merger’s ringdown, where the spacetime can be modeled as vacuum perturbations
of a remnant BH, and EMRIs, where a stellar-mass compact object perturbs a

supermassive BH.

'We do not distinguish BH perturbation theory from gravitational self-force in this thesis since
their mathematical formulations are similar



1.1.1 Regge-Wheeler and Zerilli-Moncrief formalism in GR

When the BH being perturbed is non-rotating such that the background metric is
static and spherically symmetric, one can follow the prescription by Regge, Wheeler,
Zerilli, and Moncrief [44—46] to derive two decoupled radial ordinary differential

equations. Specifically, consider the Schwarzschild metric
ds®> = —f(r)dt® + f71(r)dr?® + r*(d6* + sin> 0dg), f(r)=1-2M/r, (1.1)

where we use the geometrized unit (G = ¢ = 1). One can decompose the linear-order
perturbation of the Schwarzschild metric into two categories based on their parity,

i.e.,

By = hﬁv + hgv, thw = hfw, ﬁhgv = —hgv, (1.2)

where P is the parity operator: Pf(6,¢) — f(x —6,¢ + ), and ki, and h,
denote the even- and odd-parity modes, respectively. One can further decompose the

perturbation into multipoles,

_:,E _i,0
By = 3 (Wit 4 pOfm et ) (1.3)

t,m

which in the Regge-Wheeler (RW) gauge becomes [44—46, 60, 61]

HE A = ((f(rVH" (r)de® + 2H{" (r)didr + HS" (r) £~ (r)dr?
412K (r)d6? + 1 sin? 0K (r)d?) Y1 (0. 9) (1.4a)

W™ dxkdx” = 20" (r) [sin 009Yem (0, ¢)dtde — csc 004Yem (0, ¢)dtd6|

+ 215" (r) [sin 00 Yem (6, ¢)drde — csc 004w (0, ¢)dradd)|
(1.4b)

where Y, (0, ¢) are spherical harmonics. Defining two master variables, the Zerilli-
Moncrief (ZM) function ‘P%[(r) and RW function ‘Pf;’\’,’v(r) [44-46],

2 —-2M
g (= — L glmy 2 I g gom 1.5
() = 1wy K i | A0, (1.5
r—2M
i (r) = r—zhfm(r), (1.6)

where A = %(f — 1)(€ +2), one gets from the vacuum Einstein equations that

tm

2
02+ (wf) - VZ%’RW(r)] W () =0,



2 f(r) OM3 +322Mr? + 22(1 + D)r + OM? (Ar)

ZM
Vin () = (3M + Ar)? ’
VRW( ) = (1 B T) (f(fr;- 1) 6:;4) ’ (1.7)

where r* = r + 2M In (r/2M — 1) is the tortoise coordinate. In this case, the ZM
function W! oy (1) and RW function ‘Pf’” (r) represent even- and odd-parity metric
perturbations, respectively. All the metric components could be computed from
Pin (r) and W% (r) [44-46]. Although Wi (r) and Wi (r) satisfy different
equations, one can transform the equation of one to the other by the Chandrasekhar
transformation [49]. This indicates that the even- and odd-parity modes are redundant
for Schwarzschild BHs, so their frequency must be the same, wlg‘m = w?m, the so-called

isospectrality [49, 60].

1.1.2 BH ringdown and EMRIs in GR
In general, Eq. (1.7) has two linearly independent solutions, which are either purely

outgoing at infinity (r* — oo) or purely ingoing at the horizon (r* — —0), i.e.,

—iwemt™

‘P‘)M rw (77— —0) e or ‘PKM rw (77— ) el (1.8)

Usually, the conditions in Eq. (1.8) cannot be simultaneously satisfied. One exception
is the quasinormal mode (QNM), which dominates the ringdown phase of GW
emissions and carries a quickly decaying and oscillating amplitude. At QNM
frequencies, the two solutions become redundant and simultaneously satisfy the
boundary conditions in Eq. (1.8). The QNM frequencies wy,, are also the poles of
the Green’s function for Eq. (1.7), so w¢;, can carry an additional quantum number 7,
labeling the n-th pole of the Green’s function [50]. The QNMs with n = 0 are called
fundamental modes, while the QNMs with n > 0 are called overtones. To compute
the QNM frequencies, one naive way is to evolve a solution o« e“¢»"" from infinity
to the horizon, evolve another solution oc ¢t from the horizon to infinity, and
iteratively find w¢,, making these two evolved solutions match at a middle point.
However, since wy,, for a QNM always has a negative imaginary part, the solution
diverges at both the horizon and infinity, making this naive approach numerically
challenging. A more reliable and widely used approach is to turn calculating QNMs

into solving continuous fraction equations, first invented by Leaver in [62, 63].

Besides studying BH ringdown, BH perturbation theory has also been widely used
to compute the waveforms of EMRIs. One main approach for generating EMRI

waveforms is to use an adiabatic expansion and two-timescale analysis, given that
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the time scale of the inspiral is much longer than the time scale of any orbital motion
of the secondary [64—74]. In this case, one decomposes the whole inspiral into
sequences of orbits, where each orbit is parametrized by three constants of motion:
the orbital energy E, the orbital angular momentum L, and the Carter constant Q
[71]. One can evolve one orbit to another one by computing the shifts of the constants
of motion due to gravitational radiations, which occur at the much longer time scale
of inspiral. In leading order, the shifts of the orbital energy E and orbital angular

momentum L, are given by the RW and ZM functions, e.g.,
E™ « w§m|‘P§”§,{’RW|2 , Lgm o< E™ [wp . (1.9)

Unlike computing QNMs, the metric perturbations are now driven by the stress

tensor Tg B of the secondary,
5@ (x(’ - x?(r))
V=8

where y is the secondary’s mass, x7 (7) is the secondary’s worldline parametrized

738 =u [ uuf dr, (1.10)

by 7, and u“ is the secondary’s four-velocity, so one needs to solve the sourced
Einstein equations. One can linearize metric perturbations about the small mass
ratio g = u/M with M being the central supermassive BH’s mass. The ratio of the
time scales for the orbital motions and the radiation reaction is also proportional
to g. From the sourced Einstein equations, one can follow the similar procedures
above to derive the sourced RW and ZM equations, with the left-hand side the
same as Eq. (1.7). The relation between a generic stress tensor and the source
terms in the RW and ZM equations can be found in [45, 61]. The sourced RW
and ZM equations can be solved by using Green’s function of Eq. (1.7). Using
Eq. (1.9), one can then sequentially evolve the orbits and piece them together into a
full inspiral. Many studies have followed this approach to generate EMRI waveforms
for equatorial circular (or quasi-circular) orbits of non-rotating [64—66, 68—70, 72,
73] and rotating BHs [67, 71], which later got extended to inclined eccentric orbits
of rotating BHs [28, 75-78]. Notice that for rotating BHs, instead of solving the RW
and ZM equations, one solves the Teukolsky equations instead [14—16], as discussed
below. The waveforms calculated by only incorporating the gravitational radiations
in Eq. (1.9), or the first-order dissipative self-force (linear in g), are regarded as
“adiabatic” or “zero post-adiabatic” [73, 74]. In recent years, significant efforts have
been put into computing higher-order contributions in the adiabatic expansion, such
as these “first post-adiabatic” EMRI waveforms in [79, 80].



1.1.3 Teukolsky formalism in GR

The study of QNMs and EMRIs for rotating BHs in GR follows a framework similar
to the one above for non-rotating BHs. Nevertheless, due to the lack of spherical
symmetry, it is very challenging to decouple different metric components directly,
find two master equations governing them, and reduce these two equations into two
ordinary differential equations in the radial coordinate. An alternative approach is to
focus on curvature perturbations instead, which was first developed by Teukolsky
in [14-16] and became the foundation of BH perturbation theory. Built on the
Newman-Penrose formalism [81], the Teukolsky formalism focuses on perturbations

of two radiative Weyl scalars Wy and W4,
Yy = Caﬂyﬂamﬁlymé , WYu= Caﬁy(;n“n_fzﬁnyn"zé , (1.11)

where C,,qp is the Weyl tensor, and {/#, n#, m#, m*} are the null tetrad basis vectors
in the Newman-Penrose formalism, as we will review in more detail in Chapter 2.
Teukolsky found two separable second-order partial differential equations governing
Wo.4, which are decoupled from all the other Newman-Penrose quantities. After
a decomposition into harmonics, the angular part of W4 satisfies the equations
of spin-weighted spheroidal harmonics [14-16]. The radial equations of W4 in
the r* coordinate are Schrodinger-like equations similar to Eq. (1.7) but with more
complicated potentials. Furthermore, the metric perturbations associated with the
perturbations of Wy 4 can be reconstructed. For vacuum perturbations, one can
follow the standard procedures developed by Chranznowski, Cohen, Kegeles, and Ori
[82—-89] or alternative procedures in [49, 90]. For non-vacuum perturbations (such
as EMRIs), metric reconstruction is more challenging, but several frameworks have
been developed [42, 43, 91-93] and applied to the study of higher-order self-force
[79, 80]. To study QNMs, one can apply the Leaver’s method [62, 63] to compute
the frequencies wy, as well as the angular and radial parts of Wy4. For EMRIs,
the energy and angular momentum carried away by gravitational radiations can be

computed using relations similar to Eq. (1.9) [14-16].

For the past fifty years, BH perturbation theory at linear order in vacuum GR has
been extensively studied and is well understood. In recent years, there has been
a continuously growing interest in observing nonlinear features of gravity from
GW detections. For example, the nonlinearity in GR can cause a pair of inertial
GW detectors to be permanently displaced from each other after a GW passes by,
the so-called displacement memory effect [94—96], which can be related to the

asymptotic symmetries of spacetimes [97—100] and possibly detectable by future
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GW detectors [6, 13, 101, 102]. For BH perturbation theory, nonlinear effects have

also attracted much attention. The nonlinear extension of the Teukolsky formalism
in GR was first done by Campanelli and Lousto in [103]. One important application
of the nonlinear Teukolsky formalism is to compute the second-order or higher-order
self-force of EMRIs, where one calculates the shifts of E and L, at nonlinear orders
in the small mass ratio g. The second-order self-force will contribute to the first
post-adiabatic EMRI waveforms, which are important for data analysis of EMRIs
since the phase errors due to adiabatic expansion can accumulate to a sizable amount
during EMRISs’ long inspiral time [28, 42, 79]. On the other hand, by including
higher-order self-force and calibrating to NR, the validity of the waveforms generated
by BH perturbation theory can be extended from EMRIs to intermediate mass-ratio
inspirals and even comparable-mass mergers [28, 52, 58, 79, 80, 104-106]. For
ringdown, nonlinear QNMs have been observed in NR simulations [107-110], where
their amplitudes have been both extracted from NR simulations [107-110] and
computed directly using BH perturbation theory [111].

1.1.4 Beyond-GR theories and astrophysical environments

Despite passing many tests in the solar system and other weak gravity regimes [112],
GR has its limitations and is undergoing tests in strong gravity. On the fundamental
side, GR’s incompatibility with quantum mechanics has motivated searches for a
unified description of quantum gravity, such as string theory [113—118] and loop
quantum gravity [119-128], the low-energy effective theories of which can generate
modifications to GR. On the observational side, GR on its own is not sufficient to
explain, for example, the origin of dark matter [129, 130] and dark energy [131-133],
the matter-antimatter asymmetry [134] and late-time acceleration [135, 136] of our
universe, and the anomalous galaxy rotation curves [130, 137]. For this reason,
modifications to GR are introduced as one resolution of these observational anomalies.
Some of widely studied beyond-GR theories include higher-derivative gravity [138—
140], f(R) gravity [141, 142], scalar-tensor theories [143], dynamical Chern-Simons
(dCS) gravity [144, 145], Einstein dilation Gauss-Bonnet (EdGB) [146—148] or
scalar Gauss-Bonnet gravity [149], Horndeski theory [150], Einstein-Aether theory
[151], Horava gravity [152], massive gravity [153], and higher dimensional gravity
theories [154]. Many of these theories originate from string theory or loop quantum
gravity while also explaining certain observational puzzles. For example, the dCS
correction, where a pseudoscalar field is coupled to a parity-violating quadratic

term in the Riemann tensor and the Riemann dual tensor (the so-called Pontryagin
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density), appears when one uses the Green-Schwarz mechanism [155] to cancel
gravitational anomaly in the heterotic string theory [156, 157]. The dCS terms are
also necessary for preserving gauge invariance in loop quantum gravity [158]. On the
observational side, the parity-violating terms in dCS gravity can be used to explain
matter-antimatter asymmetry [156, 159, 160], while the pseudoscalar field as an

axion can be a candidate for dark matter.

These beyond-GR theories can leave imprints on both the ringdown phase of a binary
BH merger and the EMRI waveform. For example, one notable feature of the BH
QNMs in GR is isospectrality, where the even- and odd-parity QNMs have the
same frequencies. However, this isospectrality was observed to be broken in many
beyond-GR theories, for example, dCS gravity [161-165], EdGB gravity [166—170],
and higher-derivative gravity [171-175]. Furthermore, due to the presence of extra
scalar or vector fields in certain theories, beyond-GR QNMs do not only contain
gravitational-led modes but also scalar-led [161-163, 166—170] or vector-led modes
[176-178], the frequencies of which usually distribute along different branches in the
complex plane. For EMRISs, these additional non-metric fields can radiate additional
energy and angular momentum, leading to additional phases in the waveforms [163,
167, 179-183], which can be as large as hundreds of GW cycles due to the long
inspiral time of EMRIs [13]. Despite many efforts that have been made for the past
twenty years to model the ringdown phase or the EMRIs in a variety of beyond-GR
theories, most of these studies only focused on non-rotating BHs [161-163, 166—168,
171, 172, 176, 177], and only a handful of calculations were done for slowly rotating
BHs [164, 165, 169, 170, 173]. The main challenge was that the widely used RW
and ZM equations work only for non-rotating BHs or slowly rotating BHs using the
extension in [184]. On the other hand, the remnants of binary BH mergers are usually
fast-rotating due to the large angular momentum associated with the inspiral [3, 185],
demanding a formalism valid for BHs with large spin. One potential resolution
is to extend the Teukolsky formalism from GR to beyond-GR theories. However,
this extension could be very challenging since background BH spacetimes are not
necessarily Petrov type D under the Petrov classification [186], as required by the
Teukolsky formalism, in many beyond-GR theories [145, 187].

Besides corrections to GR, astrophysical environments can also leave imprints on
BH QNMs and EMRIs [13, 188, 189]. It is very unlikely that binary BHs are in a
vacuum, but rather, they can be embedded in some gaseous accretion disks [190,
191] or plasma [192], surrounded by dark matter clouds or spikes [193—196], or
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interacting with other compact objects nearby [197, 198]. For example, when the
Compton wavelength of ultralight bosonic dark matter is comparable to the radius of
a rotating supermassive BH, the dark matter can efficiently drain energy from the
BH via superradiance and grow into a macroscopic cloud [199-202]. These clouds
can modulate EMRI waveforms by affecting the secondary’s motion and exerting
backreactions on the BH geometry [196]. Furthermore, the cloud itself can also
emit nearly continuous GWs [203], the spectrum of which can be computed in a
similar way as the QNM spectrum [204]. The QNM spectrum of a BH can also be
affected when there is matter present, which, similar to beyond-GR corrections, can
result in the isospectrality breaking [188]. Thus, to test GR, it is important not to
misidentify environmental effects as modifications of GR since they might result in
similar modifications to GW waveforms. Although many efforts have been made
to study BH QNMs and EMRIs in astrophysical environments [190-192, 196, 199,
205-207], most of these examples focus on non-rotating BHs or simple cases for

rotating BHs when the Teukolsky formalism in GR still applies.

To conclude, the much better sensitivity of next-generation GW detectors requires
more accurate and efficient waveform modeling not only in GR but also in the
presence of beyond-GR and astrophysical environmental effects. BH perturbation
theory, as one of the most important (semi-)analytical approaches to waveform
modeling, is well-developed in GR but still requires significant study in theories
beyond GR with environmental effects present, especially for more astrophysically
relevant, fast-spinning BHs. In the first part of this thesis (Chapters 2—6), we will
present a novel formalism based on Teukolsky’s seminal work in [14—16] for studying
BH perturbations in the more complicated settings above, applicable to general
rotating BHs. In Chapter 2, we construct this modified Teukolsky formalism for a
wide class of beyond-GR theories, though this formalism can also be potentially used
for studying environmental effects. We then apply the modified Teukolsly formalism
to analyze the isospectrality breaking of BH QNMs in Chapter 3, compute the BH
QNM frequency shifts in dCS gravity in Chapters 4 and 5, and conduct parametrized

ringdown modeling in Chapter 6.

1.2 Holographic gravity in flat spacetime

Since the twentieth century, understanding how gravity interacts with quantum
mechanics has been a central theme of fundamental physics. Einstein’s GR has been
very successful in describing the gravitational interactions of macroscopic objects.

Passing many tests under weak gravity [112], GR has been repeatedly examined in
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the strong gravity regime via detections of GWs generated by drastic coalescences
of extremely compact objects [208]. Yet no conclusive signature of that GR is
violated has been detected so far. Quantum mechanics, on the other hand, has been
very successful in describing the physics of the microscopic world. Integrating
quantum mechanics with special relativity, quantum field theory and the resulting
standard model of particle physics can accurately describe the electromagnetic
interactions among electrons and photons [209-212], the weak interactions among
leptons [213-216], and the strong interactions among quarks [217-219]. Many
attempts have been made to integrate these two crucial efforts by developing a
unified theory of quantum gravity. Perturbative quantization of gravity was found
to be nonrenormalizable [220, 221], so non-perturbative descriptions of quantum
gravity, such as string theory [113—118] and loop quantum gravity [119-128], have
been developed. Nonetheless, one can treat perturbative quantum gravity as an
effective field theory (EFT) [222], where the nonrenormalizable effects or ultraviolet
divergences are suppressed beyond the Planck scale and not directly accessible by
experiments. Nevertheless, new physics, such as string theory and loop quantum
gravity, could exist and allow an ultraviolet-complete description. In the low-energy
regime, one can still quantize gravity perturbatively without incurring any divergence
due to this separation of scales and make predictions. From this EFT viewpoint, it
seems that one could never detect quantum gravity in real experiments, at least in the
foreseeable future, since the size of Planck length /,, ~ 1073 m is far lower than the
sensitivity of the most sensitive detectors measuring spacetime fluctuations, such as
the laser interferometers of the LIGO-Virgo-KAGRA collaboration [223-225] and
even future detectors (e.g., Cosmic Explorer [6, 7] and Einstein Telescope [9]) with

much better sensitivity.

1.2.1 Tests of quantum gravity

Despite the difficulty, numerous efforts have been devoted to searching for signatures
of quantum gravity. Many studies focus on probing the spacetime near mergers of
compact objects, such as BHs or NSs, where gravity is strong and highly nonlinear, so
quantum gravity effects might get amplified. For example, quantum gravity expects
Hawking radiations near a BH [226], where pairs of particles and antiparticles are
created by vacuum fluctuations. Some particles can escape from the horizon and
carry information about the BH to the observers at infinity, while others fall into the
BH. As these escaping particles can extract energy and angular momentum from
the BH, the BH may evaporate in the end [227-229]. However, the information
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carried away by particles falling into the BH might be lost during the evaporation of
the BH, resulting in the BH information paradox [230, 231]. One resolution is to
modify the spacetime near the BH horizon, such as introducing firewalls destroying
all the infalling observers [232, 233] or less violent non-local quantum effects around
the BH [234, 235]. Other proposals also consider horizonless compact objects, for
example, “fuzzballs” [236—238], that can mimic a BH by having the same mass,
charge, and angular momentum, but the horizon of a BH is replaced by a fuzzy “cap”
with micro-structure, which can encode information of the fuzzball. These fuzzballs
can also be the microstates of a BH, which provide a microscopic description of the
BH entropy [239]. These modifications, directly at or near the horizon, can result in
observable GW signatures. For example, an ordinary classical BH horizon absorbs
all the GW radiations, while these near-horizon structures or horizonless objects
can partially reflect GWs, generating GW echos [240-243]. The modifications of
the horizon can also result in a change in the multipolar moments of a BH, which
can be potentially detected during the inspiral stage of a binary merger [244-246].
Other tests of quantum gravity using GWs emitted by binary mergers include the
test of the no-hair theorem [247-252], the investigation of the gravitational memory
effects and the asymptotic symmetries [6, 13, 94—102], and the examination of
beyond-GR theories which are low-energy EFTs of certain quantum gravity theories
[13, 138-140, 144-148, 249]. Furthermore, some proposals also consider observing
the quantum-gravity decoherence of light emitted by astrophysical objects [253].
As if gravity is quantum, the noisy quantum-mechanical fluctuations of spacetime
can interact with light like other environmental effects such that photons lose their

information and get dissipated, though the effects might be tiny [253].

Besides testing quantum gravity with astrophysical events, many proposals consider
testing the quantum nature of gravity itself using table-top experiments [254]. For
example, two massive objects might get entangled by gravitational interactions if
gravity is quantum, which can be potentially tested by these matter-wave interfer-
ometers [255, 256]. It was argued in [257-259] that even for the entanglement
of massive objects mediated by a Newtonian interaction, quantum information is
present, so table-top experiments could be valid approaches for testing quantum
gravity despite their low energy. Specifically, one cannot distinguish entanglement by
a Newtonian field from entanglement by gravitons; the latter’s existence will directly
verify the quantum nature of gravity [259]. Within each matter-wave interferometer,
beams of massive particles are sent along paths separated by finite distance and

then recombined. By measuring the phase difference across two finitely separated



12

matter-wave interferometers, one can test whether the particles across different
interferometers are entangled using Bell inequality [254]. Recent work [260-262]
also compute stochastic fluctuations of the length measured by laser interferometers
when gravitons are in different quantum states (e.g., vacuum, coherent, thermal, or
squeezed). It was found that although vacuum or coherent states of gravitons have
negligible effects, gravitons in thermal or squeezed states might have the possibility
to be detected [261].

1.2.2 The holographic principle

Most of the tabletop or ground-based experiments considered above rely on the EFT
description of perturbative quantum gravity. On the other hand, full quantum gravity
is possibly non-perturbative, as in loop quantum gravity and string theory, where the
infrared and ultraviolet scales can actually mix with each other [263]. Therefore, is
it possible to extract some of these non-perturbative ultraviolet features of quantum
gravity from low-energy laboratory experiments in the infrared? The development
of the anti-de Sitter (AdS)/conformal field theory (CFT) correspondence or the
holographic principle in general shows some promise along this route. The study of
the holographic principle can be traced to the discovery of the Bekenstein-Hawking
entropy [226, 264], where the entropy of a BH Spy is given by the surface area Ay

of the BH’s event horizon, i.e.
An

4G’
where G is the gravitational constant. In other words, the bulk information of

SpH = (1.12)

a BH is contained in its co-dimension one boundary, like the “hologram of a
three-dimensional image on a two-dimensional surface” [220]. In this case, both
the infrared (i.e., the BH horizon area Ay) and ultraviolet scales (i.e., the Planck
length [, within G o llz,) are present in Eq. (1.12). This idea of holography was
further explored by 't Hooft and Susskind [220, 265] and got concretely verified by
Maldacena and others [266—-268], where they found that the supergravity living in
the d + 1-dimensional AdS space is dual to certain CFT living on the d-dimensional
boundary. Specifically, they discovered that the four-dimensional super Yang-Mills
theory with four supersymmetries is dual to the Type IIB string theory on AdSs x S°,
where S° are five compact dimensions [266-268]. This discovery has spurred
numerous research in this direction, with more holographic correspondence being
proposed or found, such as the de Sitter (dS)/CFT correspondence [269] and Kerr/CFT
correspondence [270]. Another important finding was made by Ryu and Takayanagi

[271], where they discovered that for a co-dimension two surface B at the boundary
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of AdS, the entanglement entropy of a CFT in the subsystem B with its complement
B,ie.,
Sent = —Trp pplog pp, (1.13)

where pp is the density matrix of B, is given by the area of the extremal surface X

anchored at the boundary of B, i.e.,

_A®)
Sen = - (1.14)

This relation is very similar to the Bekenstein-Hawking entropy of a BH in Eq. (1.12).
In the bulk of AdS, the extremal surface X plays a similar role as a BH horizon,
which is the entangling surface between the subsystems holographically dual to B
and B in the bulk. Similarly, the degrees of freedom inside and outside a BH horizon

are entangled with each other.

Since its proposal, the AdS/CFT correspondence (and the holographic principle in
general) has been an extremely useful theoretical tool to further our understanding of
quantum gravity. They also help the study of nuclear physics and condensed matter
systems. Despite their theoretical importance, until recently, there were almost
no systematic studies prescribing how to examine the AdS/CFT observationally
or experimentally. The Fermilab Holometer [272—275] was one of the first few
attempts to test the holographic principle using realistic experiments. The apparatus
i1s made up of two independent co-located laser interferometers, each of which has
perpendicular arms of length 40 m. The experiment was to test a particular model
in [272]. Motivated by the holographic principle, Ref. [272] proposed a particular
two-point function for the length fluctuations 6 L measured by the interferometer,
with a scale of

(SL*y ~ 1, L, (1.15)

where L is the system size (i.e., L = 40 m for the Holometer). In this particular
model, the holographic fluctuations accumulate like a random walk (i.e., their power
spectral density is constant in frequency) along the interferometer arms within the
light roundtrip time 2L/c, while the fluctuations with temporal separation larger
than 2L /¢ do not correlate. Unlike the scale expected from a naive EFT treatment
of perturbative quantum gravity, where the leading-order fluctuations should be
at oL ~ I, Eq. (1.15) gains a \/Tlp enhancement in L. This enhancement can
be interpreted as the v/N enhancement for a random walk, where N is the number
of steps, so L/I, roughly gives the holographic degrees of freedom probed by an

interferometer [22]. References [272, 273, 275] then constrained these fluctuations
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using the noise spectra of LIGO [276], GEO-600 [276, 277], and Holometer [275]

but found no signatures of this particular quantum gravity model.

1.2.3 Verlinde-Zurek effects
Another important proposal for experimentally examining holography was later made
by Verlinde, Zurek, and other collaborators [17-22]. In [17], Verlinde and Zurek
first considered a set of different two-point functions for the length fluctuations 6 L
of interferometer arms. They found that by treating the transversal and longitudinal
directions differently, the two-point function of 6L is roughly at the same scale
of Eq. (1.15) but suppressed by additional factors of 4x. More specifically, the
fluctuations in [17] are correlated along the transversal directions with respect to
the interferometers while accumulating like a random walk along the longitudinal
directions. They further argued that the angular correlation should satisfy
Yem (F1) Y/, (F2)
C+0+1

(OL (F1) 0L (F2)) ~ [,LG (F1,F2) , G (F,F2) = Z
‘,m

, (1.16)

where F; are coordinates of points on a unit sphere. For an interferometer, F;
are the angular coordinates of the end mirrors, and the sphere is the spherical
volume that can be probed by an interferometer up to rotations around its center.
If one removes the additional 1 in the denominator of G (¥, ¥;), it is the same
Green’s function associated with the Laplacian on a sphere, while this additional 1
comes from integrating out the longitudinal directions along the interferometer arms.
Additionally, Eq. (1.16) is the same Green’s function satisfied by the angular parts of
the spherical shockwave geometry studied by 't Hooft in [278].

To derive these features from the first principle, Verlinde and Zurek considered a more
familiar setup in AdS, where a causal diamond is anchored to the AdS boundary [18].
The Rindler horizon X of this causal diamond coincides with the Ryu-Takayanagi
surface of a subsystem B at the boundary of AdS. Thus, the surface X is also the
entangling surface for B and its complement B. Experimentally, this causal diamond
can be formed by shooting light beams from the AdS boundary to a mirror at the
Rindler horizon X, which then reflects the light back to the boundary. Notably, they
found that the fluctuations of the light traveling time 67 are at the same scale as
Eq. (1.15). Moreover, 67T is driven by the fluctuations of the modular Hamiltonian
K associated with the Killing vector preserving the boost invariance of the Rindler
horizon X, and K satisfies

A(Y)

— (AK2) =
(K) ={AK") = =

(1.17)
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The same quantities and similar relations have also been studied in [279, 280]. Later
in [20], Zurek and Bank showed that the relation in Eq. (1.17) is rather general by
looking at near-horizon dynamics, so Eq. (1.17) also works for causal diamonds
in flat spacetime up to an overall constant, and Eq. (1.15) is expected to be valid
for an interferometer. On the other hand, the angular correlations in Eq. (1.16)
can be derived from the shockwave geometry [21]. As found in [21], the relation
in Eq. (1.17) can be reproduced from the uncertainty relations between the light
ray operators associated with the ingoing and outgoing shockwaves, where the

shockwaves are generated by vacuum fluctuations.

Built upon the foundational work in [17, 18, 20, 21], additional efforts on the
theoretical side have been devoted to verifying Eqs. (1.15)—(1.17) in different
contexts, such as dimensional reduction of Einstein gravity to Jackiw-Teitelboim
gravity [281, 282] in AdS [283], relating shockwaves to gravitational memory effects
[284] or near-horizon fluid dynamics [285, 286], and more. On the observational
side, Zurek in [19] constructed an effective model, the “pixellon” model, to describe
these “geontropic” fluctuations (i.e., geometrical fluctuations induced by entropy
fluctuations) in terms of some metric perturbations, allowing a direct calculation
of an interferometer’s observable. These pixellon fields are bosonic scalars with a
nonzero occupation number, characterizing the spacetime fluctuations due to modular
energy fluctuations associated with the interferometer’s causal diamond. Although
the pixellon appears as the amplitude of a plane GW in [22], it contains information
about nonlinear vacuum fluctuations via its occupation number. Reference [22]
then computed the auto-correlation function of the length fluctuation of a single
interferometer arm and used the noise spectra of the Holometer in [275] to put a

constraint on the model.

One limitation of the model in [22] is that it is only valid for a single interferometer
arm. This is insufficient if one wants to seriously constrain the model with the noise
spectra of these GW detectors, which usually involve subtraction of length fluctuations
from two arms. For the same reason, this model does not capture the unique angular
dependence in Eq. (1.16). Another issue is that the method of calculating observables
in [22] is not completely valid when the pixellon’s characteristic wavelength is about
the same as the interferometer’s size, which is actually another unique feature of the
pixellon model [22]. In the second part of this thesis (Chapters 7 and 8), we will
solve these issues by extending the pixellon model in [22]. In Chapter 7, we extend

the pixellon model in [22] to describe an interferometer with two arms separated
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by arbitrary angles. We then develop a framework to compute the gauge-invariant
observables of an interferometer under these geontropic fluctuations, apply it to get
the power spectral density and angular correlation of a single interferometer, and
constrain the pixellon model with current GW detectors. In Chapter 8, we further
extend the pixellon model in Chapter 7 to incorporate configurations of multiple
interferometers and other interferometer-like experiments. We then investigate the
whole landscape of high-frequency GW detectors, discuss their potential for detecting
geontropic fluctuations, and show the potential influences of geontropic fluctuations

on future GW detectors, such as Cosmic Explorer and Einstein Telescope.

1.3 Organization of the thesis

In this section, we provide a brief summary of each chapter from Chapter 2 to 8.

1.3.1 Chapter 2: Perturbations of spinning black holes beyond General Rela-
tivity: Modified Teukolsky equation
We extend the Teukolsky formalism in GR to study gravitational perturbations of
BHs in a large class of beyond-GR theories. We first focus on non-Ricci-flat, Petrov
type D BH backgrounds in modified gravity and derive the modified Teukolsky
equation using two approaches: 1. direct decoupling following Teukolsky and
2. making convenient gauge choices following Chandrasekhar. By generalizing
Chandrasekhar’s approach, we then extend this analysis to non-Ricci-flat, Petrov
type I BH backgrounds in modified gravity, assuming they can be treated as a
linear perturbation of Petrov type D BH backgrounds in GR. We derive a modified
Teukolsky equation, i.e., a set of linear, decoupled differential equations that describe
dynamical perturbations of non-Kerr BHs for the radiative Newman-Penrose scalars
Yo and ¥4. We further show that our formalism can be extended beyond linear order

in both modified gravity corrections and GW perturbations.

1.3.2 Chapter 3: Isospectrality breaking in the Teukolsky formalism

Parity, as a fundamental symmetry of nature, has been observed to break in many
theories beyond GR. One example is that even- and odd-parity gravitational pertur-
bations of non-rotating and rotating BHs can have different QNM frequencies in
modified gravity, breaking the isospectrality of GR. For BHs with arbitrary spin
in modified gravity, there were no avenues to compute QNMs except NR, until
recent extensions of the Teukolsky formalism. We describe how to use the modified
Teukolsky formalism in Chapter 2 to study isospectrality breaking in modified gravity.
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We first introduce how definite-parity modes are defined through combinations of
Weyl scalars in GR, and then, we extend this definition to modified gravity. We then
use the eigenvalue perturbation method to show how the degeneracy in QNMs of
different parity is broken in modified gravity. We build a direct connection between
the parity symmetry of beyond-GR theories and the isospectrality-breaking structure
of QNMs. To demonstrate our analysis, we apply it to two specific modified gravity
theories, dCS and EdGB gravity, and find consistency with previous analyses using

other approaches.

1.3.3 Chapter 4: Perturbations of spinning black holes in dynamical Chern-
Simons gravity: Slow rotation equations

We study gravitational perturbations of slowly rotating BHs in dCS gravity by
implementing the modified Teukolsky formalism developed in Chapter 2. Specifically,
we derive the master equations for the ¥y and W4 Weyl scalar perturbations that
characterize the radiative part of gravitational perturbations, as well as the master
equation for the scalar field perturbations. We employ metric reconstruction
techniques to obtain explicit expressions for all relevant quantities. Finally, by
leveraging the properties of spin-weighted spheroidal harmonics to eliminate the
angular dependence from the evolution equations, we derive two radial, second-order,
ordinary differential equations for ¥y and W4, respectively. These two equations
are coupled to another radial, second-order, ordinary differential equation for the
scalar field perturbations. The master equations we obtain can then be numerically
integrated to obtain the QNM spectrum of slowly rotating BHs in dCS gravity,

1.3.4 Chapter 5: Perturbations of spinning black holes in dynamical Chern-
Simons gravity: Slow rotation quasinormal modes
We compute the QNM spectrum of slowly rotating BHs in dCS gravity using the
radial modified Teukolsky equations and the radial scalar field equations computed
in Chapter 4. We first simplify the radial master equations in Chapter 4 by using the
properties of the source terms under parity transformation and complex conjugation.
Using the analysis of isospectrality breaking in Chapter 3, we find that the solutions
to the modified Teukolsky equations in dCS gravity are still of definite parity, and the
scalar field only couples to the odd-parity modes, consistent with previous results
using other approaches. We then review the eigenvalue perturbation method and
discuss how to apply it when there is an extra scalar field coupled to the Weyl scalar

perturbation. We demonstrate our approach by computing the QNM frequency shifts
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for non-rotating BHs in dCS and find good agreement with previous results. The
procedures for computing the QNM spectrum of slowly rotating BHs in dCS gravity
are similar to those for the non-rotating case. This chapter is based on a work in

preparation.

1.3.5 Chapter 6: Spectroscopy of bumpy black holes: Non-rotating case

We study the QNM spectrum of parametrized deviations of a non-rotating BH’s geom-
etry in the vacuum. Following Vigeland and Hughes, we model these parametrized
deviations as axisymmetric multipole moments in the Weyl coordinates with ampli-
tudes much less than the amplitude of the Schwarzschild BH potential. These tiny
“bumps” in the BH geometry satisfy the linearized vacuum Einstein equations and
are asymptotically flat. We use the modified Teukolsky formalism in Chapter 2 to
derive two decoupled differential equations for the radiative Weyl scalars: ¥, and
Y,. We focus on the equation of ¥\ and use the procedures developed in Chapter 3
to analyze the isospectrality breaking of QNMs for these bumpy BHs. We use
the eigenvalue perturbation method to compute the QNM shifts of both even- and
odd-parity modes with ¢ = 2,3 and up to the overtone number n = 2 for Weyl
multipoles with £y = 2, 3. We discuss the connection between these multipolar BH

deformations and the structure of QNM spectrum shifts.

1.3.6 Chapter 7: Interferometer response to geontropic fluctuations

Motivated by Verlinde and Zurek’s prediction of observable quantum gravity effects
in flat spacetime, we model vacuum fluctuations in quantum gravity with a scalar
field called “pixellon.” This pixellon field is characterized by a high occupation
number and coupled to the metric. The occupation number of the pixellon field is
given by a thermal density matrix, whose form is motivated by fluctuations in the
vacuum energy, which have been shown to be conformal near a light-sheet horizon.
For the experimental measurement of interest in an interferometer, the size of the
energy fluctuations is fixed by the area of a surface bounding the volume of spacetime
being interrogated by an interferometer. We compute the interferometer response to
these “geontropic” scalar-metric fluctuations, including the power spectral density
and the angular correlation, and apply our results to current and future interferometer

measurements, such as LIGO and the proposed GQUEST experiment.
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1.3.7 Chapter 8: Quantum gravity background in next-generation gravita-
tional wave detectors
We study the effects of geontropic fluctuations in quantum gravity, proposed by
Verlinde and Zurek, on next-generation GW detectors. We first examine the
detectability of geontropic fluctuations by different types of high-frequency GW
detectors and discuss how our investigation fits into a broader interest in studying
high-frequency GWs. We find that standard interferometers are the most optimal for
detecting geontropic fluctuations. We then extend the pixellon model in Chapter 7
to describe geontropic fluctuations around more complicated configurations of
interferometers. In addition to the observables computed in Chapter 7, we compute
the power spectral density of the cross-correlation function for length fluctuations of
two interferometers. We apply the results to several next-generation GW detectors,
including Cosmic Explorer, Einstein Telescope, NEMO, and optically levitated
sensors. We show that if geontropic fluctuations appear in the upcoming GQuUEST
experiment, they will be a large background for astrophysical GW searches in

observatories like Cosmic Explorer and Einstein Telescope.
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Chapter 2

PERTURBATIONS OF SPINNING BLACK HOLES BEYOND
GENERAL RELATIVITY: MODIFIED TEUKOLSKY EQUATION

[1] Dongjun Li, Pratik Wagle, Yanbei Chen, and Nicolds Yunes. “Perturbations
of Spinning Black Holes beyond General Relativity: Modified Teukolsky
Equation”. In: Phys. Rev. X 13.2 (2023), p. 021029. por: 10. 1103 /PhysRevX.
13.021029. arXiv: 2206.10652 [gr-qc].

2.1 Introduction

General relativity (GR) has passed a plethora of experimental tests in the Solar
system [1] and in binary pulsars systems [2, 3], making it the most successful
theory of gravity to date. With the detection of gravitational waves (GWs) by the
LIGO/Virgo/Kagra (LVK) collaboration [4], tests in the extreme gravity regime,
where gravity is simultaneously strong, dynamical and non-linear, have gained
prominence in the last decade [1, 5-8]. Such tests will become only stronger with the
next generation of ground-based [9, 10] and space-based detectors [11], allowing for

even more stringent constraints on modifications to GR (see e.g., Refs. [8, 12-17]).

Einstein’s theory, although very successful, can be interpreted as having difficulties
explaining certain theoretical and observational anomalies, which has motivated the
study of modified theories of gravity. For example, the incompatibility between GR
and quantum mechanics has motivated efforts in a variety of unified theories, such as
loop quantum gravity [18—20] and string theory [21, 22]. Observational anomalies
could include the late-time acceleration of the Universe [23, 24] (without the inclusion
of an “unnaturally” small cosmological constant [25, 26]), the anomalous galaxy
rotation curves [27, 28] (without the inclusion of dark matter [29]), and the matter-
antimatter asymmetry of the Universe [30] (without the inclusion of additional
sources of parity violation required by the Sakharov conditions [29, 31, 32]). All of
these perceived anomalies have resulted in a zoo of modifications to GR, which can
be both consistent with all current tests, while still yield deviations in the extreme
gravity regime. For this class of theories, GWs may be excellent probes to study and

possibly constrain deviations from Einstein’s theory.

An important source of GWs is the coalescence of compact objects: the inspiral,
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merger, and ringdown of a binary system composed of black holes (BHs) and/or
neutron stars (NSs). All of these coalescence phases can be used to test GR and
constrain deviations. For instance, the presence of extra (scalar or vector) radiative
degrees of freedom can be constrained with the inspiral phase of GWs emitted in
binary BH coalescence. These fields can increase the rate at which orbital energy is
radiated away from the system, thus affecting the orbital dynamics [7, 33-37], which
can be modeled with post-Newtonian methods. The GW observations made by the
LVK collaboration in the inspiral regime can then be used to determine whether
binary BHs spiral in at the expected GR rate or not, thus allowing for constraints on

the existence of these additional radiative fields [12—14].

On the other hand, modifications to the exterior BH geometry as well as the
dynamics of these modified gravity theories may be constrained with ringdown
GWs, emitted as the BH remnant settles to its final, stationary configuration. These
waves can be characterized as a sum of quasinormal modes (QNMs), whose complex
frequency contains information about the remnant BH background [38—46]. The
LVK observation of ringdown GWs and the measurement of the complex frequencies
of a set of QNMs can then be used to probe the exterior geometry of the remnant [47].
In particular, these observations can yield tests of the Kerr hypothesis (i.e., that
all astrophysical BHs can be described by the Kerr metric) [47-49]. The GWs
emitted during ringdown can be studied by considering gravitational perturbations
of a background BH spacetime, obtaining their evolution equations, and then solving
the latter to find the spectrum of perturbations. Additionally, depending on the
theory, there might be additional degrees of freedom present, leading to additional
or coupled evolution equations that can be solved to obtain the QNM frequency
spectra [50-57]. This forms the basis of BH perturbation theory, which has been
used to study QNMs of non-rotating BHs in GR [38, 39, 41-43] and modified
gravity [50-53, 58]. When the background spacetime is that of a non-rotating BH,
the background metric is static and spherically symmetric, so the time and angular
dependence of the evolution equations of the perturbations can be easily separated.
In GR, the resulting coupled radial equations can then be further reduced to two
decoupled equations, one for odd parity perturbations and another for even parity
perturbations [41, 42]. In modified gravity, however, one may not be able to decouple
all the radial equations, so there can be more than one equation in each parity besides

the equations of extra non-metric fields [S0-57].

When considering background spacetimes that represent spinning BHs, however, the
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situation is much more complicated. This is because such BHs are mathematically
represented through a background metric that is stationary and axisymmetric. The lack
of spherical symmetry renders the evolution equations for the metric perturbations non-
separable. Fortunately, an alternate method, prescribed by Teukolsky in 1973 [44],
allows for the separation of the perturbation equations when one works with curvature
quantities (instead of metric quantities), characterized in the Newman-Penrose (NP)
formalism [59]. The latter arises naturally from the introduction of spinor calculus
into GR and is a special type of tetrad calculus. Using the NP formalism, the
perturbations of a Schwarzschild BH in GR were studied by Price [60] and extended
later in [61]. Combining these results with Teukolsky’s [44], a separable decoupled
equation for each of the two components of the perturbed Weyl tensor (¥, and W)
can be obtained. These decoupled equations paved the way for QNM studies in GR,
allowing for the accurate computation of the QNM frequencies of Kerr BHs [62, 63].

The Teukolsky formalism [44], however, is not generally applicable in modified
theories of gravity. In particular, this formalism applies only when the Einstein
equations hold and when the background spacetime is of Petrov type D [40, 64],
i.e., when all Weyl scalars except ¥, vanish on the background spacetime. However,
modified theories of gravity do not necessarily satisfy the Einstein equations, and the
background BH solutions in these theories need not be of Petrov type D in general.
This is the case, for instance, in quadratic theories of gravity (such as dynamical
Chern-Simons (dCS) gravity [65, 66] or scalar-Gauss-Bonnet (sGB) gravity [67, 68]),
where a dynamical field is non-minimally coupled to a quadratic curvature invariant.
In these theories, the field equations are not Einstein’s, and isolated, rotating BHs are
of the algebraically general Petrov type I [69], i.e., only the ¥y and ¥4 background
Weyl scalars vanish. Therefore, the Teukolsky formalism cannot be used directly
to prescribe master equations for the evolution of curvature perturbations in such
beyond GR BH backgrounds.

The study of BH perturbations and their QNMs in modified gravity has gained promi-
nence in the recent decade. However, for the most part, these calculations have been
limited to the non-rotating and the slowly rotating case. In the spherically-symmetric,
non-rotating case, QNMs have been calculated using metric perturbation theory, e.g.,
in dCS gravity [50, 51, 58], Einstein-dilaton-Gauss-Bonnet (EdGB) gravity [52, 53],
Einstein-Aether theory [70—74], higher-derivative gravity (quadratic [75], cubic [76],
and more generically [77, 78]), and Horndeski gravity [79]. In the axisymmetric,

rotating case, reducing all the metric perturbations into a single perturbation function
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or T (U, hOD)

Figure 2.1: Schematic flow chart of the different possible terms that may arise in the
modified Teukolsky equation for any Petrov type I spacetime in modified gravity,
where the background can be treated as a linear perturbation of a Petrov type D
spacetime in GR. The origin of these correction terms and the strategies to evaluate
them are outlined here and discussed in detail in Sec. 2.5.3. For comparison, the
corresponding procedures for any Petrov type D spacetime in modified gravity theory
is also shown.

(e.g., Regge Wheeler function or a Zerilli-Moncrief function) is difficult, so studies
have resorted to the slow-rotation approximation at leading order, e.g., in EdGB
gravity [56, 57], dCS gravity [54, 55], and higher-derivative gravity [80, 81]. Purely
numerical studies of perturbed spinning BHs, resulting from the merger of two
other BHs, have also been done in dCS gravity, but they typically suffer from
secularly-growing uncontrolled remainders [82, 83].

One can in principle extend the slow-rotation approximation to the QNM spectrum
of rotating BHs in modified gravity to higher order in rotation, but this can be a
daunting task. This is because the GWs emitted during ringdown are produced by
BH remnants that typically spin at about 65% of their maximum or higher [84]. The
accurate calculation of the QNM spectrum of such BHs then requires one to go to
at least fifth order in a slow-rotation expansion or higher [85]. Nonetheless, it has
been shown in [57] (see also [86, 87]) that one can improve the convergence of the
slow-rotation expansion using the Padé approximation. In EdGB, one may then only
consider up to second order in the slow-rotation expansion to deal with BHs spinning
at about 70% of their maximum. Additionally, going to higher order in spin leads to
mode coupling between the £ modes, the ¢ + 1 modes and higher modes [54, 88, 89],
where ¢ is the orbital number of the spherical harmonic decomposition. Therefore,
instead of extending the slow-rotation approximation, we here focus on developing
a new formalism, motivated from the work of Teukolsky and Chandrasekhar, to
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understand the evolution of curvature perturbations and therefore the QNM spectrum

of rotating BHs of arbitrary spin in modified gravity.

Executive summary

We here develop and apply a method to find the evolution equations of gravitational
perturbations around non-Ricci-flat and Petrov type I BH backgrounds in modified
gravity, where the BH background can be treated as linear perturbations of a Petrov
type D background in GR. We begin by focusing on backgrounds that are still Petrov
type D, but are not described by the Kerr metric because they satisfy field equations
that are not Einstein’s, i.e., the background spacetime is not Ricci flat. In this context,
we extend the usual Teukolsky formalism, and also develop a new approach to find the
curvature perturbation equations in a particular gauge, following Chandrasekhar [40].

We show that these two approaches yield the same perturbation equations.

Let us describe both of these approaches in more detail, beginning first with a brief
refresher of how these approaches are applied in GR. In the traditional Teukolsky’s
approach, one begins by considering two Bianchi identities and one Ricci identity in
the NP formalism. Using these equations along with the GR vacuum field equations
and imposing the requirement that the background is Ricci-flat (i.e., the Ricci tensor
vanishes on the background) and Petrov type D, one can in principle generate a
commutator relation that eliminates the coupling between the perturbed Weyl scalars
‘P(()l) and ‘I’fl) and between ‘Pf‘]) and \I‘gl). However, in the process of obtaining the
commutation relation, one has to make use of additional Bianchi identities. This
procedure is not tedious in GR because many NP scalars and spin coefficients vanish

identically, but it can be non-trivial in modified gravity.

In Chandrasekhar’s approach [40], one makes use of suitable gauge conditions to
simplify the perturbed equations without the need to use additional Bianchi identities.
In this special gauge, the background and perturbed Weyl scalar ¥; and W5 vanish,
so the two Bianchi identities and the Ricci identity mentioned above simplify and
depend now only on three unknown quantities. Decoupling these equations, one then

obtains a master equation for the perturbed Weyl scalars ‘Pl.(l) of the form,
HR9D =0, e{0,4}, 2.1)
where H{® are the Teukolsky differential operators [44].

As mentioned earlier, we begin our analysis by modifying both of these approaches
so that they are applicable in modified gravity for curvature perturbations of non-

Ricci-flat BHs that are still Petrov type D. In the traditional Teukolsky’s approach,
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we first develop a commutator relation by using additional Bianchi identities. Due
to the complicated nature of the field equations in modified gravity, there are more
non-vanishing NP quantities, thereby leading to more terms in the perturbation
equations. To leading order in the perturbation and in deformations from GR,
however, only the Bianchi identities and the commutator relations of GR are required
since all additional terms vanish. In the Chandrasekhar’s approach, we first show
that even in modified gravity, a gauge still exists in which the perturbed ‘P](l) and

‘Pgl) vanish. Using this gauge, the curvature perturbations can be easily decoupled.

To derive the master equation, we find a two-parameter expansion useful. We use €
to denote the size of the GW perturbations and £ the strength of the modified gravity

correction. With this at hand, we show that any NP quantities ¥ can be expanded as
P = g0 4 gl L gD 4 repll) (2.2)

We then show that both approaches lead to a modified evolution equation for the

curvature perturbations of the form

HGRPD = SV (e D) + STV (9D p Oy
HfR‘Pil’l) - 7;;,1)(?‘50,1)) + 7LD (gD pO.Dy (2.3)

where the Hl.GR differential operators are the same as the Teukolsky ones in GR [44].
Here, we have listed the dynamical quantities [i.e., O(¢€) terms] inside the parentheses.
The source terms SV and 7'V arise from the perturbed and modified field
equations, and they are functionals of any additional dynamical scalar, vector or
tensor field in the theory (denoted as 9D above) and the GW metric perturbation
(denoted as h(*D). The source terms Séel(;l) and 7;; 1) arise from the homogeneous
part of the two Bianchi identities due to the correction to the background spacetime

in modified gravity, and they are functionals of the dynamical ‘P(()OA;I) in GR.

The evaluation of the source terms, which is required to evaluate the curvature
perturbation evolution equations, requires knowledge of 4% and 9(I-1). The source
terms SV and 77('D depend on 2%, so the evaluation of the right-hand side of
Eq. (2.3) requires the reconstruction of the GW metric perturbation in GR A1,
This can be accomplished with the well-developed methods of Chrzanowski [90]
and others [40, 91, 92]. Moreover, the source terms S (LD and 71D also depend
on the evolution of the perturbed scalar, vector, or tensor degrees of freedom that
the theory may admit . The evolution of these degrees of freedom has to be solved

simultaneously with the solution to the curvature perturbations.
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With this at hand, we then apply Chandrasekhar’s approach to modified gravity
theories for non-Ricci-flat and Petrov type I BH backgrounds. In such spacetimes,
the biggest challenge is that many background NP quantities are non-vanishing.
Working perturbatively (i.e., treating the BH background as a deformation of the
Petrov type D background in GR), one can eliminate the perturbed ¥; and W5 from
the evolution equations and obtain a separated and decoupled equation for ¥y and ¥,.
Schematically, these equations look a lot like the decoupled equations when dealing
with non-Ricci-flat and Petrov type D backgrounds, except that now the source terms

Séelc;l) and ‘7;; ') can also be functionals of the GW metric perturbation, namely,

1,1 1’1 0,1
HERW(D = gD (@O pO0) | gD (LD pO1)
kaq,il,l) — 7;§01,1)(\Pi0,1)’ h(O,l)) + 7—(1,1)(19(1,1)’ h(oﬁl)) ’ 2.4)

This time we see that both source terms to the curvature perturbation evolution
equations require the reconstruction of the GW metric perturbation in GR. As in
the Petrov type D case, we also see that the source terms S'"*!) and 7)) require
knowledge of the evolution of the perturbed scalar, vector, or tensor degrees of
freedom that the modified theory may admit . Figure 2.1 shows schematically the

structure of the master equations for ¥y and Wj.

In the rest of the paper, we derive and present the results summarized above in detail.
In Sec. 2.2, we present a brief review of the NP formalism and relevant NP equations.
We also review the analysis presented by Teukolsky (i.e., the Teukolsky formalism)
and by Chandrasekhar (using a gauge choice) for Petrov type D spacetimes in GR. In
Sec. 2.3, we discuss a subset of modified gravity theories that our work can be applied
to and prescribe a perturbation scheme for them. We then extend both Teukolsky’s
and Chandrasekhar’s approaches to Petrov type D spacetimes in these modified
gravity theories in Sec. 2.4. In Sec. 2.5, we prescribe and discuss in detail the
formalism to study perturbations of an algebraically general: Petrov type I spacetime
in modified gravity theories which can be treated as a linear perturbation of a Petrov
type D spacetimes in GR. In Sec. 2.6, we discuss the connection of the formalism
developed in Sec. 2.5 to the second-order Teukolsky formalism in GR. We further
show that our formalism can be generalized to higher order in both { and €, which
is thus a bGR extension of the higher-order Teukolsky formalism in GR developed
in [93]. Finally, in Sec. 2.7, we summarize our work and discuss some avenues for
future work. Henceforth, we adopt the following conventions unless stated otherwise:

we work in 4-dimensions with metric signature (—, +, +, +) as in [94]. For all NP
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quantities except the metric signature, we use the notation adapted by Chandrasekhar
in [40].

2.2 NP formalism and perturbations of BHs in GR

With the study of GWs using tetrad and spinor calculus gaining prominence in the
1960s, Ezra Newman and Roger Penrose presented a formalism that combines these
two techniques to derive a very compact and useful set of equations that are equivalent
to the field equations [59]. This set of equations consists of a linear combination of
equations for the Riemann tensor in terms of the Ricci rotation coeflicients or spinor
affine connections [59]. The different possible components of the Riemann tensor
or the Weyl tensor in a null tetrad or a null basis were then associated with certain
quantities, called the NP coeflicients or NP scalars. This formalism provided a new
tool to understand GW properties, such as polarizations and ringdown modes in
more detail [44, 95-98]. Using the NP framework, Teukolsky presented a formalism
to study the ringdown phase of spinning BHs in GR [44, 98, 99] and to study the
dynamical perturbations of Kerr BHs, or more generally, Petrov type D spacetimes
in GR.

In this section, we provide a quick refresher of the NP formalism and discuss the
necessary equations for developing a formalism to obtain master equations for GW
perturbations in GR. Using these equations, we present in brief the approach
prescribed by Teukolsky [44] and by Chandrasekhar [40] to obtain separable
decoupled differential equations for perturbations of BHs in GR. For a reader
familiar with these topics, we recommend starting from Sec. 2.3, where we extend

the aforementioned formalism to BHs in modified gravity.

2.2.1 NP formalism: A quick review

In this subsection, we present a quick overview of the relevant equations under
the NP formalism required for our work. For an in-depth overview, we provide
further details of the NP formalism [40, 59] in Appendix 2.8. In the NP formalism,
a null tetrad (/#,n*, m*,m*) is introduced at every point of a four-dimensional
pseudo-Riemannian manifold of signature +2 and metric g,,. The vectors [# and n#
are real, whereas m* and m* are complex, with a overhead bar denoting complex
conjugation. The tetrad 4-vectors must also satisfy the following orthogonality

properties:

LM = nynt =mm* =mm" =0,
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Lyt = —mym* = -1,

Lymt =1, m" =n,mt =n,m" =0. (2.5

Given such a null tetrad, the metric can be expressed as
8uv = —lun, —n,l, +mm, +m,m, . (2.6)

Intrinsic derivatives in the NP formalism are defined as
Do =¢, 1M, Ap=¢,n", 6¢=¢,m', &¢=¢,m". (2.7)

For any tetrad, we can also perform Lorentz transformations on it, i.e., three rotations
and three boosts. These transformations can be mapped to three types of tetrad
rotations, which are characterized by six real variables on the tetrad basis vectors,
such that the orthogonality properties in Eq. (2.5) are preserved [40]. These three

types of tetrad rotations are discussed in detail in Appendix 2.8.

In the NP formalism, the fundamental variables are 5 Weyl scalars (¥, V>, ...),
12 spin coefficients («, m, ¢, ...), and 10 NP Ricci scalars (®gg, Po1, .., A), which
are generally complex quantities. The mathematical form of all these quantities
is presented in Appendix 2.8. These quantities allow one to construct certain
fundamental relations of the NP formalism: 18 complex Ricci identities [Eq. (2.122)]
and 9 complex plus 2 real Bianchi identities [Eqs. (2.123)] [40]. The Ricci identities
are derived from appropriate linear combinations of Eq. (2.116) and (2.117), while

the Bianchi identities come from Eq. (2.118). Some Ricci identities relevant for this

work are
D-p-p"-3c+e)o—-(6-1+n" —a"-3B)k—-¥ =0, (2.8a)
A+pu+p " +3y =)A= (" +3a+B +n—-1")v+ ¥, =0, (2.8b)
(D-ec+e—p)t1—(A=-3y+y)k-np—-(t"+n)oc —¥; —Py; =0, (2.8¢)
(D-p"+e)p-(0+a"—n)e—-(a+nm)o—(u+y)k - =0, (2.8d)
(D-p"+e)B-(6+a"—n)e—(a+m)o—(u+y)k—-¥; =0, (2.8e)

while the Bianchi identities useful for this work are

(6" —da+nm)¥y— (D -2e—-4p)¥ - 3«¥, = S, (2.92)
(A—dy+u)¥y— (6 -4 -2B)¥; - 30¥, =9,, (2.9b)
(6 + 4,8 - T)lP4 - (A + 2’)/ + 4/1)‘1’3 +3v¥, = S3, (2.9¢)

(D+4e—p)¥y— (6" +4m +2a) V3 + 349, = Sy, (2.9d)
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where we have defined

Si= (6+a" =2a" —2B) Doy — (D —2& —2p") Dy

(2.10a)
+20® g — 2kP 1) — K" Dyp,
Sy= (6+21" =2B) Dy — (D —2e+2e" —p*) ®
2= ( B) @o1 — ( p") Doz (2.10b)
— A" Dy + 20D | — 2kDy,,
S3= = (A+2u" +2y) Dy + (6" - 7" +2a +28") Do
(2.10¢)
+ 2V(I)11 + V*CDQ() - 2/1(1)12 s
Sa= —(A+pu"+2y =2y") Dy + (6" +2a - 27") P
4= — (A +2y =2y @y + ) P21 (2.10d)

+2v®ig — 21D | + 0 Dy .
The remaining equations are presented in Appendix 2.8.

The above equations can be recast in a simpler form if we define the following

operators:
Fi=6"-4a+n, Fr=A-4y+u,
Ji=D-2e-4p, Jr=0-41t-28, .11
Ei=6-71t+n"—a"-3B, E;=D-p-p"—-3e+&",

Fr=0+48-1, Fs=D+4e—-p,
J3=A+2y+4u, Jy=6"+4n+2a, (2.12)
E;s=6"+3a+B " +n—-71", Esj=A+u+u +3y—vy",

so we can rewrite Egs. (2.9a)-(2.9b) and Eq. (2.8a) as

Fl"Po—JllI’l —3K‘P2=Sl, (2.138.)
BRYy - LY —30¥; =97, (2.13b)
EzO’—Elk—‘P():O, (2130)

while Egs. (2.9¢)-(2.9d) and Eq. (2.8b) can be written as

F3‘P4 - J3lP3 + 3V‘P2 = S3 , (2148.)
F4‘P4 - J4‘I’3 + 3/1‘1’2 = S4 , (214b)
E41 —E3V+lP4 =0. (2.14C)

For this work, we also need a commutator of the intrinsic derivatives introduced in

Eq. (2.7), namely,

[6,D]=(a"+B—-7n")D+kA—(p"+e—£")5—06". (2.15)
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The other commutators of intrinsic derivatives can be found in Appendix 2.8.

Let us conclude with a brief discussion of the Petrov classification [40, 64]. The
Petrov classification is an organizational scheme based on the examination of the
algebraic structure of the Weyl curvature tensor. Since the Weyl scalars in the
NP formalism depend on the Weyl tensor [see e.g., Eq. (2.120)], one can classify
solutions in a given theory based on the vanishing of the Weyl scalars for the given
solution. The classification is as follows:

1. Type I: Yo = ¥4 = 0.

2. Typell: o =¥, =¥4 =0.

3. Type D: ¥p =¥, =¥ =¥, =0.
4, Type lll: Yo =¥, =¥, =¥, =0.

5. TypeN:‘PO:‘Pl =‘I’2=‘P3:0.

Isolated stationary BHs in GR are of Petrov type D, while these BHs in modified
gravity theories, such as in dCS gravity or EdGB gravity, are of Petrov type I [66, 69].
Since Petrov type I spacetimes are the most general type of spacetime in the Petrov
classification, they are also called algebraically general. The rest of the spacetimes
in the Petrov classification, including Petrov type D, are classified as algebraically

special.

2.2.2 Teukolsky formalism for Petrov type D spacetimes in GR
In this subsection, we present the formalism first prescribed by Teukolsky in 1972 [44],
where using the NP formalism, he obtained a set of separable, decoupled gravitational
perturbation equations for Kerr BHs in GR. More specifically, Teukolsky expanded
all curvature quantities into a background plus a perturbation; for example, the Weyl
scalars are expanded into

v =0 4w (2.16)

for i € (0,1,2,3,4), where the superscript (0) means that these quantities are
computed from the background metric, while the superscript (1) stands for a
perturbation from this background with € an order-counting parameter. With this in
hand, Teukolsky was then able to derive separable and decoupled equations for the

curvature perturbations ‘P(()l) and ‘Pil) of a Kerr BH.
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The following derivation, which follows closely that of [44], applies to any Petrov
type D vacuum background metric in GR, which includes the Schwarzschild and
Kerr metrics. Let us then choose the /¥ and n* vectors of the unperturbed tetrad
along the repeated principal null directions of the Weyl tensor. Thus, for a Petrov

type D vacuum GR spacetime, we have
O = ¢l g0 — gD = O =0 =0 =30 -, (2.17)

The result on the second line of Eq. (2.17) can also be seen to come from the Bianchi
identities in Eq. (2.123).

The GR field equations in trace-reversed form can be expressed as
1
RMY = 87 (T“V - ETg”V) , (2.18)

where THY is the stress-energy tensor and 7 is its trace. Since we are working with
vacuum spacetimes, 7#” = 0, and thus R*” = 0. Using this in Eq. (2.121), we can
see that all background and perturbed values of ®;; for i, j € {0, 1,2} vanish. For
instance,

Dy = —%Rll = —%Rwl“lv =4nT; =0. (2.19)
Thus, using Eq. (2.10), we see that S1, S2, S3 and S4 vanish identically for vacuum

GR spacetimes.

To study the perturbations of BHs, we require differential equations for Tél) and ‘Pf‘l)
since these represent curvature perturbations associated with propagating metric
perturbations. We first present the formalism to obtain a differential equation for
‘P(()l), and later, we apply the same to ‘Pfll). Consider then the vacuum Ricci identity
of Eq. (2.13c) and the Bianchi identities in Egs. (2.13a) and (2.13b). As mentioned
previously, in vacuum GR spacetimes, the right-hand side of these equations vanish.
Furthermore, using Eq. (2.17), the corresponding perturbation equations to leading

order in the perturbation take the form

FO9 g0l 3, g0 — o (2.20a)
FOwD — g0 350wl = ¢, (2.20b)
EVo® O gl — ¢, (2.20¢)

In order to simplify the notation, we will drop the superscript (0) for all background

quantities for the remainder of this section. Multiplying Eq. (2.20c) by the background
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¥, Weyl scalar and plugging in for £ and E, using Eq. (2.11), one finds

(D—-4p—p* —3ec+&") (‘on'(l))
(2.21)
—(0—4r+n" —a" -3B) (‘I’ZK(I)) - ‘PZ‘I’(()I) =0,

where we have used Eqs. (2.123h) and (2.123g), which for the background ¥, reduce
to
DTZ = 3p‘P2, 5‘1’2 = 3‘['\1’2 . (222)

In order to be consistent with the simplified notation, we introduce
ER=6-dr+7" —a" -3, (2.23a)
ESR=D-4p—-p* -3e+¢", (2.23b)
so Eq. (2.21) can be written more compactly as

ESR (W20 V) = R (wax D) = wowl). (2.24)

To obtain a differential equation for gl , we need to eliminate ‘Pil) from Egs. (2.20a)

and (2.20b). This can be done by making use of the following commutation relation:
ESRJ, —ETRJ1 =0. (2.25)

This relation can be shown to hold for any Petrov type D spacetime in GR by
using Egs. (2.8¢)-(2.8¢) and Eq. (2.15). On operating ES® on Eq. (2.20b), ET® on
Eq. (2.20a), and subtracting one equation from the other, ‘I’](]) vanishes identically.
Using Eq. (2.21), we finally have

(ESRF, — ESRFy - 39,) ¥V = 0. (2.26)

This is the decoupled equation for ‘Pél) for any Petrov type D vacuum spacetime in
GR. As shown by Geroch, Held, and Penrose (GHP) [100], the NP equations are
invariant under the exchange /¥ < n* and m* < m*, where the choice of /# and n*
has no effect on this symmetry. Applying this transformation to Eq. (2.26), one finds
the decoupled differential equation for ‘I’il) for a Petrov type D vacuum spacetime in

GR, namely,
(ESRFy — ESRF; - 3,) ¥ = 0, (2.27)
where we have introduced

Eg‘R =6"+3a+pB +4n - 1", (2.28a)
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ER = A+dp+p" +3y —y". (2.28b)

An alternate derivation using the GHP formalism was provided by Stewart [101].

However, for the purpose of this section, we will stick with the formalism laid down
by Teukolsky.

2.2.3 Chandrasekhar’s approach for Petrov type D spacetimes in GR

Chandrasekhar introduced another way to derive the Teukolsky equation in [40]
by utilizing the gauge freedom of the tetrad. As briefly mentioned in Sec. 2.2.1
and discussed in detail in Appendix 2.8, one is free to rotate the tetrad following
Eq. (2.126) such that all the normalization and orthogonality conditions in Eq. (2.5)

are preserved.

Let us then consider a type II rotation, which is given by
n—n, m-om+bn, m—om+b'n, |—>I+b'm+bm+bb'n (2.29)

[see also Eq. (2.126b)], and set the rotation parameter b to be of leading order in
the perturbation, i.e., b = b'"). Ignoring all higher-order terms, the perturbed Weyl
scalars transform into [see e.g., Eq. (2.127b)]

p @l gpOp©@ gt (D 35y

2.30
w5l opMp©@ gl gl gl gD D 30

Since for a Petrov type D spacetime, ‘I‘l.(;); =0, all the ‘{‘lg remain invariant under
such a rotation. By choosing b(!) = —‘Pfl) / (3‘P§O)), the perturbed Weyl scalar ‘Pil)
can be removed directly without the use of any additional Bianchi identities and
commutation relations used in Sec. 2.2.2. Another way to understand this gauge
choice is that we have three equations for four unknowns in Egs. (2.20), so there is

one arbitrary function to be determined.

Using this gauge freedom to set ‘Pil) = 0 through a tetrad rotation, one can now
easily derive the Teukolsky equation. First, use this gauge freedom to set ‘Pfl) =0in
Eqgs. (2.20a)-(2.20b), and then solve for kM and (V. Now insert these solutions
back into Eq. (2.20c) to find

(&:F> - &1F - 3%) ¥ =0, (2.31)

where we have defined
& =EY,. (2.32)
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Here, we have dropped the superscript (0) for all unperturbed quantities. Applying
the GHP transformation explained below Eq. (2.26), one finds an equation for ‘P(l),
namely,

(E4Fy — E3F5 —3¥2) WiV = 0. (2.33)
The &; operators can be simplified using the product rule. Doing so, one finds

1

Si=6-1+n" —a" -38- —06¥,, (2.34a)
Y,
1
82=D—p—p*—38+8*—T—DT2, (2.34b)
2
1
E3=60"+3a+p +n—-1" - ‘I’_(S*TZ , (2.34¢)
2
1
Ev=Atp+p' +3y =y - oA, (2.34d)
2

In deriving Egs. (2.31)-(2.33), we have also multiplied the whole equation by 3¥,.
We will see in Sec. 2.4.2 that this makes Eqgs. (2.31)-(2.33) exactly the same as
Egs. (2.26)-(2.27), so &; = EZ.GR. Note that one can also derive the equation for Wy in
the same way we derived an equation for ¥ (i.e., without the GHP transformation),

using the fact that a type I rotation at O(e€) can be used to set ‘Pgl) to zero.

It should not be surprising that one obtains the same equation following the traditional
Teukolsky’s approach and Chandrasekhar’s approach. From Eq. (2.30) and other
tetrad rotations discussed in Appendix 2.8 that one can perform in Egs. (2.126), one
can see that ‘P(()l) and ‘Pfl]) are gauge-invariant quantities under linear perturbations.
In Chandrasekhar’s approach, since one does not need to use any additional Bianchi
identities and commutation relations to cancel off ‘Pfl), there are fewer equations
one needs to worry about, and this will be helpful when dealing with the more
complicated non-Petrov-type-D spacetime backgrounds of modified gravity theories.
However, to convince ourselves that the equivalence between these two approaches is
not broken when considering beyond GR theories, in Sec. 2.4 we will find a modified
master equation using both approaches and show that the two methods are equivalent

in modified gravity theories.

2.3 Framework of perturbation in modified gravity theories

In this section, we discuss a subset of modified gravity theories that the formalism
developed in this work can be applied to. We classify these theories into two classes
based on the presence of additional non-metric fields in the action that define these

theories. For both classes, we provide some examples by explicitly writing down



59

the Lagrangian, the equations of motion for all the fields, and the properties of BH
spacetimes, which serve as the background to our perturbation analysis. We then
prescribe a perturbation scheme using a two-parameter expansion for both classes of

modified gravity theories.

2.3.1 Theories of gravity beyond GR

In this subsection, we provide a quick overview of certain modified theories of
gravity relevant for this work and discuss the BH spacetimes in these theories, which
serve as a background for our perturbation scheme. Consider then a class of theories
defined through the following beyond GR Lagrangian:

L = Lor + 7 Lior + Liatter + Liield » (2.35)

where Lgg is the Einstein-Hilbert Lagrangian, £, is the matter Lagrangian,
L 1s the Lagrangian for all other (non-metric) dynamical fields (including all
kinetic and potential terms of these fields) that the theory may permit, and Lygr is a
Lagrangian that contains non-Einstein-Hilbert curvature terms and can, in principle,
include non-minimal couplings to the non-metric dynamical fields of the theory. The
quantity € in Eq. (2.35) is a dimension-full scale that characterizes the strength of the
GR correction, and p is a number to ensure that ¥ L,gr has the right dimensions.
We can classify the beyond GR theories described by the Lagrangian in Eq. (2.35)
based on the presence or absence of additional non-metric dynamical fields, i.e.,
based on whether Lj.q vanishes. Note that we here do not consider theories with
non-dynamical, prior or “fixed” fields that couple to the metric tensor. In this work

then, we define this classification as

* Lielda # 0= Class A,

o Lﬁeld =0 = Class B.

An example of beyond GR theories of class A that we will consider is dCS gravity.
This theory is defined by the Lagrangian in Eq. (2.35) with the choices

Ler = (167)7'R,
.
ngsR = Zﬂ R#VMRV,uK& 5

1
Ligi = 58" (V) (V,), (2.36)
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and ¢ = {4cs 1s the dCS coupling constant with p = 2. R is the Ricci scalar, g, is
the metric, and ¢ is a massless, pseudoscalar, axion-like field that non-minimally

couples to the Pontryagin curvature invariant R, R” ks> where
1
R = S el ap R (2.37)
is the dual of the Riemann tensor. The field equations in dCS gravity are

1
Ry = sn{(Tg@ — ~gT™) + (V,0)(V,9)

2
~ 2aucs (Vo)™ (,VaRos+ (Vo Vs R}, 238)
0 = —$ REIRY s (2.39)

where Eq. (2.38) is the trace-reversed metric field equation, and Eq. (2.39) is the
scalar field equation. The dCS coupling constant a4cs = fc%cs determines the strength
of the Chern-Simons (CS) modification and has dimensions of [Length]?. Stationary
and vacuum BH solutions in this theory are not Ricci-flat, so they are obviously not
represented by the Kerr metric [102—104]. Instead, spinning BHs in dCS gravity
have a corrected event horizon location, ergosphere, and different exterior multipole
moments [102] to name a few corrected quantities. Moreover, dCS BHs are of
non-Ricci-flat Petrov type I spacetimes in the Petrov classification given in Sec. 2.2.1.
To leading order in spin, however, the BHs in this theory remain non-Ricci-flat and
of Petrov type D [69, 102, 105].

Another example of a class A beyond GR theory is EdGB gravity [106], which is a
special case of sGB gravity [107]. Using Eq. (2.35) and the conventions in [56, 107],
EdGB theory is defined via

Lo = (167)7'R,

LI = (64m)~'e’G

LEGP = —(327) 7" (9,0)(V,0) (2.40)
where

G =R"P7R,ypy — 4R* R, + R? (2.41)

is the Gauss-Bonnet curvature invariant, and ¢ = g4 1s the EAGB coupling constant
with p = 2. The quantity 6 is a massless dilaton-like scalar field that non-minimally
couples to the Gauss-Bonnet invariant G. The metric field equation for EdAGB gravity

in trace-reversed form is then given by [56]

1 1 1
Ryv = 8”(T;11\/1[; - Eg,uvTM) + E(Vye)(vve) — (EdGB (7(;11/ - Eg,uv(}() P
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1 oya *
7(;11/ = g (g,upgm' + gﬂagvp) €77 V,B ( R'D’Byaegvde) ,
K = gﬂvq(#" , (2.42)

whereas the scalar field equation is

0o = —@egg . (2.43)

The quantity agigp = lé 4 18 the coupling constant of EAGB theory and has
dimensions of [Length]?. Stationary and vacuum BH solutions in this theory,
just like in dCS gravity, are non-Ricci-flat and are not represented by the Kerr
metric [108—112]. Rotating BHs in EdGB theory are described by non-Ricci-flat
Petrov type I spacetimes in general, but to leading order in spin, they are described

by non-Ricci-flat Petrov type D spacetimes [69].

An example of class B beyond GR theories is higher-derivative gravity [81] because
this theory contains no non-metric dynamical fields. Following Eq. (2.35), the

Lagrangian of this theory can be represented by

Lor = (167)7'R,
II;I(]})R = (167T)_1 (/levenR,uva—RpO'(syRéyﬂv + /loddRuvpo—RpO'(sy *Réyﬂv) )

£ o, (2.44)

where we have only kept terms with up to six derivatives of the metric (a more
general discussion can be found in [81]). € = {yp is the higher-derivative gravity
coupling constant with p = 4. The quantities Ay, and A,q¢ are dimensionless
coupling constants that are introduced to distinguish terms that preserve or break

parity. The field equation in trace-reversed form is [81]

1
Ry = 8n(T — - g0 ™) - &)

2 Wy
) _ 1 ()
&) = PG Ry = 38 Lo + 2V VPG
(6) even p@f 30’%%1 aB « apB x
Plvor = 3055 Ry Rappr + —2 (R#p Rappo + RS Rp(mﬁ) , (2.45)

where a&%" = ff_‘lD/leven and a3 = fﬁD/lodd are coupling constants that determine the

HD ~— HD —
strength of the parity-preserving and the parity-breaking higher-derivative gravity
corrections. The quantity £, refers to the Lagrangian with n derivatives of the metric
in higher-derivative gravity, so L = Lit.. Rotating BHs in higher-derivative

gravity are non-Ricci-flat [81], but their Petrov type has not yet been studied in detail.
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Theories described by the Lagrangian given in Eq. (2.35) only form a subset of all
possible theories. This subset does not just include dCS gravity [65, 66], EdGB
gravity [106, 110, 113—115], and higher-derivative theories of gravity [80, 81, 116—
119], but it also includes, for example, sGB gravity in general [120], quadratic gravity
theories without additionally coupled fields [121, 122], and higher dimensional
gravity theories [123, 124] to name a few. These theories can also be classified based
on whether their stationary and vacuum (i.e., no matter) BH solutions are Ricci-flat
or non-Ricci-flat. For a beyond GR theory that admits Ricci-flat, Petrov type D BH
spacetimes, perturbations can be studied within the standard Teukolsky formalism
presented in Sec. 2.2.2, so we do not focus on these theories here. In this work,
instead, we focus on the dynamical perturbations of BHs that are non-Ricci-flat and
either Petrov type D or Petrov type 1. Therefore, our work applies to dCS gravity [65,
66, 69, 105], EAGB and sGB gravity [69], and higher-derivative gravity [80, 81,
116-119].

2.3.2 Perturbation scheme

In this subsection, we discuss the perturbation scheme that is applicable to the
modified gravity theories discussed in Sec. 2.3.1. To solve for the dynamical
gravitational perturbations of a BH background in any such modified gravity theory
perturbatively, we need a multi-variable expansion of all NP quantities. Generalizing
the discussion in [82] for dCS gravity to any modified gravity theory that can be
studied perturbatively (in an effective field theory approach), we need at least two

expansion parameters’:

(1) £, a dimensionless parameter that characterizes the strength of the correction
to GR (which typically will depend on the ratio of the scale ¢ to the BH mass),

and

(i1) €, a dimensionless parameter that describes the size of the GW perturbations,

which also appears in GR.

In this work, we additionally impose that ¢ is the leading order at which beyond GR
corrections to the metric field h':ﬁ‘R appear, while the leading-order correction to

other non-metric fields may enter with other (possibly lower) powers of £.

Note that in [82], € is used for the strength of the correction to GR, and ¢ is used for the size of
GW perturbations, which is opposite to our choices here. We here choose to remain consistent with
previous literature in GR [40, 41] and in dCS gravity [66, 102].
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In order to understand the coupling constant { better, let us first relate it to the
coupling constants of the different modified gravity theories we used as examples in
Sec. 2.3.1. For class A beyond GR theories with non-minimal coupling, the extra
non-metric fields Jygr, €.2., ¥ in dCS gravity and 6 in EdGB gravity, are sourced by
the metric field and are proportional to terms of O (apgr), Where aygr is the coupling
constant associated with Lygr in Eq. (2.35), e.g., aycs in dCS gravity and aggcs

in EAGB gravity. The field ¢,gr then back-reacts onto the metric and sources the

bGR
uy

leading order, Fycr ~ @por and PSR ~ apcrber, 50 £ ~ @2 This is evident from
Eqgs. (2.38) and (2.42), where { ~ agcs for dCS gravity and ¢ ~ aédGB for EdGB

gravity. For class B beyond GR theories, the metric perturbations are driven by the

metric perturbations s which are also multiplied by a factor of apggr. Thus, to

metric fields at lower order and are proportional to ayggr, S0 { ~ angr. For example,

even,odd

from Eq. (2.45), one can see that { ~ ay

bGR
nv

focusing on background spacetimes that are perturbed from the vacuum solutions in
GR. This can be seen in Egs. (2.38), (2.42), and (2.45). In addition, for both classes

of beyond GR theories, since metric perturbations in modified gravity are sourced

By requiring that 47" enters at O({), R,, must also enter at O({) since we are

by the metric field in GR either indirectly via extra non-metric fields (class A) or
directly (class B), the leading-order terms of the metric field in R, must be of O({ .
Thus, when computing R,,,, we only need the metric at O (¢ 0 € or0(9 €!). The
perturbative order of R, and the metric field in it will be important when we discuss

the decoupling of the modified Teukolsky equation in Sec. 2.4.1 and Sec. 2.5.3.

Besides the metric field, we also have the NP quantities (i.e., tetrad basis vectors,
Weyl scalars, spin coeflicients, and NP Ricci scalars) generated from it. Although the
beyond GR correction to the metric field enters at O((), the beyond GR correction
to the NP quantities does not necessarily enter at O(() if we make certain gauge
choices on some NP quantities, which will be discussed in detail in Sec. 2.5.1. For
simplicity, we want all the NP quantities to have the same expansion pattern as the
metric field, so here we construct a NP tetrad which is corrected by beyond GR
theories at O({) to leading order. Thus, all the other NP quantities are naturally
corrected by modified gravity at O({) to leading order.

In order to ensure that all the NP quantities will be corrected at O (), we must find a

tetrad that shared this same property, namely,

eau = e + 75e(” (2.46)
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(0,0)
ap

have used the superscript (n, m) to denote terms at O({", €™). The only constraint on

(1,0)
i

where dey,;” is a perturbation of O(£!, €°) of the Kinnersley tetrad e, . Here, we

a NP tetrad is the orthogonality condition in Eq. (2.5). Let us expand the correction

(1,0)
y

to the Kinnersley tetrad de,,, ’ in terms of the original tetrad e§,° 9 in GR,

u

56;;,0) _ ASJO) e 5(0,0) ) 2.47)

To satisty Eq. (2.5), we need to have that

(e((fzjo) + 456220)) (6(0,0) + {oe

0 1,0)) ( (00 {huvuﬁ)) = Nab » (2.48)

(
by
where 7,5 is the metric defined in Eq. (2.111), g‘“’(o’o) is the metric of the GR

background, and #*”(1-0) represents the modification to the metric due to deviation

from GR. Up to O(¢), we can equivalently require that

66&20)62%0)(?;1»/(0,0) " eg%O)éeély,O)gm(O,O) _ eg%o)el(g’o)h”v(l’o) ’ (2.49)

0,0) (0,0
Ew )el(7 :

where we have used the condition g#*(*%¢ )

= n4p. Inserting the expansion

of Eq. (2.47) in the above condition and using the condition g“"(o’o)efl%o)egi’(» = Nab
again, one finds

(1,0) (1,0) _ (1,0) _ (1,0)
ALY+ a0 =240 = —nl Y (2.50)

where hglb’o) = eg‘};me;‘i"” 7 (1:0) “and thus AE;’bO)) = —%h;lb’o). In general, A;1b,0) can
have 16 independent components, which can be separated into a symmetric tensor
AEl’l?) with 10 independent components and an antisymmetric tensor ALY with 6
ab) [ab]
independent components. Since Eq. (2.50) does not impose any constraints on Aﬁ’bo]) ,

the components of AE;’bO]) correspond to 6 degrees of gauge freedom to further rotate

the tetrad. We can choose AEi’bO]) = 0, so the perturbed tetrad is

1
400 _ 1,00
ab

!
S Set = e M. 2.51)

2

Using the tetrad in Egs. (2.46) and (2.51), we are able to expand the metric field
and all the NP quantities generated from it with the same perturbative scheme. In
this paper, we are interested in linear dynamical perturbations of any Petrov type
I stationary spacetime, which itself is a linear deformation of the Kerr metric, so
all terms beyond O(¢!, €') will be ignored. Up to O(¢!, €!), if we use the tetrad in
Egs. (2.46) and (2.51), the Weyl scalars can be expanded as

w, =9 4 eyt
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and the same expansion applies to the metric field and all the other NP quantities.For
the beyond GR theories of class A mentioned in Sec. 2.3.1, additional fields may be
present. For the examples presented, the pseudoscalar field in dCS gravity can be

perturbatively expanded as
9 =90 4+ eV = 910 4 reglD (2.53)

A scalar field 6 in EAGB gravity can also be expanded perturbatively in a similar
manner. For both ¢ and 6, the background and perturbed GR pieces vanish. Notice
that other work sometimes chooses to expand extra fields starting at £° [82, 83,
125, 126] or £ 5 [103], since these extra fields usually enter at lower order than the
metric field as explained above. In our case, we choose to absorb the coupling
constant into the expansion of the extra fields for convenience in the order counting,
so our expansion starts at £. In latter sections, we may also rotate the tetrad in
Eqgs. (2.46) and (2.51) using Egs. (2.126) such that certain NP quantities vanish on
the background. If the expansion in Eq. (2.52) is not broken, we will use the rotated
tetrad for the convenience of calculations. In the case that Eq. (2.52) is violated due

to those rotations, we will use Egs. (2.46) and (2.51) as our background tetrad.

Besides ¢ and €, one may have to deal with additional expansion parameters, such
as the dimensionless spin y in the slow-rotation expansion, but an expansion in
{ and € is necessary and sufficient to demonstrate how the Teukolsky equation in
modified gravity can be derived. Below, we may write some quantities with only one
superscript, e.g., ¥, which represents the n-th order term in the expansion of ¥ in
€, as shown in the first line of Eq. (2.52), so all the other expansions are hidden for

simplicity.

2.4 Perturbations of Petrov type D spacetimes in theories beyond GR

In this section, we present a method to extend the formalism shown in Sec. 2.2 for
obtaining the perturbation equations for Petrov type D BHs in modified theories
of gravity discussed in Sec. 2.3.1. We particularly focus on spacetimes that are
stationary and vacuum solutions to modified gravity theories, and although they
may not be Ricci flat, they remain of Petrov type D. As discussed in Sec. 2.3.1, an
example of such a spacetime is BH solutions in dCS gravity, expanded to leading
order in the dimensionless spin parameter [66, 69] and obtained in an effective field

theory (EFT) approach. We will use the perturbation scheme introduced in Sec. 2.3.2.
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Extending the formalism developed for Petrov type D spacetimes in GR (either the
traditional Teukolsky’s approach or the Chandrasekhar’s approach) to include Petrov
type D spacetimes that are non-Ricci-flat in modified gravity is a stepping stone
in developing a formalism that is applicable to algebraically general Petrov type I

spacetimes in beyond GR theories.

2.4.1 Extending the Teukolsky formalism beyond GR: non-Ricci-flat and
Petrov type D backgrounds
In this subsection, we present an extension to the Teukolsky formalism presented
in Sec. 2.2.2 for non-GR non-Ricci-flat Petrov type D spacetimes. We follow a
procedure similar to that presented in Sec. 2.2.2 with the aim of developing a
formalism to obtain the decoupled differential equation describing the dynamical
pieces of Wy and W4. This subsection along with the next one form the backbone of
the development of a formalism for the algebraically general Petrov type I spacetimes

in beyond GR theories.

We begin by considering modified theories of gravity whose isolated (stationary
and vacuum) BH solutions are non-Ricci-flat, i.e., the Ricci tensor obtained from
trace-reversed vacuum field equations (i.e., no matter present) no longer vanish. For
instance, in theories such as dCS or EAGB, where a scalar field is non-minimally
coupled to a quadratic term in curvature [52, 54, 65, 66], cubic, or higher-order
theories of gravity [80, 81, 116—119, 127], the metric field equations lead to a
non-vanishing Ricci tensor and are therefore non-Ricci-flat. This can easily be seen
in the dCS gravity example with the trace-reversed field equation (2.38), where the
Ricci tensor clearly does not vanish even in vacuum due to the non-vanishing of the

Riemann tensor and a non-trivial pseudo-scalar field.

When the background is non-Ricci-flat, the unperturbed Bianchi identities acquire
sources. In the NP language, the non-vanishing of the Ricci tensor implies that
NP Ricci scalars ®@;; for i, j € (0, 1,2) also do not vanish [see e.g., Eq. (2.19)].
Consequently, the source terms of Egs. (2.13a)-(2.13b) are non-vanishing for non-
Ricci-flat, non-GR BH background. But if we require that the non-Ricci-flat
background be of Petrov type D, then the background Weyl scalars

P =gl =yl =g =0, (2.54)

Unlike in the GR case, however, the background spin coefficients no longer vanish
in general, as one can verify explicitly by inserting Eq. (2.54) in Egs. (2.123).

Consequently, we still have additional terms that are non-vanishing in the equations
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presented in Sec. 2.2.2. More specifically, the full Bianchi identities recast in the

form of Egs. (2.13) now take the form

Fl‘Po—]llpl —3K"P2251, (2558.)
leP() - qull - 30"‘1‘2 = SZ s (255b)
Exo-Eik—¥=0, (2.55¢)

where S and S, are given in Eq. (2.10), (E| 2, F12,J12) are defined in Eq. (2.11),
and («, o) are spin coefficients presented in Appendix 2.8. Notice that we have
not yet performed a perturbative expansion to separate the background from the

perturbed Weyl scalars.

Adapting a method similar to that presented in Sec. 2.2.2 to obtain a differential
equation for ¥y, we need to eliminate the ¥; dependence from the above equations by
developing an appropriate commutation relation for this type of beyond GR theories.
While eliminating the ¥; dependence, we will also naturally decouple ¥y from
the « and o dependence in the above equations, as shown below. To decouple the

equations, we prescribe the following steps:

1. Multiply Eq. (2.55¢) by W¥,.

2. Use the chain rule such that the intrinsic derivatives act on the product of ¥,

with either o or k. For instance,
Y, (Do) = D(Vr0) — o (DY) . (2.56)

For modified theories of gravity, the second term above is different from
Eq. (2.22) because it is modified due to the non-vanishing of the NP Ricci
scalars. For instance, when looking at Eq. (2.123h),

D‘Pz = 3plP2 - P] . (257)

where P; are all the non-vanishing terms from the Bianchi identity in
Eq. (2.123h). However, when working with this approach, we have more
algebraic complications involved in decoupling all curvature perturbations.
Therefore, for the purpose of this subsection, we continue to work with
Eq. (2.56).

3. Using Eq. (2.56), we can rewrite the operators in Eq. (2.55¢) as &; and &,, as
defined in Egs. (2.34).
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4. The commutator acting on ¥ is then given by

(& = E11) Y. (2.58)

5. Now expand ¥; as shown in Eq. (2.52), i.e.,
Py =0 4+ w0 4wy et (2.59)

Since the BH background is Petrov type D, the background ‘Pfo’o) and ‘Pil’o)
vanish. The quantity ‘{‘fo’l) is generated by the perturbed (GW) metric in GR,
which can be set to zero through a convenient choice of gauge, as we have
shown in Sec. 2.2.3. Therefore, to leading order in { and e, the terms inside
the parenthesis of Eq. (2.58) must be evaluated on the GR BH background as
in Eq. (2.25). Following these arguments, the commutator given by Eq. (2.58)
vanishes for non-Ricci-flat and Petrov type D BH backgrounds in the class of

modified gravity theories we considered.

Multiplying Eqgs. (2.55a) and (2.55b) by &; and &,, respectively, subtracting one
from the other, and expanding to leading order in €, we find

O g() _ (1
Hy'w) =80, (2.60)
where we have defined
H() = 82F2 - 8]F1 — 3‘P2 . (2.618.)
S=865-&5;. (2.61b)

Expanding Eq. (2.60) using the two parameter expansion in Eq. (2.52), at leading

orders in £ and €, we have
(0,0)\y(1,1) (LO)\g(0,1) _ o(1,1)
H, ‘PO +H, ‘I‘O =S ) (2.62)

Notice, similar to the case in GR, the expansion in € is sufficient to derive Eq. (2.60),

and an expansion in £ is imposed at the end to get the equation at O (¢!, €!).

We can now use the GHP transformation to derive an analogous modified Teukolsky
equation for the perturbed W4. Let us then apply the exchange transformation

* & n*, m* < m* to Eq. (2.60) and use the definitions given in Eq. (2.11) to find

H‘(l())\PA(‘l) — T(l) , (263)
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which, expanded in ¢, becomes
(0,0)\gy(L,1) (LO)\ gy (0,1) _ 4~(1,1)
H, ‘I‘4 +H, T4 =9 , (2.64)
where we have defined

H4 = 84F4 - 83F3 - 3‘1’2 , (265&)
T =84854 — E3S3. (2.65b)

S3 and S4 are defined in Eq. (2.10), while &z and &4 are defined in Eq. (2.34).

Equations (2.60) and (2.63) therefore represent a modified Teukolsky equation. The
differential operators acting on ‘P(()B are similar in functional form to those of the
standard Teukolsky equation in GR. Notice, however, that these operators are not the
same as their GR counterparts [i.e., corrected by Hé}io) in Egs. (2.62) and (2.64)]
because the Bianchi identities are modified. In the GR limit, one can of course
show that they are equivalent to each other because the Bianchi identities no longer
depend on NP Ricci scalars, so they reduce to Eq. (2.22). Note importantly that the
left-hand side of Egs. (2.60) and (2.63) describe all GW perturbations since they are

not expanded in power of {.

The modified Teukolsky equations (2.60) and (2.63) contain source terms that are of
O(¢) and thus absent in GR. After an expansion in { in Egs. (2.62) and (2.64), we
notice that the source terms S and 7! depend on dynamical NP quantities at
0!, €l [ie., SV and 7(-V]. These sources terms depend on the S; terms in
Egs. (2.61b) and (2.65b), which are products of differential operators constructed
from the tetrad and the NP Ricci scalars ®;;. As discussed in Sec. 2.3.2, since Ry, is
O0(), ;; is always of O(¢1, €%) or O(£!, €'), which then means the tetrad that is
needed to compute the differential operators must be of O(Z°, €”) and O(¢°, €!). In
addition, all the metric fields in R, must also be of 0(Z%, € and O(Z0, €!). We
therefore conclude that curvature perturbations of a non-Ricci-flat, Petrov type D

BH background satisfy a decoupled equation.

The tetrad at O(Z?, €°) is just the Kinnersley tetrad of Eq. (2.26), but the tetrad at
0(£°, €') must be reconstructed from the metric perturbation at O(Z°, €'). That

is, one needs to first solve the Teukolsky equation in GR for the GR Weyl scalars

(0.1)
‘PO,4

tetrad at O (¢, €!). This is in stark contrast to the GR case since for a Ricci-flat

Petrov type D BH background in GR, metric reconstruction is not required to

and then reconstruct the GR GW metric perturbation to build the perturbed

study GW perturbations. Metric reconstruction in GR has already been worked
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out in the vacuum case by Chrzanowski [90] and Cohen and Kegeles [91] (see e.g.,
[128, 129] for a short review) using Hertz potential. There are also approaches
that avoid using Hertz potential by solving the remaining Bianchi identities, Ricci
identities, and commutation relations, for example in [40, 92]. Clearly then, such
metric reconstruction in GR is possible, and we leave a further analysis of their

implementation in our decoupled equations to future work.

2.4.2 Extending Chandrasekhar’s approach beyond GR: non-Ricci-Flat and
Petrov type D backgrounds

Similar to the Petrov type D vacuum GR case, we can also follow Chandrasekhar’s
approach to remove ‘Pfl) directly. By doing the same type II rotation of Sec. 2.2.3
with the rotation parameter b1 = —‘I’fl) / (3‘P§0)), we can set ‘Pfl) = 0. Then, from
Eqgs. (2.55a)-(2.55b), we again solve for k and o first. Notice that the « and o we
have solved for may also contain O(€®) terms since they do not necessarily vanish
in a non-Ricci-flat Petrov type D background. We then insert the solutions for «
and o in terms of ‘P(()l) and Sfl) back into Eq. (2.55¢) to obtain a single equation for
‘P(()l). We have verified explicitly that this equation is exactly the same as Eq. (2.60).
Applying the GHP transformation, one again finds Eq. (2.63) for ‘I’il).

As shown above, the final modified Teukolsky equation obtained using the two
approaches (i.e., the Teukolsky’s approach and Chandrasekhar’s approach) are equiv-
alent for both Ricci-flat and non-Ricci-flat, Petrov type D BH backgrounds. A main
difference between the two methods is in how the equations for the curvature pertur-
bations ¥y and W, are decoupled from W and W3, respectively. Chandrasekhar’s
approach has a significant algebraic advantage over Teukolsky’s original formalism,
as the former utilizes available gauge freedom to make convenient gauge choices to
eliminate ¥ and W3 dependence. For non-Ricci-flat, Petrov type D backgrounds
in modified gravity, Teukolsky’s approach is not significantly more complicated
than in GR, but this is no longer true when considering non-Ricci-flat, Petrov type I
backgrounds. In the latter case, Teukolsky’s approach is more involved because of
the non-vanishing of additional NP quantities leading to more non-vanishing terms in
these equations. In Chandrasekhar’s approach, however, one can continue to leverage
gauge freedom to eliminate certain NP quantities without the need for developing a
commutator relation like that of Egs. (2.25) and (2.58) or using additional Bianchi
identities. Because of this, we will employ Chandrasekhar’s approach in what
follows to develop a formalism to study perturbations of non-Ricci-flat, Petrov type I

spacetimes in modified theories of gravity.
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2.5 Extension of the Teukolsky formalism beyond GR: non-Ricci-flat and
non-Petrov-type-D backgrounds
In this section, we extend Chandrasekhar’s approach to non-Ricci-flat backgrounds
that are algebraically general. As seen in Sec. 2.2.3 and 2.4.2, choosing a convenient
gauge for the background and for the perturbed NP quantities, certain NP quantities
can be eliminated from the NP equations when deriving the (modified) Teukolsky
equation to obtain a single decoupled equation for Wy and W4. In this section, we
first explore these gauge choices for background and perturbed NP quantities in more
detail while treating the Petrov type I spacetime as a linear perturbation of a Petrov
type D spacetime in GR. We then derive the master equations for dynamical Weyl
scalars Wy and W4, discuss the modifications introduced due to non-GR effects, and

provide a brief discussion on how to evaluate this equation for beyond GR theories.

Before proceeding with this section, it is important to distinguish between two
background concepts that we introduce in this work. In general, the line element of a
BH background spacetime for theories beyond GR discussed in Sec. 2.3.1 can be
expressed as

ds® = ds’y + {dspa - (2.66)

Here, we have introduced the following symbols:

(i) ds? is the line element of the background spacetime or the background for

short, which is the stationary part of the full spacetime.

(i1) dséR is the line element of the original background, which is the background
all the perturbations, including the stationary ones (e.g., cisiGR), are built on

top of.

For instance, the line element of a slowly rotating BH in dCS gravity to leading order
in spin takes the form of Eq. (2.66) with [102]

-2 5M*a 12M 27 M?
dstS = Tr_4 1+ 77 + _Or_ SlIl 9dld¢ (2.67)

AM 0
sty = —f(r)di* - ﬂdms 4P dr? + 26 + rEsin® 0de? . (2.68)
r
Here, in our notation, the original background is given by Eq. (2.68) whereas the
background spacetime is given by the sum of Eqgs. (2.67) and (2.68). This is of
course just a simple example of our notation, which holds true for theories that can
be described using the Lagrangian given in Eq. (2.35). In general, the background
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Original Background: always type D Leading bGR correction to GWs

v, = + UM w0 L cep Y

Figure 2.2: A diagram to illustrate the meaning of different terms in the expansion
of NP quantities in Eq. (2.52).

spacetime includes O(°, €°) and O (¢!, €°) parts, while the original background is
just of O(£2, €%) (i.e., it is the Kerr BH spacetime for arbitrarily spinning BHs).

Although the concepts of a background and an original background spacetime may
sometimes correspond to the same thing (e.g., to the Kerr BH spacetime in GR), these
concepts can sometimes be different in modified gravity theories. For example, in
the theories discussed in Sec. 2.3.1, the Kerr metric is not a solution for all stationary
and axisymmetric BHs. Rather these BHs are represented by spacetimes that are
non-Ricci-flat and non-Petrov-type-D when not expanded in spin. In such cases, the
background of the dynamical gravitational perturbation we study would be such a
non-Ricci-flat and non-Petrov-type-D spacetime, but the original background would
still be the Kerr spacetime. In Fig. 2.2, we present the relation between these two
different background concepts and the terms in the expansion of NP quantities in
Eq. (2.52).

2.5.1 Gauge choice for the background spacetime: O(Z°, ") and O(¢', €%)
For a non-Petrov-type-D modified background spacetime, the gauge choice in
Eq. (2.54) is not possible. For example, as found in [103], the metric describing
a rotating BH in dCS gravity need not be of Petrov type D once one incorporates
second-order and higher in rotation effects; in that case, the metric is now of Petrov
type I, which is the most general type in the Petrov classification. However, we can
still set ‘Péo) = ‘I’io) = 0 for a Petrov type I spacetime as discussed in [40] and shown
for dCS gravity in [69], so we could use a gauge such that

w0, =0, W =w¥ =0, (2.69)

but we will not for the following reasons.

Although the gauge defined by requiring that Eq. (2.69) holds simplifies Eqs. (2.13)
and (2.14), it may spoil our assumption that the leading correction to the tetrad enters

at O(£'). As shown in [69], for dCS gravity in the slow-rotation approximation, in
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order to impose that ‘P(()l’o) = ‘Pf‘l’o) =0 at O(x?), we need to modify the tetrad at

o %, x?), and this induces a nonzero ‘Pf 20 and ‘I’é%’o). These O(¢ %) terms are
not covered by our expansion strategy in Eq. (2.52), which only contains terms of
0% €%, 00!, €%), 000 €, and O(¢, €!) for all quantities. For this reason, we
only impose

0.0) _
w0, =0 (2.70)

and leave all O(¢', €”) perturbations general. These properties are summarized on
the left two columns of Table 2.1. In this case, we will use the background tetrad in
Egs. (2.46) and (2.51) such that Eq. (2.70) is satisfied, and the expansion in Eq. (2.52)

is not broken.

2.5.2 Gauge choice for the dynamical perturbations: O(¢°, €!) and O(¢!, €")
Different gauge choices can be made separately at different perturbative orders.
Sec. 2.5.1 fixed the gauge for the background spacetime at O(Z°, €°) and O(¢!, €9),
but we still have gauge freedom at O(¢%, €!) and O(¢1, €'). As in Secs. 2.2.3 and
2.4.2, we shall impose

\PEO,I) _ \Péo,l) _ ‘Pil’l) _ lpgl,l) -0. (2.71)

In this gauge, Eqgs. (2.13a)-(2.13b) for the dynamical part of ¥y and ¥; decouple
directly, and so do Eqgs. (2.14a)-(2.14b) for the dynamical part of W3 and Wj.

As discussed in [40], in a Petrov type D spacetime, we can always make a gauge
choice such that the linear perturbations to ¥ and W3 vanish without affecting ¥
and W4, so only ¥y and W, are gauge invariant quantities in a linear perturbation
theory. Since at O(£”), the background spacetime is the Petrov type D spacetime
of GR, it then follows that we can always make the gauge choice in Eq. (2.71) at
00 €.

Next, we need to show that Eq. (2.71) holds at O(Z!, €'). If we treat ‘Pilél) as the

0 1 . (1,0)
O(Z", €') perturbation to kS

Eq. (2.71) since the background spacetime at O({!, €°) is not necessarily Petrov type

(0,0)
1,3

original background. Since the original background is the Petrov type D spacetime
in GR, Eq. (2.71) should still hold.

it is not clear that we can make a gauge choice in

D. However, we can also treat ‘Pilél) as the O(¢!, €!) perturbation to W in the

Let us show that, at O (¢!, €!), ‘P&’I)

Let us consider ‘Pil’l) explicitly and apply a type II rotation [cf. Eq. (2.126b)], with

can be eliminated by a tetrad rotationat O (!, €').
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a parameter b(LV at O(¢!, €'). This leads to, at O(¢!, €'),

w41 0g00)

L A ALl

b 5 gbD 4 op(LDgp(00) (2.72)
‘I’él’l) . ‘Pél’l) N b(l’”‘PiO’O),

Til,l) N lpil,l) )

We are motivated to require that b = O(¢!, €!) since we want to perturb about the
original background. By letting b('D) = —‘Pfl’l)/(3‘1’§0’o)), we can set ‘Pf]’l) =0.
With the background gauge choice that ensures Eq. (2.70) holds, we can easily see
from Eq. (2.72) that all the other Weyl scalars at O(Z!, €') are unaffected such that

(1,1) (1,1) (L1)
¥ =0, W54 — Y54 (2.73)

Similarly, by applying a type I rotation [Cf. Eq. (2.126a)] and choosing the rotation

parameter ‘D) = [—‘I‘él’l)/(3‘P§0’O))]*, we can set

(1,1) (11) (1L,1)
;7' -0, T0,1,2,4 - TO,1,2,4' 2.74)

Properties of the O(¢%, €!) and O(¢!, €') contributions to the Weyl scalars are
summarized on the right half of Table 2.1.

2.5.3 Modified Teukolsky equation in non-Ricci-flat and algebraically general
backgrounds

We can now derive the modified Teukolsky equation for non-Ricci-flat and Petrov

type I spacetimes. Here, we only show how to obtain the equation for the dynamical

perturbation to Wy, but the same procedure can be applied to ¥4, or one can perform

the GHP transformation /* < n*, m* < m* on the ¥, equation to find the equation

for W4 [100].

2.5.3.1 Elimination of x and o

From Eqgs. (2.13a)-(2.13b), we can solve for « and o in terms of other NP quantities.
Inserting k and o from Eqgs. (2.13a)-(2.13b) into Eq. (2.13c) and multiplying the
resulting equation by 3%, to match the form of the original Teukolsky equation [44]
when ¢ = 0, one finds

Y E, [\Pz_l (F,W¥y — LY, - Sz)] -YE; [‘Pz_l (Fi1Wy - 1Y) - Sl)] -3%,%,=0.
(2.75)
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Stationary Background Dynamical GWs
Types of Terms Original Stationary GWs on GW
Background| Modification to Original | Corrections
(GR) Original Background
Background
Wo— o) | ot e o’.e) | o' eh
Scalar
7, 0 0 # 0@ 0@
P, 0 £0 0 0®
¥, #0 #0 # 0() £ 0@
Y3 0 %0 0b) 0
‘P4 0 £ 0 + O(a) + 0(0)

Table 2.1: Properties of Weyl scalars in the Chandrasekhar gauge for non-Petrov-
type-D modified BH spacetimes with GWs. Quantities on the stationary background
columns are already known. For quantities on the dynamical GWs columns, items
labeled as (a) are scalars that need to be solved for, labeled as (b) are set to zero by
gauge, labeled as (c) can be reconstructed from ‘P(()O’l) or ‘Pio’l), while labeled by
(d) do not appear in the modified Teukolsky equation.

Re-organizing this equation to extract the operators that act on ¥y, ¥, S, and S,

we find

HyWYy)-H|¥Y, =8, (2.76)
where Hy and S are defined in Eq. (2.61), and we have defined

Hy =&J,-&E1J1, (2.77)

with &; defined in Eq. (2.34).

2.5.3.2 Gauge choice and general strategy

The derivation so far has combined the three equations in Egs. (2.13a)-(2.13c)
into a single equation (2.76). Our next goal is to keep only ‘I’él’l) and no other
O(¢!, €") contributions of Weyl scalars, spin connection coefficients, or intrinsic
derivatives. Note that O(Z°, €) and O(¢!, €°) are known background components,

while O(°, €') can be reconstructed from linear perturbation of Kerr.

For terms on the left-hand side of Eq. (2.76), we will find the following pattern,
where an operator O operates on a field , and we are interested in the O (¢!, €')

component, with
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As we shall see in Sec. 2.5.3.3, because of our gauge choice in Table 2.1, the only

non-vanishing O(¢!, €') quantity we will encounter will be ‘P(()l’l).

For terms on the right-hand side of Eq. (2.76), we will argue in Sec. 2.5.3.4 that
they can all be obtained from the background geometry and the O(Z°, €!) metric
perturbation 4% because GWs on the modified background 4"")) do not contribute

to the source term.

2.5.3.3 Analysis of the general modified Teukolsky equation: the Hy%¥, and
H{¥; terms

For the first term on the left-hand side of Eq. (2.76), expanding Hy%®, to O (¢!, €!),
one finds the following three types of terms:

(Ho®o) M) = B\ O@(tD 4 g 00D 4 g0 D10 (2.79)

Since at O(¢Y, €°), Eq. (2.76) becomes H(()O’O) ‘P(()O’O) =0, H(()O’O) is the Teukolsky
differential operator that acts on ¥y in GR, which was discussed in Sec. 2.4.1.
Therefore, the first term in Eq. (2.79) is just the Teukolsky equation in GR but for
‘Pél’l). The second term vanishes in GR but is generically nonzero in modified
gravity. This is because ‘I’(()O’l) is a solution to the Teukolsky equation presented
in Eq. (2.26). As discussed in Sec. 2.2, this is a gauge invariant quantity and thus

) can be evaluated

non-vanishing in general. On the other hand, the operator Hél’o
using the background metric for the spacetime in the modified theory of gravity

under consideration.

The third term only shows up for non-Petrov-type-D spacetime since ‘P(()l’o) =0if
the modified background spacetime is Petrov type D. The operator Héo’l) contains
Weyl scalars, spin coefficients, and intrinsic derivatives at O (¢ 0 61), so as discussed
at the end of Sec. 2.4.1, we need to reconstruct the metric of GW perturbations in
GR. By applying one of these metric reconstruction procedures and rotating the
reconstructed tetrad to the gauge in Eq. (2.71), one is able to evaluate all the terms in
HY.

The last two terms in Eq. (2.79) come from the homogeneous part of the Bianchi
and Ricci identities. These terms are purely geometrical, and we can interpret them
as source terms induced by stationary perturbations contained in the background
geometry. We can then rewrite Eq. (2.79) as

(HoWo)"V = HGRw") - sV - s{bD (2.80)

0,non-D
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where we have defined

HS® = H™Y (2.81)
(1,1) _ (1,0) \qy(0,1)

Sip = —Hy v (2.82)
(L1 _ (0,1) \qy(1,0)

Shiorp = —Hy et (2.83)

Moving on to the second term on the left-hand side of Eq. (2.76) and using properties

in Table 2.1, we obtain
(H )M = BP0 (2.84)

Similar to Héo’l), Hfo’l) is also made up of Weyl scalars, spin coefficients, and
intrinsic derivatives at O(°, €!), so we need metric reconstruction for this term
as well. This term vanishes in any Petrov type D spacetime since ¥ = 0 with an
appropriate choice of gauge at the background level. Similar to H(()O’l)‘I’(()l’O)
effectively treat H fo’l)‘Pil’O) as a source term involving ‘Pfl’o) and induced by the

, We can

stationary perturbation of background geometry. Let us then define

shh Hio’l)q'fl’()) _ (2.85)

1,non-D

The source term Sl(ln’s) along with the source terms Séll’)l) and Séln’;)l_D given

n-D
in Egs. (2.82)-(2.83) come from the homogeneous part of the Bianchi and Ricci

identities. Grouping these source terms together, we define

St =8+ 8L S (2.86)

0,non-D 1,non-D *

2.5.3.4 Analysis of the general modified Teukolsky equation: the S term

Besides the source terms generated by the correction to the background metric,
we also have corrections to the Einstein-Hilbert action due to modified gravity
theory, including extra fields not present in GR (i.e., class A beyond GR theories)
or higher-order terms in curvature (i.e., class B beyond GR theories) as discussed
in detail in Sec. 2.3.1. In a perturbative treatment, all these corrections manifest as
some source terms on the right-hand side of the Einstein equations, so we have a
non-zero “effective” stress tensor, or in the trace reversed form, a non-zero Ricci
tensor, even in the case without ordinary matter (see e.g., the discussion of dCS

gravity, EdAGB gravity, and higher-derivative gravity cases in Sec. 2.3.1).

Let us first look at class A beyond GR theories, where there are additional fields
introduced by modified gravity, such as the pseudo scalar field coupled to the
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Pontryagin density in dCS gravity. Let us focus on one of these extra fields, which we
represent generically as . Since this field vanishes in GR, 9(*0 = 91 = 0 also
in general. From Egs. (2.10a)-(2.10b), we see that the terms in S; couple ®@;; with
either the directional derivatives or the spin coefficients. According to Eq. (2.121),

the ®@;; are linear functions of R, contracted with the tetrad basis,
D;; Rme,-“ejv, {i,j} €{0,1,2}. (2.87)

Since 9#(*0) = 90D = 0, @f].l’l) ~ B[O L 91D (0.0 where g(%0) represents
the terms only involving background metric in GR. Then, S; in S can only enter at

oY), so

(1,1) _ o(0,0) o(1,1) (0,0) (1,1) (0,1) (1,0) (0,1) o(1,0)
St = gPOgILD gtV gihl 4 gUgid _ g

(2.88)
~ 910,01 4 (LD, 00)

The source S at O({l, 61), S, couples the GWs in GR and the extra field #, so
we need to solve the equations of motions of these non-gravitational fields to find
their contributions to the stress tensor and S™>!) in the modified Teukolsky equation.
In our notation, the modified Teukolsky equation describing the evolution of the GW

perturbations due to the modification to GR can then be expressed as

HGMY = S+ SISy s (2.89)

0,non-D 1,non-D
where all the quantities have been defined in Egs. (2.82), (2.83), (2.85), and (2.61b).

) is the same as the differential

Notice that the differential operator acting on ‘Pé]’l
operator that appears in the Teukolsky equation for GR BH spacetimes discussed

previously in Sec. 2.2.2.

One can find the solution to these extra fields in different ways. One way is to solve
the equations of motions of these extra fields and the modified Teukolsky equation in
parallel. Another way is to use the order-reduction scheme introduced in [125], in
which one solves the equations of motions of these extra fields first and then insert
them into the modified Teukolsky equation. Notice here that we have absorbed the
coupling constant multiplying ¢ in R, into the perturbative order of . For example,
as discussed in Sec. 2.3.2, ¢ itself is usually of O(a,gr), Where aygr is the coupling
constant in front of Lygg in Eq. (2.35). The same coupling constant also shows up
in front of these beyond GR corrections in Ry, €.g., Egs. (2.38) and (2.42), so the
contribution of ¥ to R, is of O(agGR) or O({). Thus, the equation of motion of

¥ is at lower order than the gravitational field equation, which allows us to follow
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the order-reduction scheme in [125], although this procedure is likely to introduce
secularly-growing uncontrolled remainders. All these calculations depend on the
details of the target modified gravity theory, so we will not discuss them in detail
here, and instead provide some examples in Sec. 2.5.3.5 and leave the case-by-case

study to future work.

Another way to generate these source terms is due to corrections to the Einstein-
Hilbert action that are only made up of gravitational fields, e.g., higher-derivative
gravity [116-119], which we classified as class B beyond GR theories in Sec. 2.3.1.
In this case, by pure order counting, the kind of terms that can appear are of the form
(10 p(0.1) " These terms are similar in form to Sé!(;l), given in Eq. (2.86), and so have
that Sg(el(;l) = O(hM0 Oy Therefore, Sg(g(;l) takes the form of a coupling between
the GWs in GR and the stationary modification to the background metric. Though
h(19) can be generated by 919, if we treat it as an arbitrary stationary correction
to the background metric, the way it couples to GWs in GR is independent of the
gravity theory, as we have discussed above. In contrast, the source terms coming
from the non-vanishing stress tensor and made up of only gravitational fields depend
on the details of the modified gravity theory, so they cannot be treated universally
when only knowing the correction to the background metric. On the other hand,
like these Sg(g(;l) terms, we do not need to solve the equations of motion of other
non-gravitational fields, so these terms can be evaluated directly with the background
metric and the reconstructed metric for GWs in GR when knowing the stress tensor

in the target modified gravity theory.

One of the major successes of Teukolsky’s formalism in GR, presented in Sec. 2.2.2,
was the separation of the master equation into a radial and an angular equation, when
written in a coordinate basis, such as in the Boyer-Lindquist coordinates of the Kerr
BH spacetime. Each of these equations need then to be solved independently as
an eigenvalue problem. Since the differential operator acting on the beyond GR,
leading-order correction to GW perturbations remains unchanged from GR, the
left-hand side of the beyond GR master equation in Eq. (2.89) is naturally separable
into a radial and an angular part. Furthermore, one can separate the right-hand side
of Eq. (2.89) by making use of the orthogonality properties of the spin-weighted
spheroidal harmonics (which are the solution to the angular master equation for GR
BH Petrov type D spacetimes) to project the source terms onto the original angular
basis. Following this trick, the separability of the master equations into a radial

and an angular equation must hold for beyond GR, Petrov type I, non-Ricci-flat
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spacetimes as well. When looking at the example theories presented in Sec. 2.3.1,
one may also encounter a mode coupling between different £ modes (e.g., between £
and ¢ + 1 modes at leading order in the slow rotation expansion [54—56]). This is
seen when coupling between different perturbation functions exist, both in GR [88]
and beyond GR theories [54-57].

2.5.3.5 Examples of equations of motion of extra (non-metric) fields

In the previous section, we showed that to evaluate S (LD one needs to solve the
equations of motion of these non-metric extra fields. In this section, we provide the
equations of motion of the pseudoscalar field #} in dCS gravity and the scalar field 6

in EdGB gravity as a demonstration.

In dCS gravity, expanding the equation of motion of ¢ in Eq. (2.39) using the
perturbation scheme in Eq. (2.52), we find, at O (¢!, €!),

5(0.0) 9(11) _ —%MZ [RR]OD — gODg10) (2.90)

1672

where R'R is a shorthand for "R¥,*R”,,,, and we follow [54] to use Jycs =
16ﬂa§CS /M* as the dCS gravity expansion parameter. We have also absorbed a
factor of ({4cs)!/? into the expansion of ©. To solve Eq. (2.90) in the Teukolsky
formalism, one first needs to project all quantities onto the NP tetrad. For example,

the Pontryagin density and the wave operator decompose into
R*R = -8iE(3Y; — 4¥ W3 + WoWs — c.c.), (2.91)

0% = [{6,6"} —{D, A} + (y +y" —p—p)D
+tpo+p —e—)VA+(n—-1"—a+B)6 (2.92)
+(n* =1 —a" +p)5*] I,
where i& = €, Fn"mPm?, and & is areal function. These NP projected quantities

now need to be expanded in the two-parameter scheme to properly evaluate Eq. (2.90)

and then to solve it.

Similarly, in EdGB gravity, using {gics = 16”0‘1%31(}13 /M* as the EAGB gravity

expansion parameter and expanding Eq. (2.43), we find
SO0 (L) _ _ 1 M2 _ gD (2.93)
1672
Now, the wave operator and the Gauss-Bonnet invariant must be projected onto the

NP tetrad to find, once more that 06 is given by Eq. (2.92) after replacing ¥} with 6,
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and the NP projected G is

G =8(3¥; — 4¥ W5 + Yoy +c.c.). (2.94)

Here, we also absorbed a factor of ({EdGB)l/ 2 into the expansion of 6. As before,
to solve Eq. (2.93), one must now expand these NP projected quantities in our

two-parameter scheme.

For both cases, we end up with a usual scalar field equation with source terms
that depend on NP quantities at O(Z°, €'). Thus, we can first reconstruct these NP
quantities and then use Eqgs. (2.91), (2.92), and Eq. (2.94) to express the source
terms in terms of ‘P(()O’l) or ‘I’io’l). After this, one can either solve the scalar field
equation and the modified Teukolsky equation concurrently [54-57], or use the
order-reduction scheme to solve for the scalar field first and plug it into the modified

Teukolsky equation.

To summarize, we have found the modified Teukolsky equation of ¥, for any non-
Ricci-flat and algebraically general background spacetime that can be treated as a

linear perturbation of a Petrov type D spacetime, namely,
1, 1,
HSRWY = SV + s (2.95)
where we have defined

(L) _ o(1,1) (1,1) (1,1)
Sgeo - SO,D + SO,non—D + Sl,non—D ’

L1y _ (1,0) gy (0,1)
SO,D __Ho lIlo ’

(L, _ (0,1) \qy(1,0)
S(),non-D - _HO \PO ’

SUD - ODg0), (2.96)

1,non-D

where Hy and H; are defined in Egs. (2.77), and S is defined in Eq. (2.61b). The
equation for ¥4 can be derived by performing a GHP transformation on Eq. (2.95),

HRPMD = 7 00 4 (L) (2.97)
where we have defined

D = (LD (LD (LD

4,non-D 3,non-D

(1,1 _ (1,0)yqy(0,1)
72,13 —_H4 T4 ’

gD _ _Hio,l)\Pil,O)
7D = BV (2.98)

3,non-D
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where HfR is the Teukolsky operator for ¥4 in GR [see Eq. (2.65a)], and

Hy = E4Js — E3J3. (2.99)

For the source terms Sg(el(;l) or 7;6(5 ’1), they can be computed from the modified
background metric, the solutions to the Teukolsky equation in GR, and the recon-
structed metric for GWs in GR. For S") or 7(1.) we may need to solve the
equations of motion of other non-gravitational fields and evaluate the stress tensor.
We have collected the full expressions of all the terms in the modified Teukolsky
equation above in Appendix 2.9. In addition, the equations above are presented in an
abstract form using NP symbols; they can be further simplified when considering
perturbations of specific background spacetimes in specific coordinates and tetrads,

e.g., Kerr in Boyer-Lindquist coordinates and in the Kinnersley tetrad.

2.6 Extension of Framework to higher order in the coupling

One important observation about Eqgs. (2.95) and (2.97) is that they are in a very
similar format to the second-order Teukolsky equation in GR [93]. In this section,
we discuss the connection between the leading-order modified Teukolsky formalism
and the second-order Teukolsky formalism in GR, which demonstrates that many
techniques well-developed (in different contexts) in GR can be directly reused in
modified gravity. Moreover, we show that our formalism can be generalized to higher
orders [i.e., O({™, €"), m > 0, n > 1], which is then a beyond GR extension of the
higher-order Teukolsky formalism developed in [93] for GR. For a general discussion
of non-linear multiple-parameter perturbation theory in relativity, we refer the reader
to [130-133].

2.6.1 Connection to the second-order Teukolsky formalism in GR

Since Teukolsky presented the linear-order perturbation equation in [44], higher-order
Teukolsky equations have been of great interest to the community. On the one hand,
the inability of the linear-order Teukolsky equation to estimate the errors due to the
use of a perturbative expansion makes the study of higher-order Teukolsky equations
necessary [93]. On the other hand, higher-order perturbations enable the study of
certain physical systems that cannot be studied sufficiently accurately within the
linear-order scheme, such as head-on collisions in the close-limit approximation [93,
134, 135], self-force in EMRIs [92, 136-142], etc. On the observational side, recent
studies of non-linearities that show up in numerical relativity suggest that second-
and higher-order perturbations may be important for the analysis of gravitational
wave data [143—145].
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In [93], the Teukolsky equation was successfully extended to second- and higher-
order, so let us show now that these higher-order equations are very similar to what
we obtained in this paper. Comparing our Eq. (2.97) to the vacuum case (T4 .. = 0)
of Egs. (7)-(10) in [93], these equations take a very similar format if we replace all
the terms proportional to (%D h(1:0) with 40D (0.1) and set the source term due to
Lucr in Eq. (2.35) to zero, 7 (1) = 0. More precisely, if we follow the approach in

this work to derive the Teukolsky equation at O(¢?, €?), we find
02 0.2 0.2 0,1)yg(0,1
HSRg ("D = 02 g (02 = g OO (2.100)

These are the equations that ought to be compared to the work in GR at second order

in perturbation theory.

Equation (2.100) and Egs. (7)-(10) from [93] are similar in form, as expected in
perturbation theory, where the principal part of the equation remains unchanged at
each order and is driven by lower order perturbations. Nonetheless, our Eq. (2.100)
is simpler. First, there are no terms in ‘{‘go’l) since they are removed by our gauge
choice in Eq. (2.71). Second, there are no terms that depend on A(%") and (-1,
since A and v, just like x and o, are eliminated from the equations from the beginning,
as shown in Sec. 2.5.3.1. To compare Eq. (2.100) with Egs. (7)-(10) from [93], we
choose the same gauge given in Eq. (2.71). In this case, ‘Péo’l) = 0, and one can
solve for (%1 and vV in terms of ‘I’io’l) [40], so all the (%D and v(%-)) related
terms become additional operators acting on Tio’l) in Eq. (2.100). In Appendix 2.10,

we have shown this consistency explicitly following this prescription.

Further, we notice that Eq. (2.100) and Egs. (2.97)-(2.98), are also similar. When
studying Petrov type I spacetimes in modified gravity, we did not make any as-
sumptions about what NP quantities vanish at O(¢!, €°) to avoid sabotaging our
perturbation scheme, as discussed in Sec. 2.5.1. For the second-order Teukolsky
formalism in GR, the stationary Petrov type I background at O (¢!, €°) is replaced by
the “dynamical background,” driven by GW perturbations at O (¢, '), where most
NP quantities also do not vanish. Due to this connection, many challenges shared by
these two situations have been solved in the second-order Teukolsky formalism in GR,
such as metric reconstruction at O (£, €'). The success of applying the second-order
Teukolsky formalism to the study of self-force in [92, 136—142] strongly suggests

that our modified Teukolsky formalism is feasible numerically.

Despite these similarities, there are also differences between these two efforts. One

major difference is the presence of extra non-metric fields in class A beyond GR
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theories. Unlike in GR, even without matter, one needs to evaluate the effective stress-
energy tensor driven by these intrinsic extra fields, and thus, solve their equations
of motion concurrently. Nonetheless, as discussed in Sec. 2.5.3.5, this issue was
already dealt with in the studies of slowly rotating BHs using metric perturbations in
dCS [54, 55] and EAGB [56, 57]. Besides the issue of extra fields, one also has to be
careful when constructing the background tetrad in these non-Ricci-flat backgrounds,

as shown in Sec. 2.3.2.

2.6.2 Modified Teukolsky formalism beyond O (¢!, €!)

As illustrated in the previous section, second- and higher-order BH perturbation
theory in GR has been of great interest due to its importance in constraining the
first-order perturbations and its need when dealing with certain physical systems. In
the case of modified gravity, one does not just have to deal with non-linear terms in €,
but also with non-linear terms in the dimensionless coupling constant . When the
beyond GR theory itself is known at higher order, these higher-order corrections due
to modified gravity might be interesting, since there might be non-linear phenomena
that is not described by the linear theory. For these reasons, we follow [93] to extend

our formalism beyond O(¢!, €!).

Let us consider some perturbations at O(¢™,eV), M > 0, N > 1. First, we need
to find a tetrad with terms up to O({M, €V), such that the orthogonality condition
in Eq. (2.5) is satisfied while our perturbation scheme is preserved, similar to what
we did in Sec. 2.3.2. For 1 < m < M, expanding the correction to the tetrad at
O(™, €°), we have

sely” = AU 50 (2.101)

Through induction, one can easily show that we can solve for all A;’Z’O) iteratively,

(1,0) (M-1,0)
RECEE ’56}]#

was shown in Sec. 2.3.2. We also assume that the corrections to the

1,0 M0
l(“’)’”"hl(”’ )

M M M
0,0 ,0 0,0 ,0
(eg,, 43 gmaeln >) (< S sl >) (gw«w L3 g’”hﬂv(’”’o)) .
m=1 m=1 m=1
(2.102)

where 1 < m < M. Let us assume de

(1,0)
bu

background metric &

are known, and the base
case de

are known. Then, to satisfy Eq. (2.5), we need

For convenience, let us introduce

UM = N el se O n kO (2.103)

i+j+k=M,
M>i,j,k>0
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where every term on the right-hand side is assumed to be known, and ¢/ (%9 = 0
when M = 1. Then, following the same procedure as in Sec. 2.3.2, at O(¢¥, €%) we
have

(M0) _ _ 7 (M0) (M,0)
24007 = =k — MO, (2.104)

where UM-0) contains AE;"I;())), with 1 < m < M solved in the previous steps. If we

pick the same gauge as in Sec. 2.3.2 to set AEZ)’]O) = 0, then we find
moy _ Lm0y, gm0
AGY = =5 (hGH0 +u0) (2.103)

Thus, this proves that one can iteratively find higher-order corrections to the back-

ground tetrad, such that the orthogonality condition in Eq. (2.5) is preserved.

Next, let us consider tetrad rotations. Inspecting the rotations we performed in
Egs. (2.30) and (2.72), one can immediately notice that, under any type Il rotation
[cf. Eq. (2.126b)] with rotation parameter 5™ at O(¢™, €") withm > 0, n > 1,

the Weyl scalars at O({™, €") transform as

P gl g g mng(00)

P s )y 3 g(00)

g gl g o 00 (2.106)
P ) g pmng00)

g glmn)

where any terms beyond O (™, €") are dropped. Since the background at O(¢?, €?)

is Petrov type D, where \I,(()ol,03) , = 0, if we pick plmn) = —‘me’”) / (3T§0’0)), then

(m,n) (m,n) (m,n)
w0, wnn e (2.107)

Similarly, by performing a type I rotation with the rotation parameter a™" =
- ‘Pém’") / (3‘1’;0’0)) , ONE can remove ‘Pém’").

One may worry that a rotation at O({™',€") will affect the Weyl scalars at
O(L™, €™), where my > my ,ny > nyp, since many Weyl scalars at O (271, ¢"27"")
might be nonzero. However, this problem can be avoided if one performs these
rotations systematically from lower order to higher order. For example, one may

consider the following procedures:

1. Perform tetrad rotations step by step from O(Z°, €') to O(¢M, €') to remove

0,1) (M,1)
(\Pl’:; s 1T ,LP]’?, )
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2. Next, perform tetrad rotations step by step from O(Z°, €2) to O(¢M, €?) to

remove (‘P(O :2) o (M 2))

3. ...

4. At the N-th step, perform tetrad rotations step by step from O(¢°, €V) to
O({M, €V) to remove (‘P(O N ‘P(M N))

Following this sequence, any higher-order modifications to ¥, 3 due to lower-order
rotations are removed at the corresponding step, and higher-order rotations do not
affect the lower-order ¥ 3, which have been set to 0. Thus, for any perturbation at
O({M, eN) with M > 0, N > 1, we can consistently set

p =0, 0<m<M,1<n<N. (2.108)

Now, one can directly make an expansion of Eq. (2.76) similar to what we did at
O(¢', €') in Sec. 2.5.3. One direct consequence of the tetrad rotations above is that
we can drop all ‘P](m’"), withm > 0, n > 1 [e.g., Eq. (2.108)], so there is only the
stationary part of ¥ contributing to Eq. (2.76). Then, following the same procedures
as in Sec. 2.5.3, for perturbations at O({M, €V), we find

HGRPMN = SUN 4+ SN (2.109)

where

S(M N) _ S(M ,N) +S(M N) +S(M N)

geo 0,11
(m,n)<(M,N)
(M,N) _ (M—-m,N—n) gy (m,n)
SO,I - Z _Ho lIlo ’
(m,n)=(0,1)
(M.,N) _ S ( Iy (m,0)
M,N M-m,N m,0
So I/ Z —H, lIJo ’
m=1
(M,N) S ( Iy (m,0)
M,N) _ M-m,N m,0
Sl - Z _Hl lI11 ’
m=1
(m,n)<(M,N)
M,N — (M_ ’N_) ( ’) (M_ ’N_) ( ’)
S( ) - Z [82 m n Szmn —81 m n Slmn , (2110)
m=1,n=0

and where (m,n) < (M,N) means m < M,n < Norm < M,n < N. The

equation for ¥4 can be found from the GHP transformation of Egs. (2.109)-(2.110).

For the case of higher-order perturbations in GR, { = 0, so one can simply set
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S((){l;ll’N) =S EM’N) = SM.N) = 0, where the sum starts from O(¢'). As discussed
in Sec. 2.6.1 and shown in detail in Appendix 2.10, if one chooses the gauge in
which ‘I’%”) =0, with 1 < n < N, then Egs. (7)-(10) of [93] are the same as the
GHP transformation of Egs. (2.109)-(2.110). Thus, one can treat this higher-order
extension of our formalism as a modified-gravity generalization of the higher-order

Teukolsky formalism in [93].

2.6.3 Potential challenges

In the previous subsection, we have successfully extended our formalism to higher
order in both € and £. In this case, all NP quantities are decoupled at each perturbative
order, and Weyl scalars Wy 4 can be solved, given their solutions at lower orders. This
shows that similar to any perturbation theory problem (e.g., solving the hydrogen
atom in quantum mechanics), by working out the leading-order perturbation theory,
one can iterate it to solve for higher-order perturbations. On the other hand, this
procedure also inherits the same challenges of any perturbation theory solution. For
example, the source terms made up of lower-order perturbations become complicated
at very high order. However, developing a non-perturbative approach is outside the
scope of this work, and one may have to rely on numerical relativity in the end.
In this subsection, we will discuss other challenges and potential solutions when
applying this higher-order modified Teukolsky formalism to the first few orders
beyond O(¢!, €!) [e.g., O(Z?, ") or O(¢Y, €%)], where perturbation theory is still

tractable.

The major challenge of this higher-order modified Teukolsky formalism is the need
of metric reconstruction in non-Ricci-flat backgrounds, since we need to evaluate
NP quantities at O (", €") with m > 0, n > 1 in general. For example, at O(¢?, €!)
or O(Z', €%), one needs to reconstruct the perturbed metric at O(Z!, €'). At this
order, we have taken advantage of the fact that the metric reconstruction procedure
for O(¢°, €') GW perturbations in GR is well developed [40, 90-92, 128, 129].
However, for general perturbations at O({™, €"), the metric reconstruction procedure
is unknown. Moreover, when m > 0, the correction to the Einstein-Hilbert action
generates some effective stress-energy tensor [see Sec. 2.3.1], so the traceless
condition g*"h,, = 0 in the radiation gauge used in these metric reconstruction

procedures with a Hertz potential [90, 91, 128, 129] is violated.

However, this issue is not just present in our modified Teukolsky formalism, but

also in the higher-order Teukolsky formalism in GR, since lower-order perturbations
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become effective sources in the higher-order version of the Teukolsky equation.
References [142, 146, 147] have shown that one can extend the Hertz potential
approach by adding certain correction fields to the metric perturbation constructed
from a usual Hertz potential. These correction fields can be obtained from certain
decoupled ordinary differential equations, sourced by the effective stress-energy
tensor. These references have proven that this procedure works for any smooth,
compactly-supported source, which is unfortunately not satisfied by sources driven
by non-linear couplings of gravitational fields. Thus, to apply their formalism to our
non-linear Teukolsky formalism, additional work would have to be done. Besides an
extension of the Hertz potential approach, there are also methods that do not rely
on the radiation gauge, such as the approach of solving the remaining NP equations
directly [40, 92, 148]. This approach has been implemented for vacuum Petrov
type D spacetimes [92, 148], and it is worth exploring whether one can extend it to

non-vacuum backgrounds.

Another challenge is the presence of extra fields. For the class A beyond GR theories
mentioned in Sec. 2.3.1, one has to solve the coupled equations of metric fields
and extra fields at each perturbed order. In terms of solving the coupled equation
itself, this will not be a huge challenge since similar problems have been solved in
these approaches using metric perturbations [54, 55]. There might be numerical
challenges when going to very high order since the source terms are complicated
non-linear couplings of reconstructed NP quantities with extra fields at lower orders,
which need to be solved together with the modified Teukolsky equation. Nonetheless,
this is merely an unavoidable consequence of perturbation theory.

To summarize, the connection of our work to the second-order Teukolsky formalism
in GR demonstrates the feasibility of the approach presented in this work. When
applying our formalism to specific modified gravity theories, one should not expect
more difficulties than when solving the second-order Teukolsky equation in GR,
which has been widely studied. On the other hand, the formalism developed in this
work aims to incorporate corrections from modified gravity, so it contains features
unique to modified gravity and cannot be directly obtained from the second-order
Teukolsky formalism in GR. The extension of our formalism to higher order naturally
generalizes the higher-order Teukolsky formalism in [93] from GR to modified gravity.
As a consistency check, we have studied the limiting case of { — 0, compared
the results to those obtained in [93], and presented these concrete comparisons in
Appendix 2.10.
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2.7 Discussions

In this work, we extended the Teukolsky formalism to non-Ricci-flat, Petrov type D
BH backgrounds, as well as to non-Ricci-flat, Petrov type I BH backgrounds that
can be treated as a linear perturbation of a Petrov type D background. We began by
presenting a brief review of the derivation of the Teukolsky equation for a Ricci-flat
and Petrov type D background in GR via the original approach in Teukolsky’s
paper [44], as well as using an approach proposed by Chandrasekhar [40]. These two
approaches differ in the method adopted to eliminate the ¥; and W3 dependence from
the two Bianchi identities and one Ricci identity [see e.g., Eq. (2.13)]. Teukolsky’s
approach makes use of additional Bianchi identities to obtain a commutation relation
to eliminate ¥ and W3. Chandrasekhar’s approach uses the available gauge freedom
to make a convenient gauge choice that eliminates ¥; and W3 directly. One can
then solve these equations to obtain a single decoupled differential equation for the

perturbed Weyl scalars Wy and Wj.

We first extended both approaches to obtain the modified Teukolsky equation in a
generic modified gravity theory that allows BH backgrounds to be non-Ricci-flat and
Petrov type D backgrounds. Since the background is now non-Ricci-flat, we have
additional non-vanishing background NP quantities. We then used the two approaches
described above to obtain decoupled differential equations for the perturbed Weyl
scalars Wy and ¥4. We found that for non-Ricci-flat, Petrov type D BH backgrounds
in modified gravity, the master equations for curvature perturbations acquire a source
term [see e.g., Egs. (2.60) and (2.63)]. In order to evaluate these source terms,
we found that one needs to perform metric reconstruction from the GR curvature
perturbations [40, 90-92, 128, 129] [i.e., to O({ 0 61), where ( labels the order of
the GR deformation, and € labels the order of the dynamic GW perturbation from
the stationary background]. We showed that both the Teukolsky’s approach and the
Chandrasekhar’s approach lead to the same modified Teukolsky equation, but the

latter is algebraically simpler and thus more convenient.

The algebraic simplicity of Chandrasekhar’s approach makes this method ideal for
the study of curvature perturbations of BH backgrounds that are non-Ricci-flat and
Petrov type I. We thus extended Chandrasekhar’s approach to such BH backgrounds.
The non-vanishing of the background NP Ricci scalars, the background NP spin
coefficients, and the background Weyl scalars ¥,%;, and W5 forces the NP equations
[see e.g., Eq. (2.13)] to have additional non-vanishing NP quantities. However, when

one requires the BH background to be a perturbation of a non-Ricci-flat, Petrov
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type D BH background at leading order in the GR deformation, the equations do
decouple. This is achieved by rotating the tetrad such that the perturbed Weyl scalars
‘Pfl’l) and ‘Pgl’l) (at linear order in both the non-GR expansion parameter and the
GW expansion parameter) vanish. With this, we then derived a single decoupled
differential equation for ‘P(()l’l) and ‘Pé(ll’l).

The modified Teukolsky equation obtained in this way has the structure of the
traditional Teukolsky equation but with certain source terms. The differential
operator on the left-hand side of the modified Teukolsky equation acts on the
perturbed Weyl scalar W4, and it has a functional form that is similar to the
Teukolsky operators in GR [44]. The source terms on the right-hand side of the
modified Teukolsky equation arise either because of either (i) modifications to the
stationary BH background spacetime, or (ii) additional stress-tensor terms due to

corrections to the Einstein-Hilbert action.

The first type of source terms comes from the homogeneous part of certain Bianchi
and Ricci identities [see e.g., Egs. (2.13)]. Some of these source terms can be directly
evaluated using the modified background metric and the solution to the Teukolsky
equation in GR. The rest are couplings of O(¢!, €°) corrections to the Weyl scalars
with the O(£°, €') corrections to the metric due to GWs in GR. Thus, in order to
evaluate these source terms, we need to reconstruct the metric for the curvature
perturbations in GR [40, 90-92, 128, 129], just as in the case of non-Ricci-flat, Petrov
type D backgrounds.

The second type of source terms comes from the stress tensor due to corrections to
the Einstein-Hilbert action. We have classified the modified gravity theories into
two classes based on the presence or absence of extra non-gravitational dynamical
fields. Class A beyond GR theories can have couplings to other dynamical scalar,
vector or tensor fields (as is the case in dCS gravity [65, 66], EdAGB gravity [106, 113,
114], Horndeski theory [149], scalar-tensor theories [150], f(R) gravity [121, 127],
Einstein-Aether theory [151], and bi-gravity [152]). Class B beyond GR theories
depend only on the gravitational field and there are no additional dynamical fields (as
is the case in certain effective field theory extensions of GR, such as higher-derivative
gravity [116—119]). For class B beyond GR theories, these source terms can be
directly evaluated with the background metric and the reconstructed metric. For
class A beyond GR theories, one must solve the equations of motion for these extra
fields to evaluate the stress tensor, and this can only be done on a theory-per-theory

basis. The case-by-case treatment of these extra field equations is left to future work.
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The major goal of this work was to simplify the perturbed gravitational equations
in general for modified gravity theories that admit non-Ricci-flat and Petrov type
I or Petrov type D BH backgrounds such that all the curvature perturbations are
packed into two fundamental variables Wy and ¥4. With this at hand, one can now in
principle evaluate all source terms and separate the modified Teukolsky equation
into radial and angular parts to solve for the QNM frequencies of perturbed BHs
in modified gravity. It is important to realize that this was not possible until this
work due to the inherently complicated nature of the perturbed field equations when
working with metric perturbations. Indeed, up until now, the QNM spectrum of
perturbed BHs in modified gravity had only been studied for non-rotating BHs [e.g.,
in dCS gravity [50, 51, 58], EdGB theory [52, 53], Einstein-Aether theory [70-74],
higher-derivative gravity (quadratic [75], cubic [76], and more generic [77, 78]), and
Horndeski gravity [79]] or for slowly rotating BHs (e.g., in EAGB theory [56], dCS
gravity [54, 55], and higher-derivative gravity [80, 81]). The only study of QNM
perturbations of rotating BHs was carried out in dCS gravity from numerical relativity
simulations of BH mergers, but these suffer from secularly-growing uncontrolled

remainders [82, 83].

Our work creates a new path to directly calculate the corrections to the QNM
frequencies of perturbed BHs with arbitrary spin in modified gravity and, more
generally, any background spacetime that can be treated as a linear perturbation of a
Petrov type D spacetime. One of our next major goals is to do a case-by-case study
of all these well-motivated modified theories, using the formalism developed here, to
then use GW observations to constrain these theories. For dCS gravity, we would
like to compare the QNM frequencies obtained for arbitrarily rotating BHs to those
found in the slow-rotation approximation to linear order in spin [54], as well as others
that use metric perturbations [50, 51, 54, 55, 58] and numerical relativity [82, 83,
125, 126].

By extending the Teukolsky formalism, we have also laid the foundation for studying
gravitational perturbations other than QNMs around BHs in modified gravity.
For example, the Teukolsky formalism has been applied to compute gravitational
waveforms and energy/angular momentum fluxes sourced by a point particle orbiting
around a BH in extreme mass-ratio binary inspirals (EMRI) [153—159]. The same
procedure has been applied to a few modified gravity theories, e.g., in scalar-tensor
theories [160] and for a spinning horizonless compact object [161], where the
Teukolsky formalism in GR can be directly applied. With this extended Teukolsky
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formalism, we are now able to study EMRIs in a much wider class of modified
gravity theories. These results can also be compared with those obtained using
post-Newtoninan studies of EMRIs in GR and modified gravity [58, 162—-167].

Another example is the break of isospectrality (where even and odd parity modes
have the same QNM frequencies) in certain modified gravity theories, e.g., dCS
gravity [50, 51, 54, 55, 58], EAGB gravity [52, 53, 56], and higher-derivative gravity
[81]. The study of isospectrality is mostly done with metric perturbations since
the Zerilli-Moncrief and the Regge-Wheeler functions naturally divide the metric
perturbations into even and odd parity sectors [41, 42]. For BHs with arbitrary
spin, there are no known extensions of the Zerilli-Moncrief and the Regge-Wheeler
functions, so we may have to use NP quantities in this extended Teukolsky formalism
to study parity breaking. Since Teukolsky equation does not naturally classify its
solutions into different parities, we will first need to understand better what even
and odd parity modes mean in the Teukolsky formalism and their connections to the
Zerilli-Moncrief and Regge-Wheeler functions even in GR. This, and much more, is
now possible thanks to the derivation of a master evolution equation for curvature

perturbations in modified gravity.

In this work, we have focused on the formalism up to leading order in modified
gravity corrections, i.e., at O({). This is mainly because the theories we have
discussed in Sec. 2.3.1 are only presented to leading order in corrections since these
are treated in an effective field theory approach, considering small deformations
from GR. However, one can consider a modified theory of gravity different from
the examples shown in Sec. 2.3.1, where one can look at higher-order deformations
from GR. As discussed in Sec. 2.6, our leading-order formalism can be extended
to higher order [O({™, €"), m > 0, n > 1] by iterating the perturbation scheme in
Sec. 2.3.2 and the procedure of finding the master equation in Sec. 2.5. However,
utmost care needs to be taken when considering theories at higher than leading-order
corrections to GR, as such theory may admit ghost modes [103]. Additionally, this
formalism relies on the approximation that the theories mentioned in Sec. 2.3.1 are
an effective field theory of GR. Therefore, the spacetimes we can probe using this

formalism cannot deviate too much from their GR counterparts.

To present the feasibility of our formalism extending the Teukolsky equation to
non-Ricci-flat Petrov type D and Petrov type I spacetimes, our collaboration is
already working on a series of calculations. The first in this planned series of works

is the study of perturbations of a non-Ricci-flat vacuum Petrov type D BH spacetime
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representing a slowly rotating BH to leading order in spin in dCS gravity [168].
In [168], we will present the calculation of the perturbed field equations. These field
equations, as expected from the results of this paper, are sourced equations which
we will compute in the null basis. We will then implement the necessary metric
reconstruction procedures and tetrad rotations. In the last step, we will convert all
NP quantities to a coordinate basis to separate the master equation into radial and
angular ordinary differential equations with couplings between the gravitational and
scalar sectors. Then, in a follow-up work [169], we will make use of the EVP method
to calculate the QNM frequencies of these BH spacetimes and verify our results with
previously obtained frequencies computed in the slow-rotation limit [54, 55]. We
will then extend these calculations to arbitrarily spinning BHs in dCS gravity, which
are described by non-Ricci-flat, vacuum, Petrov type I BH metrics in [170]. This
problem is more challenging due to the presence of additional theory-independent

(1,1) (1,1)

source terms (i.e., Sgeo '), Which need metric reconstruction (e.g., SO,non—D

it is much simpler to evaluate these additional terms than the theory-dependent

). However,

source terms (i.e., S (1’1)) coupled to the pseudoscalar field, which we would have
already computed in our previous work [168] on Petrov type D BHs in dCS gravity
mentioned above. We expect that through these extensions, we will acquire a deep

knowledge of QNMs in modified gravity.

Note added after completion: While writing up our analysis, we became aware
of an equivalent and independent analysis of decoupled equations for gravitational
perturbations around BHs in modified gravity [171]. Instead of using the NP
formalism, Ref. [171] focuses mostly on the Einstein equations and shows how
to partially decouple them, following the order-reduction scheme in [125]. To
make the equations of gravitational perturbations separable, Ref. [171] uses Wald’s
formalism to project the Einstein equations onto a (modified) Teukolsky equation
[172]. Although our work is independent of that of Ref. [171], there are similarities in
the general format of the final master equation. For example, both approaches require
metric reconstruction of GWs in GR. Reference [171] also presents a direct derivation
of the modified Teukolsky equation following Teukolsky’s original approach [44].
Our work greatly simplifies the NP approach through the use of gauge freedom,
following Chandrasekhar’s approach [40]. These two independent studies can be
used to validate results when computing the shift of QNM frequencies in certain

modified gravity theories.
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2.8 Appendix: NP formalism (continued)

In Sec. 2.2.1, we have presented the orthogonality relations for the tetrad basis vectors
in NP formalism. One can further compactly express the relation in Eq. (2.5) as

_ b
Suv = eZeVnab, where

et = (I, n*, m*, m") ,

0 -1 00
1 0 00

Nap =10 = 0 o0 o1l 2.111)
0 0 10

where we have used Latin indices to denote the null tetrad indices whereas the Greek
indices are the tensor indices. Further, using the metric and the null tetrad, we
can define the quantity known as Ricci rotation coeflicients, which are similar to

Christoffel symbols. These are complex quantities in nature and defined as
Yeab = Capvere), (2.112)

with the symmetry,

Ycab = —VYach - (2.113)

The commutation relations of the intrinsic derivatives are related to the Ricci rotation

coeflicients by
[eg’ eZ] = (Yeba = Yeav) €. (2.114)

The tetrad components of the Riemann tensor can then be defined by
Rubed = Rogyse®ePel e® (2.115)
abcd aByé€a€p€c€y- .

Using a form of Eq. (2.112), the Riemann tensor can also be expressed in terms of

the Ricci rotation coefficients,

f f

Rabea = —Yabe,d t Yabd,c t Yabf (7 -cd - yfdc) +y -ac'ybfd - 'yfad'}’bfc > (2116)

where Yape.d = Vabe. #eZ. The relationship among the Riemann tensor, Weyl tensor

Capys» and Ricci tensor R, g remains unchanged in tetrad notation.

1
Rabea = Cabcd - 5 (nacRbd - nbcRad - nadec + nbdRac)

1
+e (MacMbd = Nadnbe) R - (2.117)
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In tetrad notation, Bianchi identities (Rypg[ys;,] = 0) take the form,

1
Rab[cd;f] = 8 Z [Rabcd,f - U”m (ynamebcd
[cdf]
+7nbeamcd + 7nchabmd + ')’ndeabcm)] . (2.118)

2.8.1 NP quantities
With the formalism developed above, Newman and Penrose defined twelve complex
functions known as the spin coefficients which can be defined in terms of the Ricci

rotation coeflicients (and thus the tetrad). The spin coefficients are as follows:

K=7%131 = l,u;vm'ulv s
= —yu1 = —ny,m'l",
1 1 )
€= 5(7121 —Y341) = E(l,u;vn'ulv — mym*l”),
P =7Y134 = lu;vm'umv 5
A= —Y244 = _nu;vm#n_'lv 5
1
2

g =7%133 = lu;vm'umv >

@ = =(y124 — Y344) = %(l,u;vn'umv —my,mt'm’),
U= —y2u3 = —ny,mim”,

B= %(7123 —Y343) = %(ly;vn“mv — myymtm”),
V= —yuy = —hy,mn’,

Y= %()’122 — Y342) = %(l,u;v”'unv — my,mtn’),

T=1vy13 = l;,mt'n”. (2.119)

Using Eq. (2.117), one can decompose the Riemann tensor into the Weyl tensor,

completely determined by 5 complex Weyl scalars,

Yy = Ci313 = Copysl®mPI'm°,
¥ = Ci213 = Copysl®nPl"m°,

Wy =Ciag = Caﬁyalamﬂn_’lyné,
W3 = Croap = Copysl®nPin"n®

Yy = Cogps = Caﬁy(snan_’lﬁl’lyl’ﬁé , (2.120)
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the Ricci tensor, and the Ricci scalar, characterized by 10 NP Ricci scalars,

1 1

Poo = 5 R = ERWMV’
1 Lo 1 |
D)) = §R13 = §Rﬂvl m”, @ = §R14 = ERMVZ m-,

1 1
D = Z(Rlz +R34) = ERW(Z””V +mbm”),

1 1 1
®Dgy = —R33 = ERﬂym"mv, ®1p = =Ry3 = zRyn'm”,

2.121)

2 2 2
1 1 o 1 1 _
Dy = §R44 = Eme“mV, Dy = §R24 = ERyvn#mva
1 1
@22 = §R22 = ERﬂVI’l#I’lV , A= R/24.

2.8.2 NP equations
Using the NP quantities defined above, one can consider appropriate linear combi-
nations of Eq. (2.116) and rewrite the equations in terms of the NP quantities. The

resulting equations are called Ricci identities in [40] and given by

Dp -6k = (p2 + 0'0'*) +(e+e)p—-k't—-kBa+ B —n)+ Dy, (2.122a)

Do -6k=(p+pYo+QBe—-e)o—-(t-n"+a"+3B)k+ ¥, (2.122b)
Dr—-Ak=(t+n)p+ (" +m)oc+(e - )1 — By +yv )k + ¥ + Dy,

(2.122c¢)

Da-6c=(p+&" -28)a+Bo" —Bc—kd—k'y+(e+p)m+ Dy, (2.122d)

DB-6e=(a+m)oc+(p" —)B-(u+y)k—(a" —n")e+ ¥y, (2.122¢)

Dy-Ae=(t+n)a+ (" +m)B-(e+&)y—(y+y )e
T — v+ Wy — A+ Dy, (2.122f)
DA-6n=(pl+c )+’ + (@ —B)m—vk' —(Be —e)A+ Dy, (2.1229)
Du—-oén=(p'u+ocd)+nan* —(e+&)u—n(a*—pB)—vk+ ¥y +2A,
(2.122h)
Dv—-An=nm+1)Yu+(x"+10)A+(y -y )n— Be+&")v + V3 + Dy,
(2.122i)
A -=6v=—(u+puHA— By —y)A+Ba+B +n—1")v-Yy, (2.122))
dp-doc=pl@+p)-cBa-F)+(p-p )T+ (u-p)xk—"i+P,
(2.122k)
da -0 =(up—Ac)+aa” + BB —2aB+y(p—p") +e(u—p")
—P+ A+ @y, (2.1221)
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A =0"u=(p—p )W+ (u-p)r+u(a+p)+A(a" -3p) - Vs + Dy,
(2.122m)

ov—Au = (/12 + /l/l*) +(y+yH u—-vn+(r-38-a")v+dy, (2.122n)

oy —AB=(t—a" =B)y+tur—ov—ev - By -y —p) +al’ + P,
(2.1220)

0t —Ao = (uor+A"p)+(t+B—-a )T — By -y )o—«kv "+ Dy, (2.122p)

Ap—61t=—(pu"+c )+ (B —a—-1)1+(y+y)p+vk—Pr - 2A,
(2.1229)

Ad-6"y=(p+e)v—(t+B)A+(y " —uHa+ (B -1ty - 3. (2.122r)

Similarly, rewriting Eq. (2.118) in terms of the NP quantities, one gets a set of

equations called Bianchi identities in [40]. These equations are given by

(6" —da+m)¥y— (D —4p —2&)¥, — 3«k¥, = 57, (2.123a)
(A-4y+u)¥y— (6 -4 -2B)¥| -30¥, =35>, (2.123b)
(6+4B—1)Ws — (A+2y +4u)¥3 + 3v¥, = S5, (2.123¢)
(D+4e—p)¥s— (6" +4n +2a)¥3 +31Y, = S84, (2.123d)
(6" +3m)¥; — (D +2e —2p)¥V3 — 2A¥ | — k¥4 = S5, (2.123e)
(A+3u)¥ — (6 +28-21)¥; —2v¥| — oWy = S, (2.123f)
(0-31)¥ — (A-2y+2u)¥1 +v¥y +20¥; = S7, (2.123g)
(D —3p)¥, — (6" + 27 — 2a)¥) + AWy + 2kW5 = Sg , (2.123h)

0 Doy + 0D1g — D(P11 +3A) — Ay

=KD+ kD + Qa+ 27" — )P + La™ + 21 — 1) Do —2(p + p*) D1y

— 0 @y — oDy + [+ " = 2(y +¥)] oo s (2.123i)
6Dy + 0Dy — A(Dyq +3A) — DDy,

= —v®g =V P+ (77 = 26" = 27) P2 + (7 = 2B = 277 ) Dy +2(u + )Py
—(p+p" =2 =2 Dy + APy + "Dy, (2.123j)
5 (D11 = 3A) — DDy — ADg; + 6Dy

=Dy — V' Py + (7" =+ 2a — 28" Dy — 0Py + P19+ 2(7 — 77) Dy
—Rp+p" =20+ Qu* +u —2y)Do , (2.123k)

where S; are related to the Ricci tensor and defined to be

S = (5+7T*—2C¥*—2ﬁ)q)00—(D —28—2p*)q)()1
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+20®) - 2kDy; — KDy (2.1242)
Sy = (6421 =2B)Pg; — (D —2e +2&" — p*) Dy

— "Dy + 20D — 2Py, (2.124b)
S3= —(A+2u" +2y) Dy + (6" — 7" + 2a + 28%) Do

+2v®; + V' Dy — 24D, (2.124c¢)
Sa= —(A+u" +2y =2y") Dyg + (6" + 2a — 277) Dy

+ 2@ — 24D + Dy (2.1244)
S5=(0—2a" +2B+ ")y — (D —2p" +2&)Dyy

—2udo + 27D — KDy — 267\, (2.124¢)
Se=(6+2n" +2B)Dy — (D — p* + 2 +2™) D))

—2udq) — A" Dy + 21Dy — 2AA, (2.124f)
S7= —(A+2u" = 2y)Dp; + (6" —° + 28" — 2a) Dy

+2p®1p + v Doy — 27D — 26A, (2.124¢)
Sg= —(A+u" =2y =2y ) Do + (6" — 2a — 277) Dy

420Dy + " Dgy — 27D — 2DA.. (2.124h)

For the Bianchi identities, we have re-organized the terms and shuffled the sequence
of equations in comparison to the one in [40], so our equations here are consistent

with the equations in Sec. 2.2.1.

Finally, the commutation relation in Eq. (2.114) can be written as

[A,D] = (y+y")D+(e+e)A-(t"+m)6—(t+7") 6", (2.125a)
[6,D]= (" +B-7")D+kA—- (p"+e—-€")6— 06", (2.125b)
[6,A] = = v D+(t—a" -B)A+(u—y+y")o+A76", (2.125¢)
[6%.0] = (W =)D+ (p"—p)A+(a—F)o+(B-a’)d". (2.1254d)

2.8.3 Tetrad rotations
In Sec. 2.2.1, we have mentioned that the tetrad basis vectors can be rotated in
certain ways such that the orthogonality conditions in Eq. (2.5) are still preserved.

As discussed in [40], all these tetrad rotations can be classified into three types:

I:l—>l, m—>m+al, m—>m+a’'l, n >n+am+am+aal. (2.126a)
I:n—>n, m—o>m+bn, m—>m+b'n, | >1+b'm+bm+bb*n. (2.126b)

M:l > A, noAn, m— m, m— e m. (2.126¢)
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Here, a, b are complex functions, and A, 6 are real functions. Under these rotations,

the Weyl scalars transform in the following way:

Yy o ¥, ¥, > ¥ +a*¥, V) > ¥ +2a") + (a¥) ¥,
I: W3 - ¥ +3a" W +3 (@) V) + (a¥) ¥y, (2.127a)
Y, > Wy + 40P + 6 (a*)> Py + 4 (a*)> ¥y + (a*)* ¥y
Yo — P + 40P + 6b°Y, + 4b°W5 + bHY,
II: ¥, — ¥, +3b%, + 3025 + b3, , (2.127b)
Y, » W, +2bW;5 + b2y, W3 — W3+ bY,, ¥y — Py

- Py — A72e%00, W) — A7 Wy 5 W, Wy — Ae 05,
TP, AZe2i0y,

(2.127¢)

For the transformations of the spin-coeflicients under the tetrad rotations, since we
haven’t used them explicitly in our calculations, we refer the readers to [40] for all
the details.

2.9 Appendix: Modified Teukolsky equation in one place
For convenience of the reader, we organize the modified Teukolsky equation in one
place. For ¥y, we have

HéO,O)lP(()l,l) +H(()1’°)‘P(()O’1) +H(()0’1)‘P(()1’0) B Hfo,l)leI,O)
_ SEO’O)SELU +8§0,1)S;1,0) B 81(0’0)551’1) 3 850’1)551’0). (2.128)

Here we have
Hy=&F-&F -3¥Y,, Hy=&J,-&J1, (2.129)
and

81:(5—T+7r*—a/*—3,8—‘{’2_16‘1’2, Fi=6"-4a+n, Ji=D-2e-4p,
82:D—p—p*—38+8*—\P2_1D\P2, FzEA—4’)/+,u, J256—4T—2ﬂ,
(2.130)

with

S = (5+7T* -2a* — 2ﬁ) Do — (D —-2&— Zp*) Dy +20-(I)10 —2kdqq — K*(I)oz,
Sy = (5+27T* —2ﬁ) q)o] - (D —2e+2&" —p*) (I)()Q —/l*q)()o +20'(I)11 - 2K(I)12 .
(2.131)
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For W4, we have

HiO,O)lPil,l) +H£1’0)‘I’i0’1) +Hio,1)lyi1,0) 3 Hgo,l)q,él,O) 2.132)
_ SiO,O)Sgl,l) +8§0,1)S£1,O) 3 8§0’0)S§1’1) B 850,1)5@1,0). (2.133)

Here we have
Hy = 84F4 - 83F3 - 3‘1’2 , Hi= 84.]4 — 83.]3 , (2.134)
and

83:(5*+3a/+,8*+7r—7*—‘1‘2_15*‘1’2, Fs=6+48—-1, J3=A+2y+4u,
Es=A+pu+u" +3y—y" —W'AY,, Fy=D+de—p, Jy=5"+4n+2a,
(2.135)

with

53 = - (A + 2;1* + 27) by + (5* -+ 20+ 2,3*) Dy +2vdy + V*q)z() — 2105,
Sy =— (A + ,u* + 2)/ - 2)/*) Dy + ((5* +2a — 27'*) Dy + 2Vq)10 — 210 + O'*(I)zz .
(2.136)

2.10 Appendix: Consistency check with previous higher-order Teukolsky
formalism

In this appendix, we show that the GHP transformation of Eqs. (2.109)-(2.110) when

¢ = 0 are consistent with Egs. (7)-(10) of [93] when we are in the same gauge as in

Eq. (2.108).

First, let us write down the GHP transformation of Egs. (2.109)-(2.110) when ¢ =0,

N-1
HRWN =00 0= e e (2.137)
n=
where we have used the single superscript notation since there is only one expansion

parameter, €. In comparison, Ref. [93] found

GR\y(N) _ (N)
HSR™N) =

geo

=

-1
™) _ O p (V1) _ g0) p(N-n)| )
TN = > [(EV N - e N v

geo
n=1
380 (w0 v )~ 36 (WP av)

3 (B - EY0)]

(2.138)
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where we have set all the terms containing ‘I’éo’") for n > 0 to zero and replaced the

operators d_3,4 in [93] with the operators E3 4 by observing that

dy=E3+3n, dy=E4+3u, (2.139)
70) _ 2GR _ 0(0)  7(0) _ pGR _ (0)
dy) =ES*=8&y", d,) =EJ"=¢8,". (2.140)

As discussed in Sec. 2.6.1, to show that Eq. (2.138) is the same as Eq. (2.137), one
needs to use Bianchi identities to express A and v in terms of Wy or vice versa. Since
‘Pgo) = 0 for Petrov type D spacetimes, and we have chosen a gauge in which ‘Pg") =0
foralln > 1, we can set W3 = 0 in Eq. (2.14), such that

F3‘P4 = —3T2V 5 F4‘*P4 = —3‘1’2/1 . (2141)

where we have also set S3 = S4 = 0 since we focus on vacuum spacetimes. Notice
that Eq. (2.141) is true at all orders in €.

Expressing W, in terms of A and v is easier when comparing Eq. (2.138) with
Eq. (2.137). Let us first perform this transformation on Eq. (2.137). From the
definition in Egs. (2.12) and (2.34), we know that

E3=E3—¥,'6"Y,, &i=E4—¥;'AY,. (2.142)
Inserting Egs. (2.141)-(2.142) into Eq. (2.137), we find

H,Y,

(E4F4 — E3F3 —3¥,) ¥y
=3 [E4(P1) — AP, — E3(Pov) + 6P, + PPy (2.143)
= — 3‘1’2 (E4/l —Ezv+ \P4) s

which is simply —3¥, times the Ricci identity in Eq. (2.14c). Since Eq. (2.137) is
essentially the N-th order expansion of H4¥4, we find

[-3W, (E4d — E3v +¥4) |V = 0. (2.144)

Equation (2.144) is consistent with our procedures to derive the master equation in
Secs. 2.5.3 and 2.6.2. The equation we used is indeed 3¥, multiplying the Ricci
identity Eq. (2.14c) with 4 and v replaced by the Bianchi identities Eqgs. (2.14a)-
(2.14b). Since the Teukolsky equations have to be consistent with all the Bianchi
identities and Ricci identities, one also expects that starting from a Teukolsky
equation and simplifying it using Bianchi identities, one will get back the original
Ricci identity.
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Now, let us transform Eq. (2.138). We first move the first line of T’éé? in Eq. (2.138)
to the left-hand side of the equation, so it becomes

N
(O p(N-1) _ g0 p (V-1 ) _ 30 gs()
P ECENT eV N W - 3wy

n=1

=8 (F¥)™ - &0 (Fw) ™) - 39V
-3 [a;m(\mw - ag°><w2y)<N>] — 39y (2.145)

Next, subtracting off the second line of 7~ ’éé? in Eq. (2.138) from Eq. (2.145), we
find

O (g0 ;) _ g0 (g® n (O (M)
=3 [& (#2a™) - & (w0 M)] - 390w
= =30 (V2% - BV 4+ V) (2.146)

which, with the last line of T’égf,) in Eq. (2.138), gives us

3 [(Esd - E3v + ¥ = 0. (2.147)

As discussed above, Eq. (2.147) is expected since the Teukolsky equations are

consistent with the Ricci identities.

Comparing Eq. (2.147) to Eq. (2.144), one can notice that the only difference is the
overall normalization factor. In Eq. (2.147), this normalization factor is —3‘P§0),
while in Eq. (2.144), a normalization factor of —3¥; appears before the expansion.
Then, when expanding Eq. (2.144), we also mix lower-order Ricci identities in
the equation. For example, we can get the term —3‘1’51)(E4/1 — E3v + W) N0,
Nonetheless, after inserting in all the lower-order NP quantities into the equation,
these lower-order Ricci identities vanish, since they are automatically satisfied by
the lower-order Teukolsky solutions in the previous steps. On the other hand, before
inserting lower-order Teukolsky solutions, Eq. (2.144) might be more complicated

than Eq. (2.147) due to these lower-order equations.

One can easily remove this difference by replacing the normalization factor 3¥;
in Eq. (2.76) with 3¥\"”. The reason we inserted 3¥, in Eq. (2.76) is that the
0(°, €') expansion of the equation reproduces the original Teukolsky equation in
GR [44], which is also true if we instead insert 3‘1’&0’0) . Moreover, we can absorb the
factors of ¥, and V5 in Eq. (2.76) nicely into the operators &;. If we instead use

3‘I’§0’0), we can alternatively define the operators &; as

& =¥ VE ;! (2.148)
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in comparison to the original definition in Eqs. (2.32) and (2.34). For the goals of

this paper, finding the O(¢', €') corrections to the Teukolsky equation, both ways of

normalizing the equation are fine and make little difference.
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Chapter 3

ISOSPECTRALITY BREAKING IN THE TEUKOLSKY
FORMALISM

[1] Dongjun Li, Asad Hussain, Pratik Wagle, Yanbei Chen, Nicolds Yunes, and
Aaron Zimmerman. “Isospectrality breaking in the Teukolsky formalism”.
In: Phys. Rev. D 109.10 (2024), p. 104026. por: 10.1103/PhysRevD. 109.
104026. arXiv: 2310.06033 [gr-qc].

3.1 Introduction

The development of current and next-generation gravitational wave (GW) detectors
allows us for the first time to study the extreme gravitational events that emit
these waves and use them to test theories of gravity. General relativity (GR), as
one of the most successful gravity theories, has been widely tested [1], but its
incompatibility with quantum mechanics motivated the development of new theories
of quantum gravity, such as string theory [2-5] and loop quantum gravity [6-9].
Furthermore, to resolve observational anomalies, such as the asymmetry of matter
and antimatter abundance in our universe [10], one can also modify the theory of
gravity. One notable feature of many beyond GR (bGR) theories is the breaking
of parity symmetry, a fundamental symmetry preserved by GR but observed to be

broken in other fundamental interactions [11].

For some bGR theories, parity is already broken at the level of action. One subset of
these theories includes effective field theory (EFT) extensions of GR in Lorentzian
geometry, such as parity-violating ghost-free scalar-tensor gravity [12—14], certain
versions of Horava-Lifshitz gravity [15, 16], and parity-violating corrections in
higher-derivative gravity without extra fields [17-20]. Another subset is built instead
on non-Riemannian geometry [21], such as parity-violating symmetric teleparallel
gravity [22]. For these theories, stationary black hole (BH) solutions also violate
parity. This can result in the break of equatorial symmetry of Kerr in GR [19, 23-27],
where odd-parity multiple moments (odd mass multipole moments and even current
multipoles) of rotating BHs become nonzero. The breaking of equatorial symmetry
can be detected via, for example, the GWs emitted during extreme mass-ratio inspirals
[26].


https://doi.org/10.1103/PhysRevD.109.104026
https://doi.org/10.1103/PhysRevD.109.104026
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Besides these theories with explicit parity-violating terms in the action, some bGR
theories preserve parity at the level of action and at the level of axisymmetric BH
solutions, but they violate parity at the level of gravitational perturbations, such as
in dynamical Chern-Simons (dCS) gravity [28-32]. These theories can also break
parity cosmologically, for example, when additional degrees of freedom acquire a
non-zero vacuum expectation value [33—-35]. In this case, it was observed years
ago that the amplitude of left-circular or right-circular polarized GWs decreases
or increases with propagation, resulting in amplitude birefringence [14, 21, 36—
38]. These left-circular and right-circular polarized modes can also propagate with
different velocities, causing velocity birefringence [13, 14, 37, 39]. Both amplitude
and velocity birefringences can be detected, in principle, with LIGO [36, 40, 41].
These birefringence effects might also leave imprints at a larger scale, for example,
generating chiral primordial GWs, which directly affect the cosmic wave background
radiation [42-47], or circularly-polarized stochastic GW background, which can be
detected by GW detectors [48-50].

Besides propagation effects, gravitational perturbations of BHs in modified gravity
can also have parity asymmetry during generation. One important feature of GW's
emitted during the ringdown phase of binary BH mergers in GR, or quasinormal
modes (QNMs), is that the modes with the same quantum number, but different parity,
have the same frequency [51, 52], a result known as isospectrality. However, in bGR
theories, isospectrality is generally broken, similar to the breaking of degeneracies
in quantum mechanical perturbation theory. For example, in dCS gravity, it has
been found that only odd-parity modes are modified for non-rotating BHs [30,
53, 54]. For spinning BHs, both parities are modified but in different ways [31,
55]. Similar isospectrality breaking of QNMs has been observed in parity-violating
corrections of higher-derivative gravity [23, 56—-58] and, more interestingly, in certain
parity-preserving theories, such as parity-preserving corrections of higher-derivative
gravity [23, 56-59] and EdGB theory [60-64]. Such parity asymmetry in the
generation of GWs may cause observable effects, depending on whether there is
enough signal-to-noise ratio (SNR) to resolve the shifts to the ringdown frequencies

(both real and imaginary parts) of the resultant modes [65].

In this work, we focus on the isospectrality breaking of QNMs in these EFT extensions
of GR. The study of QNMs has been an important topic in GR and modified gravity
because their spectrum allows us to retrieve information on the exterior geometry

of BHs and the dynamics of modified gravity theories, which is the idea of BH
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spectroscopy [66—68]. For these bGR theories, extra non-metric fields (scalar, vector,
or tensor) leave imprints on the QNMs. To study QNMs, one major approach is BH
perturbation theory, where the gravitational perturbations of an isolated stationary
BH are computed, given that the merger of binary BHs always settles down to a
stationary geometry in GR. For non-rotating BHs, thanks to spherical symmetry,
QNMs can be directly computed from metric perturbations in both GR [69-73] and
modified gravity [23, 30, 53, 54, 59—62, 74]. In this case, metric perturbations are
separated into two pieces, one with even and one with odd parity. For each parity
piece, one can find a single gauge-invariant function that characterizes all degrees of
freedom, i.e., the Zerilli-Moncrief (ZM) function for even-parity perturbations and
the Regge-Wheeler (RW) function for odd-parity ones, the governing equations of
which are decoupled and separable. Since each of the metric perturbation functions

has a definite parity, one can easily study isospectrality breaking in this approach.

For rotating BHs, due to the lack of spherical symmetry, it is hard to decouple all the
metric fields and find only two functions to represent all the metric components. For
this reason, Teukolsky developed another approach for rotating BHs in GR [75-77]
within the framework of Newman and Penrose (NP) [78] and using spinor calculus.
In the Teukolsky formalism, instead of solving for metric perturbations directly,
curvature perturbations, characterized by the Weyl scalars ¥ and ¥y, are solved for
first, from which the metric can then be reconstructed [51, 79—88]. Both non-rotating
and rotating BHs in GR can be mathematically classified as Petrov type D spacetimes
[51, 89], the leading-order gravitational perturbations of which are fully described by
decoupled and separable Teukolsky equations. However, in the Teukolsky formalism,
the modes are not naturally separated into definite parity. To study parity, one then
needs to first find combinations of solutions to the Teukolsky equations that generate
definite-parity metric perturbations. This work was first done in [80], using metric
reconstruction to map definite-parity metric perturbations to Teukolsky functions,

and expressed in a simpler form in [90].

In modified gravity, perturbations of spinning BHs were previously studied using
metric perturbations in the slow-rotation expansion [31, 55, 56, 63, 64, 91] and
using numerical relativity for an arbitrary spin but with secularly-growing errors [92,
93]. However, most of the remnant BHs of binary BH mergers are rapidly rotating
(at least 65% of their maximum), as predicted theoretically [94] and confirmed
observationally [95]. One can, in principle, extend the approach using metric

perturbations in the slow-rotating expansion to higher orders in spin, but to produce
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reliable results for these fast-spinning BHs, one usually needs to go beyond fifth order
in the slow-rotation expansion [96]. Extensions to such a high order will involve
complicated couplings between different / modes, so this approach might not be
practically feasible. Although in EdGB, Ref. [64] recently found that by resuming
the O(x?), slow-rotation expansion of QNMs using Padé approximants [97-99], one
might find accurate results for dimensionless spin up to y = a/M ~ 0.7, it is still
worth developing a formalism without explicit reliance on a small spin expansion. An
alternative approach, combining metric perturbations with spectral decomposition
techniques, was recently developed for Schwarzschild BHs [100] and Kerr BHs
(valid up to y ~ 0.95) [101]. However, it is worth noting that, although promising,
such spectral decomposition techniques have only been demonstrated for BHs in GR

as of yet.

Recently, Refs. [102, 103] showed that one can extend the Teukolsky formalism in
GR to modified gravity for any deformed BHs that do not significantly deviate from
their counterparts in GR so that they can be treated through an EFT approach. In
this modified Teukolsky formalism, the Weyl scalars ¥, and ¥4 are decoupled from
other degrees of freedom of curvature perturbations, just like in GR. Their equations
are also separable because the homogeneous part of the modified Teukolsky equation
is of the same form as in GR, and the source terms can be separated by projection
to spin-weighted spheroidal harmonics [102, 103]. Later, Refs. [57, 58] applied
the approach of [102, 103] to higher-derivative gravity up to O(x!'#). The authors
successfully separated the equations into radial and angular parts and computed the
QNM frequencies valid up to y ~ 0.7. Their results also match well with previous

calculations using metric perturbations in [56, 91].

Nonetheless, to study isospectrality breaking, one needs to first find out what the
definite-parity modes are in these modified Teukolsky equations and derive their
equations. In this work, we show that one can extend the definition in [90] to the
modified Teukolsky equations in [102, 103]. Furthermore, we derive the equations
that govern these definite-parity modes and prescribe how to evaluate the shifts of
QNDMs using the eigenvalue perturbation (EVP) method of [103—105]. For simplicity,
in this work, we only focus on spacetimes that are Petrov type D even in modified
gravity, but our results can be easily extended to non-Petrov-type-D spacetimes,
where the modified Teukolsky formalism of [102, 103] still applies. We also assume
that background spacetimes are parity invariant, which is true for non-rotating and
slowly rotating BHs in dCS [106, 107] and EdGB gravity [60, 108, 109], so we can
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focus on the parity properties of dynamical perturbations. Our work can also be easily
extended to BH spacetimes that violate parity, such as those in higher-derivative
gravity with parity-violating corrections [23, 56-58], but we leave this for future

work.

In the remainder of this paper, we present in more detail our formalism for studying
isospectrality breaking of QNMs in modified gravity using the Teukolsky formalism.
In Sec. 3.2, we give a quick review of the modified Teukolsky formalism developed
by [102, 103]. In Sec. 3.3, we review the construction of definite-parity modes
of Teukolsky equations in GR found by [90]. In Sec. 3.4, we show that the same
definition of definite-parity modes in GR can be extended to Petrov type D spacetimes
in modified gravity. For non-Petrov-type-D spacetimes, we discuss how one might
extend our construction and leave details to future work. In Sec. 3.5, we follow the
discussion in [103] to derive the shifts of QNM frequencies using the EVP method of
[103-105] and show how the degeneracy in QNM frequencies of even- and odd-parity
modes is generally broken in modified gravity. We then derive the condition for the
modified Teukolsky equation to have definite-parity solutions and present the shifts
of their QNM frequencies. In Sec. 3.6, we apply our formalism to two specific bGR
theories: dCS and EAGB gravity, and we show that our definite-parity equations
agree qualitatively with the equations found by metric perturbations in [30, 31, 53-55,

60—64]. Finally, in Sec. 3.7, we discuss future avenues of this work and conclude.

3.2 Modified Teukolsky equations
In this section, we review the modified Teukolsky formalism in bGR theories
developed in [102, 103]. Here, we focus on the equation of Wy, and the equation of

Y, can be found following the same procedure or via the GHP transformation [110].

3.2.1 DGR theories and expansion scheme

As shown in [102], for any modified gravity theory that admits an EFT description
and allows perturbation theory, the gravitational perturbations of any non-Ricci-flat,
Petrov type I BH can be studied via the curvature perturbation formalism. For this
large subset of modified gravity theories, its Lagrangian can be schematically written

as
L = Lor + 7 Lior + Linatter + Liield » (3.1)

where Lgg is the Einstein-Hilbert Lagrangian, and L. 1S the Lagrangian of
matter. In this work, we focus on vacuum backgrounds, so Lyaer = 0. Leela

is the Lagrangian of extra non-metric fields, including both kinetic and potential
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terms. The Lagrangian Lygg describes additional corrections to the Einstein-Hilbert
Lagrangian, which may contain non-minimal couplings to the extra non-metric
fields. The quantity ¢ with dimensions of length characterizes the strength of the GR

correction, with p introduced to ensure that the dimension of ¥ Lygg are correct.

Based on whether there are additional non-metric fields, we can divide the subset of
modified gravity theories that our modified Teukolsky formalism applies to into the

following two classes:

e Lhqa # 0= Class A,

® .Eﬁe]d =0=ClassB.

Some examples of class A bGR theories are dCS gravity [28, 29], EdAGB gravity
[108, 111, 112], Horndeski theory [113], scalar-tensor theories [114], f(R) gravity
[115, 116], Einstein-Aether theory [117], and bi-gravity [118]. There are also certain
EFT extensions of GR that do not contain extra non-metric fields, so they can be

classified as class B bGR theories, such as higher-derivative gravity [17-20].

To study gravitational perturbations in modified gravity in the formalism of [102],
we need at least two expansion parameters. In this work, we follow the conventions
in [102] and use { to denote the strength of bGR corrections and e the size of
GW perturbations, a parameter that also appears in the GR case. Both £ and € are
dimensionless, so ¢ is usually some power of the ratio of the scale £ to the BH
mass. We also assume that the leading correction to the metric field due to modified
gravity is at least of O({), so the correction to other non-metric fields enters at lower
and non-integer order of { [102]. Reference [102] additionally showed that if the
background tetrad is carefully chosen, the bGR correction to all NP quantities also

enters at O (). Then, all the NP quantities can be expanded in the following way:

w, = 4 eyt
e e R T (3 Ja (3.2)

where we have taken Weyl scalars as an example. In this work, we will hide
the expansion in { from certain equations to minimize notational clutter, so the

superscript will only stand for an expansion in €, as shown in the first line of Eq. (3.2).

In this work, we do not make any assumptions about the relative size of € and . The

bGR expansion parameter { can be either larger or smaller than €, depending on the
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details of the binary system and the bGR theory being considered. For example, in
dCS gravity, NICER and advanced LIGO observations constrain y/agcs < 8.5km at
90% confidence [119], where aqcs is the coupling constant of dCS gravity. For an
intermediate or extreme mass-ratio inspiral around a BH of mass M = 10° M, this
bound on a4cs maps to a constraint on Ccs [i.e., Eq. (3.82)] of Zycs < 3.5%x 107>, For
such an extreme mass-ratio inspiral, however, € is proportional to the mass ratio g of
the binary, which can be either larger or smaller than {4cs because ¢ € [1073,1077].
However, corrections with powers of €” arise from higher-order GR effects, while
corrections with powers of " arise from higher-order bGR effects that generally do
not generate GWs at infinity. Therefore, the term (e that we focus on is the leading
bGR contribution to GWs.

3.2.2 Modified Teukolsky equation

Using the expansion scheme in Eq. (3.2), one can then derive the modified Teukolsky
equation. For convenience, let us first define the following operators in terms of the
NP spin coeflicients and tetrad derivatives (see e.g. [78, 120]):

Digpeay =D +ac+bs+cp+dp, (3.3a)
Alaped =A+au+ba+cy+dy, (3.3b)
Olabed =0 +aa+bB+cr+drt, (3.3¢)
5_[a,b,c,d] =6+aa+bB+cn+dt, (3.3d)

where the overhead bar denotes complex conjugation. The equations we start from
are two Ricci identities and one Bianchi identity, namely

Fl"P()—JllPl —3K\P2=Sl, (348.)
FQ\PO - Jz‘Pl - 30"1‘2 = Sz . (34b)
EzO’—Elk—‘P()ZO, (340)

where the operators Fj 3, J1 2, and E; > are defined via

Fi =6[-40,1,0] > Fy =Ap10,-40] 5
J1=Dj20,-40] J2 = 610,-2,0,-4] » (3.5)
Ey=96[-1,-3.1-1]> Ey=Di31-1-1]>

and the source terms S > are

81 =61-2,2,1,00Po0 — D[-2,0,0,-2]Po1 + 20D 19 — 2kD1; — kP2, (3.6a)
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82 = 6[0.-2201P01 — D222.0-11P02 — 1@ + 20| — 2k D5 . (3.6b)

To derive the modified Teukolsky equation, Ref. [102] made some convenient gauge
choices for both the background spacetime and the dynamical perturbations, following
Chandrasekhar [51]. Since we care about BH spacetimes that are modifications of
Petrov type D spacetimes in GR, one can use the Kinnersley tetrad to set

0.0) _
¥, =0. (3.7)

For dynamical perturbations, Ref. [102] showed that one can rotate the O (¢!, €!)

part of the tetrad, such that

(0.1) _ (1) _
O (3.8)

In this gauge, one can then easily decouple ‘I‘(()l’l) from other NP quantities and derive
a single decoupled equation for ‘I’(()I’D, namely [102]

HGRMY = G0 + 80D, (3.9)

where HJ® is the Teukolsky operator in GR, and the source terms Séel(;l) and SU-D

are given by

1,1 1,1 1,1 1,1
Sg(eo ) = S(g,D : + S(g,nor)l-D + Sl(,nor)l-D ’
(1,1) _ (1,0) gy (0,1)
SO,D =-H, lIJ0 ’

(L, _ (0,1)qy(1,0)

O,non-D —
(L) _ £4(0,1)\gy(1,0)
Sl,non—D_Hl lPl , (3.10)
and
SO0 2 OO | 0D _ g0 1D _ g0 (3,

The operators Hy ; and &, are defined via

Hy=&F - & F1 -3¥Y,, H =8&J,-861J1,

1 1 (3.12)
81=E1—T—25\P2, 82:E2—?2D\P2.

The equation for ‘I’il’l) can be found in [102]. In Eq. (3.10), the source term Sy,
comes from the homogeneous part of the Bianchi identities and Ricci identities in

Eq. (3.4), so it is generated by modifications to the background spacetime and does
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not involve terms from the effective stress tensor. Within Sy, the terms S; yon-p
only appear in non-Petrov-type-D spacetimes, while S;p also appears in Petrov
type D spacetimes. On the other hand, the source term S comes from the effective
stress-energy tensor, so it depends on the details of the modified gravity theory and

may contain extra non-metric fields.

Inspecting Eqgs. (3.9)—(3.11), one notices that every NP quantity in Sg(g(;l) has lower
order than O(¢!, €'), and the only terms at O (¢!, €') are ‘I’(()l’]) and SV In [102],
it was additionally shown that for class B bGR theories, S (L) o h(l’o)h(o’l), while
for class A bGR theories, S(I-1) ~ 91O pO.1) 4 ﬁ(l’l)g(o’o), where 1} represents extra
(scalar, vector or tensor fields) non-metric fields. For both cases, there are no factors
of hl(ll,,’l), so we have fully decoupled ‘P(()l’l) from all metric fields. For class A bGR
theories, we also have 9"V, but as shown in [102, 103], these extra non-metric fields
can be solved for first by following the order-reduction scheme in [121]. The key idea
is that for these non-minimal coupling class A bGR theories, the bGR corrections
always drive non-metric fields first before driving GW perturbations [102, 103].
Thus, when writing down 91!, we actually have absorbed the coupling constant
into ¢}, while it enters at a lower order. For details of decoupling non-metric fields

from ¥, one can refer to [103].

Besides using the gauge freedom of both the background spacetime and the dynamical
perturbations, one can also derive the modified Teukolsky equation without making
any explicit gauge choices, as done in the original derivation of the Teukolsky
equation in GR [75] and in modified gravity in [103]. Reference [103] showed
that instead of using the NP language from the beginning, one could follow the
idea in [122] and work with the Einstein equations directly to then project to a
modified Teukolsky equation at the end. In spite of the many differen approaches
to derive the modified Teukolsky equation, the final master equation shares many
similarities. One major feature is that the master equation always contains terms at
0(Z°, €"), which requires metric reconstruction of GW perturbations in GR, as one
can observe in Egs. (3.10) and (3.11). In the next section, we will introduce one of
these metric reconstruction procedures. For the terms at O (¢, €%) and O(¢1, €°),
one can directly compute them using the background metric. To transform the
modified Teukolsky equation in Eq. (3.9) to the one for definite-parity modes, the
next step is to understand what definite-parity modes of the Teukolsky equation are
in both GR and modified gravity.
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3.3 Modes with Definite Parity in GR

In this section, we review definite-parity solutions to the Teukolsky equation in GR,
following [90]. Our focus is on bGR, beyond-Kerr BH spacetimes, whereas we
show below that isospectrality can be broken by dynamical effects. Since this is
our primary goal, we further assume that, like in the Kerr solution, the stationary
spacetime is invariant under the parity transformation. This assumption holds for
known BH solutions in modified gravity theories, such as in dCS gravity [106, 123]
and EdGB gravity[60, 108, 109], and seems physically reasonable for a stationary BH.

To make this more concrete, we first define what we mean by a parity transformation.

Let the spacetime be a manifold M, with an open set U C M inside it that contains
Boyer-Lindquist-like coordinates, i.e., the metric g on M has the functional form of
a modified Kerr metric on U in these coordinates. Define the parity operator P as an
operator that acts on functions in these Boyer-Lindquist coordinates. The action of

the operator is the following:

Plf(t,r,0,0)] = f(t,r,m—6,¢+n7). (3.13)

Then for metric perturbations [69, 70, 90], the modes with even and odd parity are
defined to be

PhEC = +(-1)'n52 (3.14)

where [ is the angular momentum number after decomposing metric perturbations
into spheroidal harmonics.! To define parity for solutions to the Teukolsky equation,
we then need to know the relation between metric perturbations and curvature

perturbations.

3.3.1 Metric reconstruction in GR

To find curvature perturbations from metric perturbations, we can directly compute
Weyl scalars from the perturbed metric. In contrast, reconstructing metric perturba-
tions from Weyl scalars is a more complicated process. Fortunately, this procedure
was developed for Kerr BHs or, more generally, Petrov type D spacetimes in GR
either via an intermediate Hertz potential [79—87] or by solving the Bianchi identities,
Ricci identities, and commutation relations [51, 88]. In this work, we follow the
approach using the Hertz potential, the so-called Chrzanowski-Cohen-Kegeles (CCK)
procedure [86], and the conventions in [86, 87] due to more explicit algebraic relations

between Weyl scalars and metric perturbations. In this section, we only provide a

'We have followed the definition of definite-parity modes in Sec. IC2 of [90].



128

brief introduction, and more details can be found in Appendix 3.9. Furthermore,
since in this section we review metric reconstruction in GR, our expressions hold
only to O(Z°, €").

As discussed in [86, 87], the Hertz potential ‘I’élo’l) generates metric perturbations
hfg,’l) that solve the linearized Einstein equations in GR. For simplicity, we will
drop the superscripts of h/(lov’l) and ‘I‘g)’l) for the rest of this section. In the outgoing
radiation gauge (ORG) [87], where n*h,, = 0 and h = gV h,, = 0. The perturbed
metric h,, is related to Wy via

hyy = — pt [nunvg[—3,—l,5,0]5[—4,0,1,0] +mymyArs o -311A[1,0,-4,0] 3.15)

—n iy (01-3,1,511A11,0-40] +A[5-1,-3-110[-4.0,1.0) | P +c.c.
In the ingoing radiation gauge (IRG) [86], where [#h,, = 0 and h = 0, we have
instead that

huy = [Luly8113.0.-11810.4.03] + Mty D(-130,-11D10.4.0.3] (3.16)

—l(uyy (D13.1.-116104.03] + 5_[—1,3,—1,—111)[0,4,0,3])] Py +c.c.

Notice that, since we have chosen the opposite signature from [86, 87], our &, has a

different sign.

Using Eqgs. (3.15) and (3.16), one can derive the relation between Weyl scalars and
Wy. For example, for perturbations of Kerr in ORG [87],

Y, = %p“AzDMAZ‘T’H, (3.17a)
¥y = % [ L4y + 12M6,Py] | (3.17b)
while in IRG
Y, = —%D“@H, (3.18a)
¥, = —%p4 [ L™y - 12M6,%y] | (3.18b)
where .
A:rZ—ZMr+a2, p:—m,
D=1, = r2+“za,+a,+%a¢,
DT:_r2+aza,+a,—%a¢, G19

L, =—-iasin09; — [69 +icschiy — s cotH] ,
LST ={asin09; — [89 —icscl0y — scot@] ,
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and L* = L1 LoL Lo, LT = LLLgLIL; Here, we have also dropped the
superscript (0, 1) of Wy 4 for simplicity. All the Weyl scalars in this subsection are
assumed to be at O (2, €!).

In this work, we focus on the modified Teukolsky equation for ¥, so it is convenient
to work with IRG, where Wy can be reconstructed from Wy by inverting Eq. (3.18a)
using the Teukolsky-Starobinsky identities [77, 124, 125], e.g.,

_ 4
By = 2674 (D) [42%] . (3.20)
Here, € is the mode-dependent Teukolsky-Starobinsky constant [51, 83],2
€ = A%(1+2)? - 8w?A [@?(54 +6) — 12a*| + 144w’ e® + 1440’ M?,  (3.21)

where w is the QNM frequency associated with a specific (I, m, w) mode of ¥y, A

is the separation constant used by Chandrasekhar [51], and o = o

—am/w. The
relation between Wy and other Weyl scalars in IRG can be found in Appendix 3.9.
For the Schwarzschild background, these relations greatly simplify. Since we use the
relation between ¥, and Wy in the Schwarzschild limit frequently in Sec. 3.6, we

present it here for convenience,
1 - - _
Y, = —§D2(6+2,8)(6+4,8)‘PH. (3.22)

3.3.2 Definition of even- and odd-parity modes
With the relation in Eq. (3.16), we can now define the modes with definite parity
in GR. For convenience, let us define an operator ¥ = CP, where P is the parity

transformation, and C is the complex conjugation,
Pr=CPf=Cf(n—0,p+n)=f(xr—6,p+n). (3.23)

In [126], the same % operator was also constructed and used for studying scalar and
vector QNMs and their isospectrality in EFT extensions of GR. With the definition

above and P2 = C% = 7, where I is the identity operator, one can easily show that
p2=7, CP=P, PP=C, (3.24)

because P, ¢ , and # commute with each other. Using Eq. (3.24), we will replace P

with C and # in most places. When P acts on another operator X, we have

PIX] = PXP, (3.25)

2@ is the constant p in [83].



130

and similarly for C. Other useful properties of P, C, and ? are listed in Appendix 3.8.

As discussed in [90], at O(¢ 0 €Y) in the Kinnersley tetrad of Kerr,

P {D,A} = {D,A}, P {6,6} =-{0,6},

R N (3.26)
P{p’ﬂ’y}:{p’ﬂ’y}’ P{CL’,,B,T(,T}:—{CZ,ﬂ,T(,T},

and other spin coefficients are zero. For convenience, let us rewrite Egs. (3.15) and
(3.16) as
huv = OyvlilH + O_,uv‘PH s (3.27)

where O, denotes the operator converting Py to huy. Using Eq. (3.26), one can
show that
PO, =0, . (3.28)
Thus,
Phyy = 0y PPy + 0,y PPy . (3.29)
For even- and odd-parity metric perturbations, Sahfj’vo = i(—l)lhﬁ’vo. Comparing
Eq. (3.29) to Eq. (3.27), we find that the Hertz potentials ‘I’EI’O generated from hf;’vo

must transform as
PP = +(-1)'WEO. (3.30)

Since the operators converting Wy to W 4 in Egs. (3.17a) and (3.18a) are invariant
under P, the even- and odd-parity modes of Wo.4 must transform in the same way as
Eq. (3.30).

We can then define the definite-parity modes ‘I’fm% of Wy 4 to be

WEO — g+ (=) P (3.31)

Imw
because then we have that
ﬁq]f,;l?u = ﬁq]lmw + (_l)lTlmw
= + (-1) [P £ (=1)'P¥pne | (3.32)
= + (_l)llPE,O

Imw’

where W, is a single (/, m, w) mode solving the Teukolsky equation of either ¥

or ¥,. For simplicity, we shall also write

Yoo =¥+ (-)PY, ¥:=V,,, (3.33)
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where we have dropped the mode label /mw for all the fields in Eq. (3.31). Henceforth,

we always assume that W is a single (/, m, w) mode. Using Eq. (3.33), we can also

express ¥ and PW in terms of Yeo,

-1
2

1 A
Y = E (lPE + lPo) s PY = (lPE — lPo) s (334)

which provides the inverse map from definite-parity modes back to the full solutions
to the Teukolsky equation.

3.3.3 Relation between definite-parity modes and solutions to the Teukolsky
equation

To generate metric perturbations with definite parity, besides the transformation

property in Eq. (3.30), we also need Wi o to solve the Teukolsky equation; otherwise,

the metric perturbations generated will not solve the Einstein equations. The modes

in Eq. (3.31) are not necessarily solutions to the modified Teukolsky equation since

PW is not guaranteed to be a solution except in some special cases.

For Kerr, one can show that Eq. (3.31) are solutions to the Teukolsky equation by
using the transformation properties of Teukolsky functions under P and C. According
to [90], the radial Teukolsky functions ;R;,,, (7) and the angular Teukolsky functions
sS1me (0) for Kerr in GR satisfy

slew = (_l)msRl—m—d) s
sSlmw(ﬂ' - 9) = (_1)m+l—sSlmw(9) > (3.35)
sglmw(‘g) = (_l)mﬂ—ssl—m—u}(e) .

Thus, by applying the above relations for s = +2, we can rewrite P as

PY = li’lmw(ﬂ —-0,p+m)
= 22 Rype =00 S (T = 6) (3.36)

(_ l)liZRl—m—d)e_i(m(p_(Dt) iZSl—m—tZ) P

where in the third line we have used the relations in Eq. (3.35). Thus, for Kerr, we
also have
PO =Wy = Viem-a (3.37)

Imw

which is the definition used in [90].

In general, the modes in Eq. (3.37) do not necessarily satisfy the transformation rule
in Eq. (3.30) as one can explicitly check. For Kerr, due to the relations in Eq. (3.35),
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we can transform ¥;_,,,_; to ?A"I’lmw, so Eq. (3.37) becomes modes of definite parity.
Generally, we need to define the even and odd modes for ¥, and ¥;_,,; separately
using Eq. (3.33). For Kerr, since ﬁTlmw = (—1)’ Y, _..c, the even and odd modes for

EO _ kO
Yime and ¥;_,,; are degenerate, ‘lew = i‘Pl_ma_).

Another feature of the definition in Eq. (3.33) is that the modes with definite parity
are linear combinations of modes with frequency w and the (negative of its) conjugate
—@. One may wonder whether we can define modes with definite parity without
mixing modes with different frequencies. The answer is no. For a generic Hertz
potential, we can always decompose it into modes with different frequencies, e.g.,
¥=3,A,(r,0,¢)e . Since modes with definite parity need to transform as in

Eq. (3.30), we must have

D Au(r0,9)e ™ = £(=1)' Y Ay(r,m =0, + 1), (3.38)

50 A_;(r,0,¢) = +(=1)!A,(r,m — 6, ¢ + m). Thus, any mode with frequency w
must be accompanied by a mode with frequency —@. This additionally shows that
any solution of the Teukolsky equation in GR has the decomposition in Eq. (3.33) if

it is a definite-parity mode.

To summarize, the definition in Eq. (3.31) is a more fundamental definition than the
one in Eq. (3.37) since it does not rely on the specific properties of the solutions to
the Teukolsky equation in Kerr. As such, we use Egs. (3.31) and (3.33) for the rest of
the work. The major goal of this work is to study the correction to the definite-parity
Teukolsky solutions in GR defined in Eq. (3.33). In many cases, we do not expect
that the modified Teukolsky equation admits solutions with definite parity for generic
systems that generate GWs. We also do not expect the modes defined in Eq. (3.33) to
generate metric perturbations with definite parity in modified gravity. Nonetheless,
in the next section, we show that the definition in Egs. (3.31) and (3.33) still work

for Petrov type D spacetimes that are perturbations of Kerr in modified gravity.

3.4 Modes with Definite Parity in Modified Gravity

In the previous section, we have shown that the Teukolsky functions defined in
Eq. (3.33) generate metric perturbations with definite parity in GR using metric
reconstruction. However, for general modified gravity theories, the procedure to
reconstruct metric perturbations from the modified Teukolsky functions is not known.
On the other hand, one may also wonder whether the definition in Eq. (3.33) still
works for modified gravity. Although one can find bGR corrections to the GR,
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definite-parity QNMs without knowing whether the corrected modes have definite
parity, it is still important to understand what definite-parity QNMs are in modified
gravity. Along with the results of Sec. 3.5, one can then directly check whether a
modified gravity theory admits modes with definite parity as solutions to the modified
Teukolsky equations. In this section, we show that the definition in Eq. (3.33) also

works for Petrov type D spacetimes in modified gravity.

Since metric reconstruction in modified gravity is generally unknown, we first
start from metric perturbations with definite parity and then compute the parity
transformation of the Weyl scalars generated from these metric perturbations. In our
derivation, we make certain gauge choices such that all the NP quantities have simple
transformation properties under #. In Sec. 3.4.3, we further show that although our
derivation is not manifestly gauge-invariant, the parity properties of Weyl scalars W¢ 4
are gauge-invariant. In this work, we only aim to define definite-parity modes for
Petrov type D spacetimes in modified gravity. More specifically, we consider Petrov
type D BHs that are modifications of Kerr. For non-Petrov-type-D spacetimes in
modified gravity, there are additional complexities, so we discuss a potential strategy

and leave further investigations for future work.

3.4.1 P-transformation of stationary NP quantities
In this section, we compute the parity transformation of NP quantities at O(e"). For
Kerr BHs in GR, we can use the Kinnersley tetrad such that at O(°, €9),

For tetrads corrected at O (¢ I €9), we can follow [102] to choose
1
Seai” = ~5ew by (3.40)
such that all the orthogonality conditions of NP tetrads are satisfied. Recall that
we assume the BH spacetime invariant under parity, so @hf}v’o) = Ishfllv’o) = hf}v’o),
where we have used that hLI;O) is real. Then, using Eq. (3.39), we find
(3.41)

Since the background tetrad in GR and modified gravity have the same transformation
properties under ?, we do not distinguish them below by suppressing the index

orders in ¢ so that the superscripts give the order in the expansion of € only.
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With Egs. (3.39) and (3.41), one can then compute the $-transformation of any spin

coeflicient or Ricci rotation coefficient using the definition,

Yeab = €auverey, . (3.42)

From Eqgs. (3.39), (3.41), and (3.42), we know that the spin coefficients with even
number of m#, m*, and their corresponding directional derivatives are invariant under
73, while the ones with odd numbers of m*, m*, and their corresponding directional
derivatives pick up a minus sign under . For example, k = ;3 only contains one
m#, so PO = —xO), Although «© vanishes in Petrov type D spacetimes, we still
list its parity transformation property since it only depends on the transformation
rules in Egs. (3.39) and (3.41). Similarly, we find

P {aw),ﬂ(m,8(0>,p(0>,ﬂ<0),7(0>} - {(Tw),ﬁ(m,8<0>,p<0>,ﬂ(0>,y(0>} ,

3.43
73{Kw)’V<o>’a<o>”3<o>,T<o>’,r<o>}:_{K<0>,V<o>,a<0>,ﬁ<o>’7<o>’ﬂ<0>}’ G4

which are consistent with the results in [90] for GR.

3.4.2 P-transformation of dynamical NP quantities
At O(€e'), the tetrad can be expressed in terms of the tetrad at O(e?). As found in

[88, 127], one can use the tetrad freedom to choose

1

1 _ (1) A0
DW= = Sy A0
1
A = — Eh,ﬁ}jp@ ~hVAO (3.44)

1 1 (=
s = —riaD© — pMWAO 4 1) 500, Eh,%é(o) .

2mm

Since this tetrad choice is possible at both O(¢?, ') and O (¢!, €!), we also suppress
the expansion in ¢ here for simplicity. Taking hflly) to be the metric perturbations with

definite parity of Eq. (3.14), we find that the dynamical tetrad transforms under ? as

PDWY = +(-1)'DD,  PAD = +(~1)!AD

psh) = 1(_1)16(1) ’ P35 = ¢(_1)15(1) , (3.45)

where the factor + of D" and A()) depends on the parity of hl(}v) generating these tetrad
perturbations, e.g., + for even parity and — for odd parity, and similarly for the factor ¥
of 6V and 6. The eigenvalues of P in Eq. (3.45) have contributions from both the
background tetrad [Egs. (3.39) and (3.41)] and the perturbed metric hf}v) [+(—-1)! for

even and odd parity, respectively]. For example, since ﬁhl(ll) = i(—l)lhl(ll) for even-
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or odd-parity hl(ll,,) respectively, and PA© = A(O), we find D) = £(~1)'DD . In

total, DD and A preserve the parity of 4'!), while 5! and 5V flip its parity.

uv’

To find the P-transformation of the spin coefficients at O(e'), one can first express the
spin coefficients in terms of metric perturbations. This can be done by linearizing the
commutation relation, e.g. following [51]. We have listed the results in Appendix 3.9,
which are consistent with the results in [88]. Then, using Egs. (3.39), (3.41), (3.43),
and (3.45), one can find that

P {Um’ﬂ(l)’8(1>,p<1>’ﬂ(1),y(1>} = (1) {Um,ﬂ(l)’8(1>,p<1>’ﬂ(1),y(1>} ’

P {Km, yD oM g (), ﬂu)} = 5(-1)! { M, oM gM (), ﬂu)} ,
(3.46)
which have very similar transformation properties as the spin coefficients at O (€) in
Eq. (3.43) up to the overall factor +(—1) of hl(ll,,) under P.

With this in hand, let us now study the transformation properties of the Weyl scalars.

Using the Ricci identity, one has that
Wo=D([31,-1,-1]0 = 0[-1,-3,1,-1]K - (3.47)
Using Egs. (3.39), (3.41), (3.43), (3.45), and (3.46), we then find that
Po) = (1w, (3.48)

which includes both O(¢, €!) and O(¢', €!) contributions and is consistent with
Eq. (3.30). The same, of course, is also true for ‘I’( ). In Sec. 3.3. 3, we have shown
that for any mode to have the transformation properties of Eq. (3.48), the mode has
to have the decomposition of Eq. (3.33). This confirms that the modes defined in
Eq. (3.33) are definite-parity Teukolsky solutions for Petrov type D spacetimes in
modified gravity. Reference [57] has found the same definite-parity modes of ¥y 4 via
metric reconstruction, but they only intended to construct these definite-parity modes
in GR for evaluating QNM shifts. Nonetheless, our work extends the definition in

GR to Petrov type D spacetimes in modified gravity.

3.4.3 Gauge invariance

In the analysis above, we have chosen a specific tetrad in Eqgs. (3.39), (3.41), and
(3.45), so one may wonder whether our definition in Eq. (3.33) still works if we
choose a different tetrad. Moreover, besides the freedom of rotating the tetrad,

one can also perform local coordinate transformations, which one may worry
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also affect our analysis. In this section, we show that, although the proof above
selected a specific tetrad, its argument about definite-parity modes is both tetrad- and

coordinate-invariant.

Generally, for perturbations at O (¢ I €!), one should consider both coordinate and
tetrad transformations at O (¢!, €%), O(¢%, €!), and O(¢', €!). For simplicity, let
us focus on ¥y, and an analogous argument can be made for ¥4. For a general
combination of type I, II, and type III rotations with rotation parameters a, b, A, and
¥, where a and b are complex functions, and A and ¥} are real functions, the Weyl

scalar W transforms as [51],
¥y o> A72eXW) + 4pY| + 667, + 453 W5 + by, (3.49)

where we have kept all orders of the rotation parameters. For tetrad rotations at
0!, €', Eq. (3.49) reduces to

p{tD o plhD _o[s A0 gD 00 4 g, (D00 (3 50

where we have define 6A = A — 1. Since we are interested in background spacetimes
that are modifications of Petrov type D spacetimes in GR, ‘P(go’o) = ‘Pfo’o) =0, so
‘P(()l’l) is invariant under tetrad rotations at O (¢ I €!), which is consistent with the
result in [102]. Similarly, for tetrad rotations at O({ 0 e),

ptD gt 215400 _jgOD g0 4 4 @DgLO (3 5

For Petrov type D spacetimes in modified gravity, ‘P(()I’O) = ‘Pil’o) =0, so ‘P(()l’l) 1s
also invariant under tetrad rotations at O(Z°, €!).

However, for Petrov type I spacetimes, since ‘Pé}{o) are nonzero, ‘I’él’l) is not invariant
under tetrad rotations at O (£, €!). Then to justify our arguments in Secs. 3.4.1 and
3.4.2, we need to first construct a tetrad- and coordinate-invariant dynamical curvature
perturbation from ‘I’él’l). Although such a quantity has not been found in modified
gravity yet, there have been similar efforts for second-order GW perturbations in
GR. Reference [127] found that ‘I’ég;z) are also not invariant under tetrad rotations
and coordinate transformations at O(Z°, €'). Solutions to this issue include adding
correction terms to ‘I’ég;z) to construct a tetrad- and coordinate-invariant quantity
[127] or studying GW perturbations in an asymptotically flat representation of Kerr
[128]. As shown in [102], our modified Teukolsky formalism can be directly mapped
to the second-order Teukolsky formalism in GR in [127], so this issue in modified

gravity can probably be solved using similar techniques. We leave the construction of
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a tetrad- and coordinate-invariant dynamical curvature perturbation and the definition
of definite-parity modes in Petrov type I spacetimes in modified gravity to our future

work.

Besides tetrad rotations at O (¢!, €!) and O(¢Y, €!), we can also rotate the tetrad at
O(¢!, €9). In this case,

ptl gt 215400 _ g 0glOD 4 4p109OD (3 57

Since ‘I’(()f)l’l) are GW perturbations in GR, which are nonzero in general, ‘P(()l’l) 1S
not invariant under tetrad rotations at O(¢', €). However, this behavior is very
similar to tetrad rotations at O(Z?, €°) in GR, which also shift ‘P(()g;l) and correspond
to large Lorentz transformations of the background spacetime. In contrast, gauge
transformations enter at the same order as GW perturbations, or O (e!) in our notation.
For Kerr BHs in GR, the Teukolsky equation is decoupled and separable in Boyer-
Lindquist coordinates and in the Kinnersley tetrad, where definite-parity modes
can also be easily defined. However, we do not expect the same situation in other
coordinates and tetrads in general. Similarly, there are convenient coordinates and
tetrads in modified gravity, where parity transformation on ‘P(g,lil) is still described by
the same operator #, with definite-parity modes having eigenvalues +1 under #. For
bGR BHs invariant under parity, one can always use Eq. (3.40) to construct a bGR
tetrad which transforms the same way as the Kinnersley tetrad under parity. In this
case, the transformation of ‘P(()}il) is still described by P , with definite-parity modes

having eigenvalues of +1. If one further rotates this tetrad at the O (¢!, €°) order, then

(1,1)
0,4

different from 9. Nevertheless, under that operator, definite-parity modes still exist,

generically the parity transformation for ¥, ,”” will have to be replaced by an operator
and will still have eigenvalue +1. For this reason, we can constrain the allowed
tetrad rotations at O (¢!, €°) to the ones preserving Eq. (3.41) (i.e., P{6A(10) (1.0
b(l’o)} = {6A(1’0), —9(1.0), —b(l’o)}), similar to the choice in [126], so ‘Péléil) has
simple transformation under parity [i.e., Eq. (3.48)].

Finally, we can also perform coordinate transformations at O(¢', €!) and O(Z°, €!).
For the same reasons as discussed above, we do not care about coordinate trans-

formations at O(¢%, €%) and O(¢!, €”). Under coordinate transformations x* —
xH+ ef“(o’l) + {e(_f“(l’l), ‘P(()l’l) transforms as [127],

‘P(()l’l) - lP(()l,l) +§y(0,l)a#q;(()l,0) +§#(1,1)6H.I,(()0,0) _ (3.53)

For Petrov type D spacetimes in modified gravity, \I’(()O’O) = ‘Pél’o) =0, so ‘I’él’l)

is also coordinate-invariant. Thus, our arguments in Secs. 3.4.1 and 3.4.2 to find
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the transformation rule in Eq. (3.48) are both tetrad- and coordinate-invariant. For
Petrov type I spacetimes, although one can set ‘P(()I’O) # 0 by rotating the background
tetrad [51], we may have to work with the tetrad where ‘P(()I’O) = ( to preserve our
perturbation scheme in Sec. 3.2.1, as argued in [102]. Thus, we leave the construction
of a tetrad- and coordinate-invariant dynamical curvature perturbation to our future

work.

3.5 Isospectrality breaking in modified gravity

In Secs. 3.3 and 3.4, we have found the QNMs of Weyl scalars that generate definite-
parity metric perturbations of Petrov type D spacetimes in GR and modified gravity.
In this section, we compute the shift of QNM frequencies of these definite-parity
modes using the modified Teukolsky equation found in [102, 103]. We first need
to extract the source terms having overlaps with the QNMs in GR, which shift the
QNM frequencies.

As shown in Sec. 3.3.1, metric reconstruction mixes the modes with frequency w
and —@, so we need to disentangle the source terms with frequency w from the
terms with frequency —@ within the modified Teukolsky equation. After finding the
equations with definite-frequency source terms, we then apply the EVP approach of
[103—105] to compute the shifts in QNMs. In the rest of this section, we show that
the solutions form a two-dimensional subspace, the eigenvectors of which are two
linear combinations of (/,m) and (/, —m) modes determined by the source terms.
The frequencies of these two linear combinations are generally different, so the
degeneracy of each (/, m, w) mode in GR is broken, like in quantum mechanics, as
observed, for example, in dCS gravity [30, 31, 53-55], EdGB gravity [60—64], and
higher-derivative gravity [56—58]. Nonetheless, in the special case that the source
terms are invariant under the @-transformation, these eigenvectors become even-
and odd-parity modes. One can thus see this section as a non-trivial extension of
Sec. IVC in [103].

3.5.1 Identification of the source terms that shift QNM frequencies
In this subsection, we extract the source terms within the modified Teukolsky
equations having overlaps with the QNMs in GR. In other words, we are interested

in the terms of Egs. (3.10) and (3.11) that are driven by hfg,’l) or ‘P(()Oil).

In Sec. 3.2, we have discussed that there are two types of source terms. First, the

source term Sg(el(;l) [Eq. (3.10)] comes from the correction to the homogeneous part

of the Bianchi and Ricci identities, so it is purely geometrical and only depends on
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corrections to the background geometry. The terms in Sg(elgl) take the form of either
H; ©. 1)‘I‘(l 06 r H; (1, 0)‘1’(0 D , where H; are operators that involve only the metric.
Both H; 0.1 and ‘P(O ) are driven by h ) and can be reconstructed from the Hertz

potential ‘P(O D

The next set of source terms is encoded in SU-V [Eq. (3.11)], which comes from
the effective stress-energy tensor and depends on the details of the modified gravity
theory. As discussed in Sec. 3.2, this type of source term contains two classes. For
bGR theories of class B, there are no extra non-metric fields, so S""1) is driven
by h 0.1) directly as shown in detail in [102]. For bGR theories of class A, there
are extra non-metric fields, so we need to be more careful. As discussed in detail

in [102], for class A bGR theories with non-minimal coupling, extra non-metric

(0,1)
uy oo

to the order-reduction scheme in [121], one can first solve the master equations of

fields are first driven by & so they can also shift the QNM frequencies. Similar
extra non-metric fields, which are also sourced Teukolsky equations when extra
fields are of spin 0 or 1. Since the sources are GR metric fields, the equations of
extra fields effectively decouple from the modified Teukolsky equation of metric
fields, which occur at the next order in the bGR coupling. One can then apply
standard techniques, such as Green functions, to solve for these extra fields first and
then insert the solutions into the source terms of the modified Teukolsky equation.
Nonetheless, the homogeneous part of these extra non-metric fields can oscillate
at other frequencies, for example, as observed with the scalar perturbations in dCS
gravity [31, 92, 93].

(0,1)

w > we can then write the modified

Incorporating only the source terms driven by A
Teukolsky equation in Egs. (3.9)—(3.11) as

HYD = sl (3.54)

where H = H{® and ¥V = ‘I’él’l) for Wy. The equation that ‘I’il’l) satisfies is of
the same form, but with the replacements Hg® — HJ® and ‘P(()]’l) - ‘Pil’]). In

Sec. 3.3.1, we have shown how to reconstruct h(o D from the Hertz potential ‘PI({O’I),

i.e.,
" = (O + 0 C) TPV (3.55)
Here, we have pulled out the complex conjugation operator C acting on ‘i’élo’l) in

Eq. (3.27) since it transforms any mode with frequency w to —@. Furthermore, if
one reconstructs ‘i’l({()’l) from ‘I’éo’l) in IRG or ‘Pﬁo’l) in ORG, the operators acting

on ‘i‘éo’l) do not mix modes with different frequencies [i.e., Eq. (3.20)], as shown in
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[83]. Thus, we can absorb these operators into O, and é/m so Eq. (3.54) can be
further written as
HYD = S5 (0, + 0 C) WO (3.56)

In principle, one can also have additional operators C within S#”, but since hl(,ov’l) is
real, we do not need to pull them out. In the rest of this section, we take Eq. (3.56)

as our modified Teukolsky equation.

3.5.2 Degeneracy breaking
In Eq. (3.56), we notice that the modes with frequency w and —@ are mixed due to
the operator C acting on ¥(%!). Thus, to solve Eq. (3.56), one generally needs to
consider the linear combinations
(0.1) _ (0.1 (0.1)
vy = O g Y

gD _ gL | U\P(l,l) (3.57)
n P .

Here, ‘Pg)’l) and ‘I‘g’l) are the modes with GR QNM frequency that is the negative
complex conjugate of the frequency of ¥ (%1 and ¥(1-D) so that we can solve Eq. (3.56)
consistently. The constant 7 is some complex number, though it is not completely
defined at this moment since one can in principle absorb it into the definition of

‘P;SO’I) and ‘P;;’l). In Eq. (3.62), we will fix the relative normalization between .1

and Tg),l)’ so i will become well defined.

In Eq. (3.57), the modes wO.D and §$ID refer to a specific (/,m,w) mode of
0(£% €") and O(', €') perturbations of W 4, respectively, i.e.,

Im Im

0 g4 2 ime].
(3.58)
phD = lﬁl(,}{l)(”, 6) exp [—i (a)(o) + {w(l)) t+ im¢] ,

Im Im

where we have suppressed indices corresponding to the spin weight s and the overtone
number 7 in these modes for simplicity. Notice that, in Eq. (3.58), we have perturbed
the frequencies of both the GR QNM W1 and the bGR QNM ¥-1 | following
the EVP method in [103—105]. Moreover, the QNM frequency shifts of ¥(®1) and
P(LD are the same; otherwise, the two sides of Eq. (3.56) cannot balance. This
approach is the same, in essence, as the Poincaré-Lindstedt method of solving
secular perturbation problems, introducing shifts of the QNM frequency to cancel
off secularly growing terms due to the GR QNMs resonantly driving the modified
Teukolsky equation. The shift in the QNM frequency plays a similar role to the slow
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timescale of multiple-scale analysis [129], which has been applied to spin-precessing

systems and post-Newtonian dynamics in GR [130-132].

Similarly, the modes gD ang wl-D correspond to the (I, —m, —d)l(o)) mode of
P P m
POD and its perturbations, respectively, i.e.,

‘I’g)’l) = lpg’ll_)m(r, 0) exp [— ( (0) + {w(l) ) - im¢] ,

(11) (1,1) -(0) (1) . (3.59)
‘I‘@’ :wﬁ’l_m(r,é)exp [— ( n Flw,_ ) —zm</)],

(0)
l-m

(0) . The modes W) and ‘P(l D can be directly mapped to the modes

[103]. In Eq. (3.57), we have dlstlngulshed the mode ‘Pg) ‘) and ‘Pg D from P‘P(O’l)
and PP | the P-transformation of ¥ and ¥V since we do not know the
relation between wl(l) and a)(l) at this stage of the calculation in modified gravity.
In the case that ‘Pg)’l) = 73‘{‘(0 1) and ‘Pg 1) PP the modes ‘P,(IO Dy {‘P,(Il 1)

with 7 = +1 have definite parity in Petrov type D spacetimes in modified gravity, as

such that a)(o) =

+(2)

where we have used that in GR, for any w( ) , there exists a w

we have shown in Sec. 3.4.

Inserting the ansatz in Eq. (3.57) into Eq. (3.56), we find
H (20D i)
P

=5 [(0 ¥ O + 7O, CEDY) (3.60)

S A, .1)
L+ (O,,VC‘I‘(O D 470, ¥ )B] ,

where the first and last term on the right-hand side of Eq. (3.60) come from acting
O,y in Eq. (3.56) on PO and ‘I’g)’l), respectively. The second and third term come
from acting (jwé in Eq. (3.56) on ‘P;A)O’l) and WO respectively. We have grouped
the first two terms on the right-hand side together (i.e., group A) since they have the
same GR QNM frequency wg,?z. Similarly, the last two terms in group B have the
same GR QNM frequency —a')é?n). In addition, we also need to match the bGR phase

within group A or group B. Since the bGR QNM frequency of the first and second
(1 (1 )

term in the group A is w,, and —@,_, , respectively, we have to impose
1 -(1
ol =o'\ (3.61)

The same constraint can also be obtained by requiring the terms in group B to have
the same bGR phase. After imposing Eq. (3.61), the phase of H¥"-!) and H‘Pg’l’)
also match the phase of group A and B, respectively, so Eq. (3.60) is completely

0.1)

balanced and solvable. The frequency of ‘I’; is now the complex conjugate of the

frequency of W1, Since ‘I’;SO’I) is a (I, —m) mode of the solution to the Teukolsky
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equation in GR, and ?A"Pl(r(:l’j)) = (=1)'¥,_,,_s [i.e., Eq. (3.36)], we can conveniently
choose
0.1) _ HAygs(0,1)
‘1‘73 =PY (3.62)

such that Eq. (3.60) becomes

H (20D et
— Qv [(Ouv + ﬁépvéf’) PpO.1) 4 ((jméf’ .\ UOW) f)lp(o’])] | (3.63)

where we have pulled out a factor of # in the second and third term using $? = 1.

Notice, the operator C# = P does not change the frequency of the mode it acts on.

Separating the equation into two parts for ') and ‘I’;Sl’l) , we find

HYD = S (0, + 710, CP) WO, (3.642)
HY = 7 (704 + 0 CP) PROD. (3.64b)

Acting % on Eq. (3.64), we also find
H (95\11“")) = (PSH) (OW + néﬂvéﬁ) POl (3.65a)
_ A 1,1 A % _ A 0,1
TH (ml; >) = (PS™) (no,w + ,Ncso) gD (3.65b)
where we have used that

PH=H, PO, =0,. (3.66)

One can notice that Eq. (3.64) is redundant with respect to Eq. (3.65), since the
latter is just a P-transformation of the former, both of which have to be satisfied
simultaneously. Therefore, one can either solve the pair of Egs. (3.64a) and (3.65b) or
the pair of Egs. (3.64b) and (3.65a). Let us focus on the first pair and apply the EVP
method in [103—-105] to remove the wave functions at O(¢!, €'). References [103—

105] have defined an inner product

(Hy (r,0)|¢(r,6)) = (¥ (r,0)|Hp(r,0)) (3.67)

that makes the Teukolsky operator H in GR self-adjoint, where H is the harmonic
decomposition of H into modes e™"*"% The functions ¢ (r, ) and ¢(r, ) are
the (r, #) parts of any modes satisfying the QNM boundary conditions, such as
tﬁl(i’l) (r,6) and z//l(;l’l) (r,0) in Eq. (3.58). Expanding w¢,, about £ on the left-hand
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side of Egs. (3.64a) and (3.65b) and taking the inner product [i.e., Eq. (3.67)] of
these two equations with PO.D we find
1 1
=01, 368
n n

(OVim = WV 10y 0Dy (3.69)

Im

1 <Sm/0,uv>lm <Sﬂyéyvé¢)>lm
<awl:l>lm <(¢Sﬂv)(juvé¢>lm <(¢S'uv)0uv>lm

where we have defined the shorthand notation

where O is the harmonic decomposition of the operator O into modes e~*“*"¢_In
Eq. (3.68), to remove l/’l(;,’l)’ we have used that l//l(,%l) solves the Teukolsky equation
in GR, i.e., Ay = 0, such that (""" Ay D) = 0.

m

Equation (3.68) is a standard eigenvalue problem in degenerate perturbation theory.
One can either calculate the eigenvalues of Eq. (3.68) directly or follow [103] to
solve for 77 first. Multiplying the first equation in Eq. (3.68) by 77 and equating the
left-hand side of it to the left-hand side of the second equation, we find a quadratic

equation in 77,

7 (S* 0 CP),, +1{[S* = (PS™)]| Ou),,, — (PS*)0,,CP), =0.

Im
(3.70)
Since Eq. (3.70) is quadratic, 77 has two solutions 7%,
7= srers | (PS5 =57 0u),
2(8"0,,CP),, "

£ \([S07 = (PS)] O, +4(S00uCP),, (PSIONCPY,, 1.
(3.71)

For each solution, we find a correction a)l(,ln) to the frequency of the mode (7, m, “)1(21))

in GR by solving wl(rln) from the first equation of Eq. (3.68) in terms of 77 and plugging

RS

in the solutions of 77 in Eq. (3.71),
5 (010,67
+(1) _ < # 1 0'“ ¢ Im
w, = =
<8wH>lm

1 % D v
:m{qS” +(PS™)| Ow),,,

£ J([S = (PS)| Op ). +4(SH0,,CP), (PS)0,CP), b.
(3.72)
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The QNM frequency shifts w;‘L(l) in Eq. (3.72) can be also found by solving the

m
characteristic equation of the matrix in Eq. (3.68) directly. One can take the difference

of wli(l) to characterize the degree of isospectrality breaking, i.e.,
m

+1) _=(1)

(1 _
6wlm =Wy, Wi

VS# = @S] O )i, +4 (S0, 0P, (PS#)0,,CP),,  CT3)
- <aw[:1>lm

Thus, for i1sospectrality to be preserved beyond GR, we need

(187 = (PS™)] 0}, +4(S0WCP),, (PS™0,CP), =0. (74
One possibility is that the first and the second term in Eq. (3.74) vanishes inde-
pendently. Notice that <S“Véﬂvé¢>lm and <(¢’S“V)éﬂvé¢’> ,, ave to vanish
simultaneously for the following reason. First, we must simultaneously have
(S“VOWCA’?S)lim = 0 since we are solving the (I, m) and (I, —m) modes jointly.
More specifically, one can set ¥(®!) and ¥(I-V) to be the (I, —m) mode in Eq. (3.57),
repeat the same argument above, and replace (- - - );,, in Eq. (3.74) with (---);_,
in the end. Due to P\ = (~1)'¥*! [Eq. (3.36)] and Eq. (3.62), the (I, —m)
mode of ‘P,(Io’l) in Eq. (3.57) only differs from the (/, m) mode by an overall constant,

00 = !

. = w,_,,and any constraint on isospectrality must be redundant for (I, +m).
Next, since 75‘1’1(31’1) = (—l)l‘I’l((_)’”ll) and ?A)(jw = (jﬂy, ((ﬁS‘“’)(jﬂyéﬁ>l$m is a -
transformation of (S“V(jﬂvéf) ) 1+ @0d these terms have to vanish simultaneously.
The same arguments also work for <Sﬂv0ﬂv>1m and ((?A’S“V)Oﬂ,,)lm. In this case,
the matrix in Eq. (3.68) becomes diagonal, so its eigenvectors are (1,0) and (0, 1).
The first eigenvector can be directly found from Eq. (3.70). The second eigenvector
is not directly captured by Eq. (3.70) since we have fixed the normalization of (-1
and -V to be unity in Eq. (3.57). Nonetheless, Egs. (3.68) and (3.70) need to be
satisfied for (I, —m), the solution to which corresponds to the second eigenvector.

This indicates that the (/,m) and (/, —m) modes decouple in Eq. (3.63).

For the two terms in Eq. (3.74) to vanish, there are several sub-cases. First, let
us consider the case when the operators inside the inner products vanish, i.e.,
PSH = S* and S*'0,, = 0, the latter of which indicates that the source terms
do not contain any complex conjugation C acting on the GR QNMs according
to Eq. (3.56). This condition usually cannot happen since most operators in the
source terms SV and Sg(elc;l) [i.e., Egs. (3.4), (3.5), and (3.12)] contain both the NP
quantities and their complex conjugates. Furthermore, as we will see in Sec. 3.6 and
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Appendix 3.11, the Ricci tensor in the NP basis in many bGR theories also contains
both types of terms. At O(Z°, €'), this mixing of NP quantities and their complex
conjugates results in a mixing of terms proportional to Téo’l) and ‘i’(()o’l), where S*
cannot annihilate Oy, as one can observe in the reconstructed quantities in Sec. 3.3.1

and Appendix 3.9.

One exception is when the source terms in Eq. (3.56) only contain Séel(;l), and the bGR
background spacetime is Petrov type D, so Séel(;l) takes the form Sg(éo’l) =— H(()l 0 \I‘(()O’l)

[Eq. (3.10)]. In this case, one can easily verify that ?A’H(gl’o) = Hél’o)

using the
transformation properties in Sec. 3.4.1 (we have assumed that the background metric
is invariant under #), and no complex conjugation C acts on ¥, so isospectrality is
preserved for this correction, as we will discuss in more detail in Sec. 3.6. Notice, in
the case that PSH¥ = S*” (the source term is preserved under parity) but the second
term in Eq. (3.74) does not vanish, isospectrality can still break, as we will discuss

in more detail in Sec. 3.5.3.

Second, let us consider the case in which the operators in Eq. (3.74) annihilate the
mode wl(r(r)l’l) . This can happen, for example, when the operator is proportional to

the Teukolsky operator (or with additional operators acting on it). Third, let us
(0.1)
Im

in Eq. (3.74) are orthogonal, so their inner product vanishes. For example, if the

consider the case in which the mode ¢/ and the one after applying the operators
operator shifts the / of wl(r?l’l), the two modes are orthogonal to each other due to the
orthogonality of the spin-weighted spheroidal harmonics. However, we do not know
any beyond-GR theory where the second or the third case naturally happens unless

we design the corrections deliberately.

Another possibility to have Eq. (3.74) satisfied is that the two terms cancel each
other, instead of vanishing independently. Since O,, and ij, are fixed by the
metric reconstruction procedures, we can only play with S#”. However, it is almost
impossible to construct such a S*” consistently for all (/, m) modes, since S*” is
symmetric, and thus, it only contains 10 independent components. Moreover, the

eigenvectors corresponding to Eq. (3.71) are now degenerate, e.g.,

_ (PSS O
2(8#0,,CP)

—+

n=n

#0. (3.75)
Im

Unlike the 7* = 0 case, this degeneracy is not due to our assumption that the modes
PO and ¥(D have a nonzero amplitude [i.e., Eq. (3.57)]. Thus, the matrix in

Eq. (3.68) truly has an incomplete basis of eigenvectors, which indicates that the
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full solution to Eq. (3.64) may also contain modes that are not harmonic in time,
ie, PO « te_i(“’l(?vf +w;, )i , similar to the critically damping case of a simple
harmonic oscillator. Since this linear dependence in ¢ enters at O(¢?), this mode
is different from expanding the exponential in Eq. (3.58) about £, where one gets
gD o [1 — i{wl(rln)t +0(2?) e""";:)n)t. Therefore, this term cannot be re-absorbed
by perturbing the QNM frequency. Physically, this means that the BH potential
generating this mode responds to GW perturbations strongly. Nonetheless, this mode
may not be truly problematic since the imaginary part of w is always negative, so the

mode still exponentially decays in time.

Except for these special cases, the isospectrality of even- and odd-parity modes in
the QNM frequencies at each (I, m) is broken by modified gravity corrections. In
Sec. 3.6, we will see that a);fll) * a)l_”(ll) (after summing up the contribution from

both SV and Sg(elgl) ) in all the examples we have considered.

A similar analysis specifically for higher-derivative gravity was done by [56] using
metric perturbations, and by [57, 58] using the modified Teukolsky equation. Here,
by following [103], we provide a more general equation of QNM frequency shifts
[e.g., Eq. (3.72)], valid for a broad class of modified gravity theories. Our results are
consistent with [103], but simplified using the parity properties of H and O,;,,. This
allows for a systematic study of the relation between modified gravity corrections

and the structure of isospectrality breaking.

3.5.3 Solutions with definite parity

One may also want to know when the modified Teukolsky equation still admits definite-
parity solutions, i.e., solutions for which ?A"PE,O = +(-1)"Wg [i.e., Eq. (3.30)]. For
this reason, let us consider the special case that n = i(—l)l and ‘Pg’l) = Py,
which corresponds to even- and odd-parity modes for Petrov type D spacetimes in
modified gravity, as shown in Sec. 3.4. Inserting 7 = +(—1)/ into Eq. (3.64a), we
find the definite-parity modified Teukolsky equations to be

HY(D = sw (ow N (_1)1(5”@75) gD (3.76)

The solutions to Eq. (3.76) can then be obtained from Eq. (3.72), i.e.,

o <S“V (OW + (—1)léﬂyé¢>)>
WO _

Im
m ~ . (3.77)
! <awH>lm
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On the other hand, Egs. (3.64a) and (3.65b) need to be satisfied simultaneously, and
we have only used Eq. (3.64a) to get Eq. (3.77). From Eq. (3.65b), we similarly find

cort <¢>SW (o,w + <_1)léwé¢>)>
“m " Do H)m

lm . (3.78)

Comparing Egs. (3.78) to (3.77), we find a constraint on S*”, i.e.,
PSH =S, (3.79)

which implies that the source term S*” needs to transform in the same way as
the Teukolsky operator H in GR under . On the other hand, if one assumes
PSH” = S*”, one finds that 7 = +1 using Eq. (3.70) and ‘Pg’l) = PPLD ysing
Egs. (3.64a) and (3.65b). Thus, for Petrov type D spacetimes in modified gravity, the
solutions to the modified Teukolsky equation generate definite-parity perturbations
if and only if PSH” = SH,

The constraint in Eq. (3.79) is closely related to how one diagonalizes the correction
to the Hamiltonian for degenerate systems in quantum mechanics. For degenerate
perturbation theory in quantum mechanics, the modes that naturally diagonalize
the perturbed Hamiltonian are the eigenvectors of a certain Hermitian operator that
commutes with both the original Hamiltonian and the perturbation to the Hamiltonian.
In our case, the operator £ commutes with both the Teukolsky equation in GR and

the modified Teukolsky equation, since according to Egs. (3.66) and (3.79),

[P, H]f = (PH)(Pf)-H(PSf) =0, (3.802)
[P, S*]f = (PSH)NPS) - S (Pf)=0. (3.80b)

Thus, the even- and odd-parity modes naturally “diagonalize” the modified Teukolsky
equation when PS#” = S#”. In more general cases, when £ does not commute
with the source terms, one must diagonalize manually as in Sec. 3.5.2. In the next
section, we apply the analysis developed in this section to two specific modified

gravity theories: dCS and EdGB gravity.

3.6 Application

In this section, we apply the formalism above to specific corrections to the Teukolsky
equation for two relatively simple examples. In particular, we consider two widely
studied modified gravity theories: dCS and EdGB gravity. We will not present
the details of these two theories here, since one can find them in [28-31, 53-55,
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106, 107] for dCS and in [60-64, 108, 133, 134] for EdAGB gravity. We choose to
follow the convention of the action in [106] for dCS and [63] for EdGB theory. The
formalism developed in this work also directly applies to other bGR theories with
parity-invariant BH solutions that are Petrov type D. For example, all spherically
symmetric BH spacetimes in bGR theories are both Petrov type D and parity-
invariant [135]. Furthermore, although the definition of definite-parity modes in
Sec. 3.3.2 only applies to parity-invariant Petrov type D spacetimes, the analysis of
1sospectrality breaking in Sec. 3.5 generally applies to any bGR theories admitting
an EFT description.

As discussed in Secs. 3.2 and 3.5, modifications to the Teukolsky equation generally
originate from two different places:

1. The modification to the background geometry, e.g., Séel(;l).

2. The effective stress-energy tensor specific to each modified gravity theory, e.g.,
S,

For all these examples of modified gravity theories, we discuss the leading contribution
to both types of source terms. In this work, we also choose to focus on the Petrov
type D backgrounds and leave the generalization to the non-Petrov-type D case for
future work. It was found in [136] that rotating BHs in both dCS and EdGB gravity
are Petrov type D below or at O(y), where y = a/M is the dimensionless spin, and
become Petrov type I beyond O(y). This implies we must focus only on slowly
rotating BHs in dCS and EAGB gravity to linear order in rotation. Thus, we must

carry out an additional expansion in y such that all the quantities are expanded as
p = @000 4 /p(1.00) 4 p0.10) 4 a@O0D 4 (3.81)

For simplicity, we also focus on the equation that governs the evolution of ¥y, while

the equation for W4 can be easily obtained by a GHP transformation [102].

3.6.1 dCS gravity

In this theory, there is no correction to the background geometry for non-rotating
BHs, since the Pontryagin density vanishes for spherically-symmetric spacetimes
[106]. In this case, the leading order correction to the background geometry enters
at O({',Xl, ) with

a? 1

_ s
{={lacs = ——

. K=, 3.82
kM "7 T6nG (5.82)



149

where aqcs 1s the coupling constant of dCS gravity, and we have chosen the coupling
constant of the pseudoscalar field action S = 1. For simplicity, we will drop the
subscript labeling the modified gravity theory. Then, the leading-order contribution
to Sg(g(;l) enters at O(Z!, y', €!). Since slowly rotating BHs at O(¢!, x!,€°) in
dCS gravity are of Petrov type D [106], Sg(el(;l’l) only depends on the correction to
the Teukolsky operator Hél’l’o) . On the other hand, since the pseudoscalar field
¥ is driven by the GW perturbations, there is a nonzero effective stress tensor at
O((jl,)(o, €') [30, 53, 54]. Thus, the leading contribution to S jg SU.0.1)

3.6.1.1 Correction due to Sg(!gl) in dCS

Expanding the Teukolsky equation in GR to O( '), we first find

(0,0) _ 14(0,0,0) (0,1,0)
H,"" =H, +xH, +--,
0,0,0 1
Hé ) = r—rs [—6(r —rg)+4r(r—-3M)o, + r38t2] —-6(r—M)o, —r(r— rs)é?r2

— cot 0y — O + csc 6* (4 —4icos 60y — 8;) ,

H(()O,I,O) _ 4M{ [(r — M)0y + Mrd,0s] — i cos 96;}, (3.83)

r(r—ry)
where ry = 2M is the Schwarzschild radius, HSO’O’O) is the Teukolsky operator on the
Schwarzschild background in GR, and H(()O’I’O) is the leading slow-rotation correction
to H(()O’O’O). We have also restored the full coordinate dependence of these operators
here. Under the transformation, we find that 55[_130,0,0) = HéO’O’O), so the Teukolsky
equation on the Schwarzschild background in GR admits definite-parity solutions. In
addition, ?A’H(()O’l’o) = H(()O’l’o), which is expected since the Kerr background admits
GW perturbations of definite parity. There is also no isospectrality breaking due to

S(O,l,l) _ H(()O,I,O)‘P(()O,O,l)

w0 = , since there is no mixing of modes with frequency w and
—-.

Next, let us compute H(()l’l’o). In this work, we only sketch the key steps, and more
details can be found in [137], where the complete modified Teukolsky equation
(before separation into definite-parity parts) is found up to O (¢!, x', €!). To compute
Hél’l’o), one needs to first find a corrected tetrad that satisfies all the orthogonality

conditions at O (¢!, x!, €?). The background spacetime at O(Z!, !, €) was found

(1,1,0)

in [106], where all the components of 7,

vanish except

5M3 N 12M .\ 27M?
8r Tr 1072

hiy" = sin2 6. (3.84)
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/(11)/,1,0) = h/(llv’l’o) in dCS gravity, consistent with our

assumption. Since the background is still Petrov type D [106], by tetrad rotations,

One can explicitly check that Ph

one can find a frame where ‘Pl.(l’l’o) =0fori = {0, 1,3,4}. Notice that in this frame,
one does not necessarily have x(1'19) = ¢-(1.1.0) = J(1.1LO) — ,(1.10) — (a5 implied by
the Goldberg-Sachs theorem [51], since we are in a non-Ricci-flat spacetime [137].

One can now use this modified tetrad and Eq. (3.12) to compute H(()l’]’o),

4
aty M (€110 - 422140,
0,dCS 224r7(r _ rs) 1(1’) () r 2(1’) ¢ Ot
C M cosa(Cs(ry + 240, (3.85)
8r’ 2
.M4 C
+ ! (r —ry)Cyq(r) cos 80, — 5(r) sin8dy | ,
167‘6 r

where C;(r) are functions of r found in [137] and listed in Appendix 3.10 for
convenience. We can check that ﬁHé}éé’so) = Hé}éé’so), so the modified Teukolsky
equation up to O(Z', x!, €') admits definite-parity solutions if we ignore the source
term S(I:1:1) associated with ¢. Similar to the o 0 )(1 ,€!) correction, since there

is no mixing of modes with different frequencies, Séel(;l’l) preserves isospectrality.

3.6.1.2 Correction due to SI:)) in dCS

In this subsection, we compute the correction due to S{!'1). As discussed above, the
leading contribution to SV is SU-0-D) in dCS gravity. In these previous works [30,
53, 54], they found that only the odd-parity modes are modified for non-rotating
BHs in dCS gravity. We now verify this result using our formalism based on the

Teukolsky framework.
As found in [106], the trace-reverse Einstein equations takes the form

1/2
Ry = —[+] M2
W (Kg)

(V78) €rgatuV* Ry + (VYD) *Ré(w)(,]

(3.86)
1
— (V) (V,) .
+ 2Kg§ ( M ) ( v )

To be consistent with [102, 137], we have absorbed an additional factor of ¢ 172 into

the expansion of ¢, so its expansion also follows Eq. (3.2). In other words, we have

multiplied the first and second terms in Eq. (3.86) by ¢~!/2 while the third term by

£, The equation of motion of & at O(£!, ') is then [102]

1

0,0 9(1,1) _ __ ~
o ~16rxl2

M* [RR]OY - g@Dy0) (3.87)
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In this work, we are interested in modified BH spacetimes that are vacuum in GR, so
R,y =0atO(L 9). As argued in [102], all the metric fields in R/, have to enter at
0(£°) in Eq. (3.86), so the first term in this equation vanishes. In addition, since there
is no correction to the background metric at O(Z!, x°, €%), 9190 = 0 [106]. At
O, ¥, €'), the last term in Eq. (3.86) is proportional to (V#ﬂ(l’o’l)) (Vvﬁ(l’o’o)),
but 9199 = 0, 50 this term vanishes. In the end, only the second term in Eq. (3.86)
contributes at O(¢', 0, €!). Since only 901 is nonzero, the term "Rs(uv)o coupled
to it has to be stationary, so we do not need metric reconstruction here. Now the only
term that can mix modes with different frequencies, and thus break isospectrality, is
910D 50 we need to focus on Eq. (3.87).

Since 9109 = 0, the last term in Eq. (3.87) vanishes, and only the first term in
Eq. (3.87) is important. Projecting this term into the NP basis, one can find that

R'R=-8i(3¥; — 4% ¥; + YoWs — c.c.), (3.88)

which is made up of quadratic terms in Weyl scalars. Since we are interested in
O(€') corrections, one of the Weyl scalars in each pair has to be stationary. For

Petrov type D spacetimes, all the Weyl scalars vanish except ¥, so
[R RO = —asi (WPOwD - gOOPO) (3.89)
In Schwarzschild, ‘Péo’o’o) =-M/ r3 is real, so

* (0’0’1) [ — (0’0’1) j— (0’0’1) —_— (0’071) !)

where I [ f] refers to the imaginary part of f.

One can now naturally ask whether we can remove [ R *R](*%D via a tetrad rotation or a
coordinate transformation at O(£°, x°, €'). The answer is no. First, one can explicitly

check that all the tetrad rotations at O(Z°, x°, €!) leave ‘I’éo’o’l) unchanged since

‘Pfo’o’o) = ‘I’éo’o’o) = 0. Second, under the coordinate transformation x* — x* + &,

where £ is at 0(Z°, y°, €!), ‘I’éo’o’l) transforms as [127]
OOl s @00 au00 g @000, (3.91)
which implies that

T|WPO0] > 1 [ |+ 00D g, 1 [wi00| (3.92)

Since ‘I‘éo’o’o) isreal, 7 [\PQO,O,O)] =0, so [R *R]*%D is invariant under both tetrad

and coordinate transformations at O(Z°, y°, €').
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More generally, for an arbitrary y, the source term in Eq. (3.87) is still tetrad- and

) is invariant

coordinate-invariant. The tetrad invariance is easy to confirm since ‘Péo’l
under tetrad rotations at O(Z°, €!) if the background spacetime is Petrov type D
at 0(Z°, €°). Furthermore, 0'®! is tetrad-invariant. On the other hand, unlike at
O( )(0), ‘Péo’o) is complex, so the coordinate invariance needs to be shown in another
way. For convenience, let us denote the source term in Eq. (3.87) as Sél’l). Then

under the coordinate transformation x* — x* + &* at O(¢°, €'), we find
1.1 1,1 0,0
SV — St 4 gn0D g, 00 (3.93)
but notice that

SéO,O) _ M2[R *R](©0) — g©05(1L0) — ¢ (3.94)

16712
due to the same equation of Eq. (3.87) at O(¢!, €%), i.e.,

1

(0,0) 9(1,0) _ _
o -~ l6rxl/2

M? R R0 . (3.95)

Thus, 81(91’1) is both tetrad- and coordinate-invariant.

By pure order counting, one can write the source term S in Eq. (3.11) as

(1,0,1) _ dcs (0,0,1) 1(0,0,1)
Sy = I (WO - @) (3.96)

where F9°5 is some complicated operator converting the source term driving 9 in

Eq. (3.87) to the source term in Eq. (3.11). The operator 79 contains three parts:

1. The inversion of O in Eq. (3.87) to solve for 1.
2. The NP quantities and derivatives acting on ¥} in Eq. (3.86).

3. The tetrad acting on R,,, to convert it to NP Ricci scalars and the operators in

Sec. 3.2 to convert NP Ricci scalars to Sycs.

Despite being a complicated operator, 795 only contains stationary terms, so it will
not mix modes with different frequencies. Thus, to study isospectrality-breaking
properties without computing QNM shifts, we do not need to know the exact form of

jf:dCS

To show that only the odd-parity modes are modified, we essentially need to show
that Eq. (3.72) vanishes for n = (—1)! but not for = (=1)*!. Then, we need to



153

) )

. . . 0,0,1) . 0,0,1 .
use metric reconstruction to rewrite ‘Pg >/ in terms of ‘I‘(() "7/ or the Hertz potentlal,

e.g., Eq. (3.22). For simplicity, we can absorb the operator —D?/2 into 795 since
D is areal operator. We then rewrite Eq. (3.96) as

Sycs = FC (0 - éé) PO 0= (5+2p)(5+4p). (3.97)
Comparing Eq. (3.97) to Eq. (3.56), one can extract that
S0,y = FIS0, S*0,y, = -FS0, (3.98)
so Eq. (3.72) becomes

dcs(1) <7:dcs (O ¥ (_l)lééﬁ) 9>1
w -

N _ m (3.99)
! <6wH0>lm

where & denotes the operator converting ‘I’(()O’O’]) to ‘i‘l({o’o’l) in Eq. (3.20).

With this expression at hand, we can now show that O ‘i’éo’o’ D= (-D'OCPD ‘i’éo’o’ D
or O‘i’ﬁo’o’l) = (-1)! (j]s‘i’l({o’o’l), and thus, only the odd modes are modified. Using
Egs. (3.26) and (3.97), one can find that

PO =0, (3.100)

so O = PO. Then, it is equivalent to show that P (O‘i’l({o’o’l)) = (—1)10‘?1({0’0’1). In

other words, O‘i’l({o’o’l) transforms in the same way as Y;,, (6, ¢) under the standard

parity transformation P. The easiest way to show this is to recognize that

(6+2sB) f = —Léf, 3f = —(0p —icscOdy +scotb) f, (3.101)
V2r

where f has spin weight s, and 3 is the operator lowering spin weight by 1 [138],

e.g.,
SYm=—[U+)I=s5+D]"Y? _¥im. (3.102)

From Eq. (3.20), one can notice that ¥y has the same spin weight as ¥y in IRG, e.g.,
WM o ¥ (60, 9). Then,

_ 1 .-
O\PI({O,O,I) _ ﬁazlpl({o,o,l) « Yim (6, ¢) (3.103)

SO O‘i’l({o’o’l) transforms like Y;,, (6, ¢) under parity transformations, i.e.,
P (0% = (-1y 0B,
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To check whether the modified Teukolsky equation has definite-parity solutions, we
need to check whether £S#(1.0.1) = guv(1.0.D) = §ipce ﬁOﬂV = Oy and PO =0,
using Eq. (3.98), one can alternatively check whether PFIS = F4CS_ In this
case, one has to know the exact expression of Sycs. Generally, this is a non-trivial
calculation, but for non-rotating BHs in dCS gravity, since only ¢ is dynamical in
Sics, one can easily evaluate Sycs in terms of ¢ and the background metric without
doing metric reconstruction. In Appendix 3.11.1, we show how to evaluate S(géf’]) in
dCS gravity in detail and provide the result of Fycs in Eq. (3.145). One can now easily
verify that PFICS = F4CS 5o the modified Teukolsky equation at O(Z', 0, €!) in

dCS gravity still admits definite-parity solutions.

In this subsection, we have so far shown successfully that only the odd modes are
modified for non-rotating BHs in dCS gravity using the NP language developed in
this work, which is consistent with [30, 53, 54]. One can also carry out the same
calculation at O (¢, !, €°) and compare to the results using metric perturbations in

[31, 55]. In Sec. 3.6.1.1, we have found the correction due to Sg(el(;l’l). The correction

(1,1,1)
SdCS

will apply the formalism developed in this work and the expression found in [137]

due to is much more complicated, and can be found in [137]. In [139], we
to compute the correction to QNMs directly and compare to [31, 55]. Another
interesting avenue for future work is to find a direct mapping between the modified
RW (ZM) equations in [30, 31, 53-55] and the odd (even) modified Teukolsky

equations in this work, as we discuss in Sec. 3.7.

3.6.2 EdGB gravity
The structure of the metric shifts to the EAGB BH solution is qualitatively different
from that of the dCS case. In EdGB, we follow [140] to define the expansion

parameter { to be
2

¥EdGB
- == ) 3 . 1 04
{ = {Eacs kg M ( )

where agqgp 1s the coupling constant of EAGB gravity in [63], and we have chosen

the coupling constant of the scalar field action 8 = 1.3 One finds that the shifts in the
background metric at O({) actually contain a component that is independent of spin.
In other words, EAGB gravity perturbs the non-rotating BH solution. Since non-

rotating BHs in EAGB gravity are Petrov type D [140], the leading correction to Sg(el(;l)

3Note that we choose to follow the convention of the EAGB action in [63], whereas the expressions
in Eq. (3.105) are taken from [140]. In this case, the coupling constant agggg in [140] is ﬁ of
the one in [63]. We adjust the expressions in Egs. (3.105) and (3.138) to account for the change in

convention.
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1S Séelgo’l), completely determined by H(()I’O’O). Similarly, the leading contribution to
S jg SO,

3.6.2.1 Correction due to Sg(el(;l) in EAGB

The corrections due to Sg(el(;l) are made of several parts as noted in Eq. (3.10). However,
note that at the leading order (¢ 1 )(0, 60) in EdGB, we know that ‘I’(()’ll’%)’ 4 = 0. Hence,
the only contribution to Sg(el(;l) comes from S((),ll’)l) = H(()l’o)‘l’(()o’l). By following
similar procedures to what we presented in Sec. 3.6.1.1 for dCS, and using the metric
from [140],

goo_ L M[ 26M 66M> 96M° 80M*

1 C (64m)2 33 r 5r2 5r3 |

(1,0,0) 1 M? M 52M?% 2M3 16M*  368M°

hr}” = = — + + + — s
(647)2 (r —2M)2 r 3r2 r3 5r4 3r3
(3.105)
where the other components of hl(ll,,’o’o) vanish, we find

H{SO = Dy(r) + Da(r)3, + D3(r)3, + Da(r)d? + Ds(r)? . (3.106)

Note that the factor of 1/(647)? comes from the use of the conventions of agygg in
[63]. The full form of the radial functions D;(r) can be found in Appendix 3.10.
LIV’O’O) = hf}v’o’o) for EAGB, consistent with our
does not depend on the 6 or ¢ coordinates, we can use

One can also easily check that Ph
assumption. Since H(()léggl)a
Eq. (3.125) to easily show that

A ry(1,0,0) _ 74(1,0,0)
PHj race = Hogacs - (3.107)

In this case, the modified Teukolsky equation still admits definite-parity solutions up
to O(¢1, ¥, €!) if we ignore the source terms driven by the nonminimally coupled
scalar field ¢. Furthermore, in EdGB, Sg(el(;o’l) does not break isospectrality because

it does not mix the modes with frequencies w and —@.

3.6.2.2 Correction due to S"V) in EdGB

In this subsection, we compute S(1:%1) in EdGB gravity, where the calculation is
similar to the dCS case. First, the trace-reversed Einstein equations in EAGB gravity
take the form [63, 134],

1 1
R,y = —K;/2M2 (7(/11/ - Eg,uvq() + Z(VMD)(VV‘P) ’
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1 Soya *
7(/.“/ = g (gupgvcr +g/.t0'gvp) €7 V,B ( Rpﬁycxe‘pvé(ﬁ) ,
K = g KM, (3.108)
with the equation of the scalar field ¢ at O(¢!, €!) being [102]
1
0@, = _ M2GOD 0,10 (3.109)
1671/2

where the Gauss-Bonnet invariant G is defined to be
G = R"P7R,yps — 4R R, + R* . (3.110)

Similar to the dCS case, we have absorbed a factor of £ into the expansion of ¢ by
multiplying the first term of R,,,, in Eq. (3.108) by ¢ ~1/2 and the second term by ¢~

Unlike in dCS gravity, since ¢(1:%9 £ 0 for non-rotating BHs in EAGB, we need metric

)

reconstruction to evaluate hf,‘);o’l coupled to %9 for O(¢!, x°, €') corrections.

For simplicity, in this work, we only consider the terms in Eq. (3.108) driven by
0,0,1
P
derivatives in Eq. (3.108) is more complicated, while a similar calculation in dCS

@101 or its derivatives. The evaluation of the terms proportional to & or its

gravity has been done in [137]. Under this simplification, all the metric fields in
Eq. (3.108) can be evaluated at the Schwarzschild background, and we can focus on
Eq. (3.109). To evaluate the source terms in Eq. (3.109), we need to compute O and
G in the NP basis. At O(¢ L )(0, '), since 30(1’0’0) # 0, unlike the pseudoscalar field
in dCS, both terms in Eq. (3.109) will contribute.

For the term Q(O’l), we find in the NP basis,
G = 8(3‘P§—4‘P1‘P3+‘P0‘P4+c.c.). (3.111)

We can notice that, in the dCS case, R "R is proportional to the imaginary part of
3‘1’% —4¥,¥Y5 + YyW4, while G 1s proportional to the real part of the same quantity.
Expanding Eq. (3.111) to O(Z°, €'), we find

GO0 = 48 (wPOw L BOPOD) (3.112)
which in Schwarzschild becomes

48M - oM
G0N = -— (\p§0’0’1> + lpéo’o’l)) = _9r_37z [qféo’oy”] , (3.113)

where R[ f] refers to the real part of f. Following the same reasoning as in
Sec. 3.6.1.2, one can argue that the part of S(H%1 generated by G(*01 takes the
form
EdGB (s(0,0,1) | \(0,0,1)
TR (00D 4 gOOD) (3.114)
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where F I8 contains pieces similar to 795 but with the effective Ricci tensor given

by Eq. (3.108). If one only considers the shift of QNM frequencies due to this term,
)

then w ]
m

is given by Eq. (3.99), with Fycs replaced by Frqg and the sign F between
the terms proportional to O and OC® replaced by +, so the QNMs of odd-parity

modes are not modified by these terms.

(0,0,1)

For the contribution from O @100 we have shown in detail how to reconstruct

0% in [137], so here we just present the results we found,
1 - _
pOOD 100 — (192 4 25,)d(r)5? (Tlgo’o"> + lpg”o")) , (3.115)
2r3

where we have used that ¢(®%!) = ®(r) is a pure radial function in EdGB gravity.
Similar to the case of dCS gravity, the source term in Eq. (3.109) is tetrad- and

coordinate-invariant, following the same argument in Sec. 3.6.1.2.
In total, following the same procedures in Sec. 3.6.1.2, we find
(7208 (0 = (-1 OrCP) 9)
EIGB(1) _ _
m <awH 0>lm

lm (3.116)

where

1

)

- FeOOD o v,,,(6, ),

NI ! 3 0 |
0 \PI(,IO,O’D — [5 (rarz +26r) (D(I") - 4l/2 (7) D2

(3.117)

and the last term of Eq. (3.117) comes from the O operator defined in Eq. (3.97).
Unlike in Sec. 3.6.1.2, we have not absorbed the factor of —D? /2 in O into the
definition of FEI5B, Following the same argument in Sec. 3.6.1.2, one can easily
see that for this type of contribution, only the QNM frequencies of even parity are
shifted. This result is consistent with [60—62] since what we have essentially shown
is that the scalar field ¢ is only driven by even-parity gravitational perturbations at
O, x°, €'). In Appendix 3.11.2, we further show that the modified Teukolsky
equation driven by this contribution still admits solutions of definite parity by showing
that PFEIGB — FEIGB

3.7 Discussion

In this work, we developed a framework to study the isospectrality breaking of
QNDMs in modified gravity using the modified Teukolsky formalism developed in
[102, 103]. To analyze isospectrality breaking using the Teukolsky formalism, one



158

has to first know how definite-parity modes are defined in terms of Weyl scalars
Yo.4. In GR, we followed [90] to construct definite-parity modes of ‘P((&l) by using
the relation between metric perturbations and the Hertz potential. We found that
at each ([, m), the Weyl scalars generating definite-parity metric perturbations are
linear combinations of the mode (/, m, w) and its ?s—transformation, where P is
the parity transformation, but with an additional complex conjugation. Due to the
transformation properties of Teukolsky functions under %, these modes are equal to
the sum (difference) of the modes (/, m, w) and (I, —m, —®) for even (odd) parity,

consistent with the definition in [90].

In modified gravity, we showed that the same definition in GR still applies for
Petrov type D spacetimes. Since the relation between metric perturbations and
the Hertz potential is not known in modified gravity in general, we instead started
from definite-parity metric perturbations and derived the parity properties of ‘I’ézl)
directly. The entire procedure is closely related to reconstructing NP quantities
from metric perturbations. Using tetrad rotations, we first found some convenient
gauges where the transformation property of both the background and the dynamical
tetrad is simple under #. The transformation property of spin coefficients was then
determined from commutation relations. Using Ricci identities, we finally obtained
the P-transformation of ‘I‘é}il) generated by definite-parity metric perturbations,
which is the same as in GR.

(1,1)
04 °

the equations that govern them from the modified Teukolsky equation. Since the

After defining definite-parity modes of ‘Pég;l) and ¥ we then proceeded to derive
source terms that shift QNM frequencies are those having overlaps with QNMs
in GR, we first extracted these source terms. To evaluate the latter, one needs to
perform metric reconstruction, which mixes the modes with frequency w and —®.
Thus, the solutions to the modified Teukolsky equation are also linear combinations
of these two modes in general. Using the EVP method developed in [103—-105], we
then found that the solutions form a two-dimensional subspace, so the degeneracy in
QNM frequencies of even- and odd-parity modes is broken in modified gravity in

general, consistent with the finding in [103].

In the special case that the solutions become even- and odd-parity modes, the source
terms of the modified Teukolsky equation are constrained to transform in the same
way as the Teukolsky operator in GR under . This constraint is closely related to
how one solves the degenerate perturbation problem in quantum mechanics. We

showed that the invariance of the source operator S*” and the Teukolsky operator H
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under % implies that they commute with #. Similarly, in quantum mechanics, one
can diagonalize the perturbed Hamiltonian by using the eigenstates of a Hermitian

operator commuting with both the original and the perturbed Hamiltonian.

To demonstrate our framework, we then applied this analysis of isospectrality breaking
to two specific cases: dCS and EdGB gravity. For simplicity, we only considered
the leading correction to the homogeneous part of the equation and the leading
contribution from the effective stress-energy tensor. In dCS gravity, we found that the
correction to the homogeneous part does not break isospectrality. For the correction
from the effective stress-energy tensor, we showed that only the odd modes are
shifted for non-rotating BHs using our modified Teukolsky formalism, consistent
with the results found using metric perturbations in [30, 53, 54]. For EdGB gravity,
we similarly found no isospectrality breaking in the homogeneous part. For the
correction due to the stress-energy tensor, we only focused on the terms driven by
the dynamical scalar field. In this case, only the even modes are affected, consistent
with the result in [60-62].

There are several future avenues of research that our work enables. First, one
can study potential observational signatures of isospectrality breaking in QNM
frequencies, the most direct of which would be the branching of the QNM spectrum.
One can investigate the extraction of these branching QNMs from real observational
data using well tested ringdown analysis frameworks like ringdown [141] and
PyRing [142]. Additionally, an analysis of how the SNR affects this extraction
(similar to resolvability arguments in [65]) can aid an understanding of when this
effect may be significant. Furthermore, these definite-parity modes of Wy 4 are also
related to other decompositions of gravitational perturbations, such as mass or current
quadrupoles, left- or right-circularly polarized modes, and plus or cross polarizations.
By studying these relations, one can translate the isospectrality breaking of QNM
frequencies to observational effects in other modes or polarizations. For example,
different QNM frequencies of even- and odd-parity modes might lead to different
frequencies of plus and cross polarizations. In fact, some parity violating theories
even feature different propagation speeds for different polarizations — parameterized
theory-agnostic tests for such theories were laid out, for example, in [36] and more

recently in [41], and connected to specific parity violating theories in [41].

Second, when determining the ?-transformation of ‘P(()T) , we have made some
convenient gauge choices. The choice of certain gauges is fine for Petrov type D

spacetimes since ‘P(()lil) are both tetrad- and coordinate-invariant up to O (¢!, €'),
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which is not the case for Petrov type I spacetimes. The same issue was also encountered
in the study of the second-order Teukolsky equation in GR [88, 127], where various
authors found that ‘I’(()Of) is also not invariant under gauge transformations at
O(e'). By either adding quantities at O(e') to ‘I’ég;z)
asymptotically flat coordinate system [88], one is able to construct gauge-invariant

[127], or by choosing some

curvature perturbations at O(e?). Due to the connection of our modified Teukolsky
formalism to the second-order Teukolsky formalism in GR [102], we can then apply
a similar procedure to construct gauge-invariant quantities at O(', €') and extend

our definition of definite-parity modes to Petrov type I spacetimes in future work.

Third, in our examples in dCS and EAGB gravity, we have found the shifts of the
QNM frequencies in terms of abstract NP quantities. One can then take the equations
here to compute the numerical values of the QNM frequencies directly and compare
them to previous results using metric perturbations in [30, 31, 53-55, 60-64]. A
subset of the authors has already derived the coordinate-based modified Teukolsky
equation for slowly rotating BHs in dCS gravity [137] and is currently computing
the QNM shifts from it [139]. Furthermore, in our examples above, we assumed that
the (pseudo)scalar field equation could be inverted, and the EVP method could be
applied to these terms. In previous literature, the EVP method has only been shown
to be valid for source terms that are directly driven by ‘P(()g;l) [103-105]. It will be
worth studying whether the inner product in the EVP method is still well-behaved
when integrating the Green’s function of the (pseudo)scalar field along with ‘P(()gil)
over the contour defined in [103—105]. In the case without extra non-metric fields,
such as higher-derivative gravity, Refs. [57, 58] have used this modified Teukolsky
formalism to compute QNM shifts and found good agreement with their previous

results using metric perturbations in [56].

Besides comparing QNM frequencies, another way of comparing our results to the
approach using metric perturbations is to directly map our definite-parity modified
Teukolsky equations [i.e., Eq. (3.76)] to the modified ZM and RW equations directly.
For non-rotating BHs in GR, this map was found by Chandrasekhar [51, 143].
Due to isospectrality, one can also find a map between RW and ZM equations
[51], which was recently extended to slowly rotating BHs at O(x!) by [56]. For
Kerr, there has not been a map found between the Teukolsky equation and the
RW/ZM equations, since the latter is not known for BHs with arbitrary spin. Some
Chandrasekhar-like transformations have been developed, for example, to convert

the long-range potential of the Teukolsky equation to a short-range potential [144].
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All these transformations are special cases of generalized Darboux transformations
[145], which have been widely used in the study of supersymmetry [146]. One
future avenue is then extending the Chandrasekhar transformation to our modified
Teukolsky equation in the slow-rotation expansion and comparing it to the modified
ZM and RW equations found in [30, 31, 53-56, 60-64, 91].

Our framework provides a novel approach to studying isospectrality breaking in
modified gravity. This work is an intermediate but imperative step in using the
modified Teukolsky equations to compute the shifts of QNM frequencies. For BHs
with arbitrary spin, our framework is also the only viable analytical approach to
study isospectrality breaking since QNMs can only be computed from the (modified)
Teukolsky equation, and no (modified) ZM/RW equations are known in this case.
Recent works have used spectral methods to investigate quasinormal modes (QNMs)
within the context of Schwarzschild [100] and Kerr [101] BHs in GR. It is conceivable
that these methodologies may be extensible to explore the QNMs of rotating BHs
within modified theories of gravity. With this work, we look forward to developing a
deeper understanding of these isospectrality-breaking theories of gravity using BH

spectroscopy.

3.8 Appendix: Properties of operators P, C, P

In this appendix, we provide some useful relations for the operators P, C, and P
defined in Sec. 3.3. Leta,B € C, f,g € A°(U), and I be the identity operator.
Then P defined in Eq. (3.13) satisfies

P =1, (3.118a)
Plaf +pgl = aP[f]+BPlg], (3.118b)
Plf-g-h---1=P[f]-Plg]-P[h]---. (3.118¢)

The parity operator P commutes with all the derivatives:

A

[P.0] = [P,8,] = [P,0s] =0 (3.119)
except the 6 derivative, with which it anti-commutes:
{P,0y} =0. (3.120)

For the complex conjugate operator C, we have

A

CZ

7, (3.121a)
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Claf +pg] =aClf]+pClgl, (3.121b)
1-Clg]-Clh]---. (3.121¢)

Since the coordinates are all real, the complex conjugate operator C commutes with

all the derivatives:
[C,0:] = [C,0:] =[C,0s] =[C,0] =0. (3.122)
In addition, P and C commute with each other.

In Eq. (3.23), we have combined P and C to define another operator f’, where

$=CP. (3.123)
Using Egs. (3.118)—(3.122), we find
Pr=1, (3.124a)
Plaf +Bgl =aPlf1+pPlgl. (3.124b)
Plf-g-h---1=PIf]-Plgl-Plh]--- (3.124¢)
and
[P,0,]=[P.,0,] = [P,0s] =0, {P,d}=0. (3.125)

3.9 Appendix: Reconstruction of NP quantities

In this appendix, we provide some additional equations of reconstructed NP quantities
following [88, 127]. Let us first assume a general reconstructed metric /4, without
going to the specific IRG or ORG. In [137], we have only considered the case that the
background spacetime is Petrov type D, so the results here are more general. Then
to reconstruct NP quantities, the first step is to reconstruct the tetrad. We can first

express the reconstructed tetrad in terms of the background tetrad
et = APk (3.126)

As shown in [88, 127], one can always use the six degrees of freedom of tetrad

rotations to set some of the AZ(I) coefficients to 0. Then expanding A, in terms of

ez(l) and eZ(O) using the completeness relation
8uv = —2l(unyy +2m iy (3.127)
and its expansion
_ (1 (0 _ 70 (1) (1) - (0) (0) (1)
hyy = =2 l(u ny = l(,u ny o+ m, ., +m(lu myl s (3.128)
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one can find that [88, 127],

1
# = Eh,lnﬂ, (3.129a)
1
nt() = >l + iy (3.129b)
1 1
mH* D = p 1P+ hynt — > i = = (3.129¢)

where we have dropped the superscripts of e/, © and hg? for simplicity. Notice that

the perturbed tetrad in Eq. (3.129) has an opposite sign from the one in [88, 127]

since we used an opposite signature, as one can see in Eqgs. (3.127) and (3.128).

To find the spin coeflicients, we follow the idea in [51] to expand the commutation

relation defining Ricci rotation coeflicients
[eg, eZ] = (¥ba = ¥ ab) el(;l = abceg > (3.130)
and spin coefficients are just linear combinations of Ricci rotation coefficients [51],

1
K=vy131, T=-yul, &€==(yi21—7y341),

2
1
P=vY134, A=-Yus, a= 5(’}’124 —Y344) ,
1
oC=Y133, M=-Yu3, B= 5(7123 - Y343)
1
T=v132, V=-Yu4, V= 5(7122 - Y342) . (3.131)

Expanding Eq. (3.130) using Eq. (3.126), one then finds
Car™V = Bads” = AL = (A Cod = A Cad + A Car”) . (3132)

where we have dropped the superscript of C,;(?) at the right-hand side. Inserting
Egs. (3.129) and (3.131) into Eq. (3.132) and using the definition in Eq. (3.131), we
find the perturbed spin coefficients to be

1
kW = 55[—2,—2,1,1]’111 = Di20,0-11m
| (3.133a)
- Khln + O-hlrh - Ekhmm - EKhmrh s
1 1-
o = _ED[—Z,Z,I,—l]hmm + (T + 1) i — E/lhzz, (3.133b)

1 1
/1(1) = (71' + ’I_')hnn—,l + EA[_LLZ’_Z] Wi + Ahy, — Eé'h,m , (3.133¢)
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1-
v = — 55[2,2,—1,—1]hnn + A70,1,2,01 Anim
1 1 (3.133d)
+ Vhln + /U’lnm - Evhm,;z - Ethm s
1 _
el = 1 Ar—1,1,0-21hi1 — 61-2,0,-3,-21 him + 0[-2,0,1.21 M
-2D [0’0’%’_%]11111 = (0 = P)hmim — Khym + Khpi = T hyp + 0 R |
(3.133¢)
DI PRSI him + 6 I
p = 5 Mmny [-2,0,-1,0]2im t 0[-2,0,1,2] lim
] (3.133f)
- (P - p)hln - D[O,O,l,—l]hmrﬁ — Khpym + Khnm] s
=L pp =3 Hom + 610.2.0.11
M= > Phnn [0,2,-2,—1]tnm + 0[0,2,0,1] Pnm
: (3.1332)
+ (e + ) hip + A=1,1,0,00 Amm + Vhim — Wllm] ,
Ir _
y = 7l D02,1,-11Mmn = 6[0.2,-2,~11um + 6[0,2,2,3] uin
- (,u - /j - 47)hln - (/1 - /j)hmrh + Vhlm - 17hlnﬁ + /lhmm - /_lhn’mﬁ] s
(3.133h)
1
all) = 1 [ = D-2,0,-1,-21Mum + =201, 11 M + A[=2,1,4,-21 ism
= 610.0.~1,-11hin = 6[2.0,1.-11 Amim — Vhyy + 3y — Khyy — 5'hnm] ,
(3.1331)
1 _
g = 1 [ = D422 -11hwm = 010,2,~1,~11Mmm + A[1.2,2,01Aim
) (3.133j)
= 010,0,~1,~11Mn + 610,21, 11 mim — Vi — Ahys — Khyy + 30 by |
1 -
= 3 D 2,0,-1,01 " + Thiam + Afo,1,0,-2] urm
| (3.133k)

- 6[0,0,—1,—1]hln + fhmrﬁ + /lhlm - &hnm:l s

) =

1 -
51~ D02,0,-11nm + Thimm — A[1,0,-2,01him

- (3.133D)
+

810.0.1.11hin + Thym — Ay + O-hnm] :

In Eq. (3.133), we do not assume anything about the background spacetime, so the
background may be Petrov type I, and all the spin coefficients at the background
can be nonzero. Thus, we can use the above equations for our analysis in Sec. 3.4.
For Petrov type D spacetimes in GR, where k(%) = ¢-(00) = 3(0.0) = ,(0.0) — 0, our
result is the same as the one in [88] up to a minus sign due to the opposite signature

we used. However, the result in [127] has some discrepancies with the result here
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and in [88], which might be due to errors. If we additionally use the IRG, we can
then further set h;; = hy, = hyyy = hyn = hpn = 0 1in Eq. (3.133).

To find the perturbed Weyl scalars, one can use Ricci identities to compute Weyl

scalars from spin coefficients,

Wo=D[31,-1-1]0 = 0[-1,-3,1,-1]K» (3.134a)
W1 = Dio,1,0-118 = 9[-1,0,1,01& — (@ +7m)0 + (y + pk, (3.134b)
1r1-
¥, = 3 O[-2,1,-1,-118 = 0[-1,01,11¥ + D1 11,-11Y —A[=1,1,-1,-11€
) (3.134¢)
+O0[-1,1,-1-1]T = A[=1,1-1-11p + 2(vk — A0) |,
W3 =6{0,1,0-1]Y — Ajo,1,0-1]& + (€ +p)v — (B+T)A, (3.134d)
"P4 = 5_[3’1,1,_1]1/ - A[171,3’_1]/1 . (3.1346)

Equation (3.134) works at all order for any spacetime, so we can use them for our
analysis in Sec. 3.4. Here, we have also followed [88, 127] to linearly combine
certain Ricci identities such that there are no NP Ricci scalars @, in the equations,
and the equations work for non-vacuum spacetime. Using the NP quantities on
the background with the perturbed tetrad in Eq. (3.129) and the perturbed spin
coeflicients in Eq. (3.133), one can then write down the perturbed Weyl scalars in

terms of metric perturbations directly.

For Petrov type D spacetimes in GR, using Eqgs. (3.15) and (3.16), one can further
write down the perturbed NP quantities in terms of the Hertz potential. In [81, 86],
they computed the perturbed Weyl scalars directly from the Riemann tensor, and they
found in the IRG in Eq. (3.16),

0.1 1
‘I’(() = _ED[—3,1,0,—1]D[—2,2,0,—1]hmma (3.135a)
on_ 1
= 2P Doz - + Dimia-101-22.-2.-1) fmm
(3.135b)

+ 5[—3,1,—3,-1]D[-z,z,o,—l]hmm] ,

0, 1 5
v = - E[D[I,I,Z,—I]D[2,2,2,—1]hr1m +2(Dpii2-19[02-1-1)
_ ] i (3.135¢)
+0[-1.1.-2-11D[02.1.-1]) Aum + 0 [-1,1.-2.-1)0 [-272’-2’—”}""'”] ’
0,1 1 5 5
‘Pg(, = - §[ (P3.13-118220-1 + O[11-1-11D[22.2-11) Py
(3.135d)

+011,1,-1,-110[0.2-1,-11 Frnm | »
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11-= _ _
‘I’io’l) =5 613.1.0.-110[22.0,-1) pn + 3%2 (7614.0.0.0) — PA[0.0.4.0]
(3.135¢)

—D40,00] + 760400 +2¥2) ‘?H] ,

where ‘P(()OA;D reduce to Eq. (3.18) in the Boyer-Lindquist coordinates of Kerr. We
have also defined & to be the piece of h,, proportional to ¥y in Eq. (3.16), i.e.,

hllm = 5[1,3,0,—1]5[0,4,0,3] liIH-

To compare our results with Eq. (3.135), we compute the perturbed Weyl scalars
using the Ricci identities in Eq. (3.134) in Kerr such that (%9 = 0. We also perform
a direct calculation by linearizing the Riemann tensor first and then projecting it into
the NP basis. For both calculations, we use the tetrad in Eq. (3.129) with the IRG,

and we find an agreement for ‘I‘éol’ 12) 4- While for ‘I‘go’l), we find a disagreement. This

) is not invariant under both tetrad rotations and

is not very surprising since ‘P§0’1
infinitesimal coordinate changes at O(e€). Since both our calculation and Refs. [81,
86] use the IRG, we have used the same coordinate freedom. This is also manifested
by that our ‘Pgo’l) matches Eq. (3.135), which is invariant under tetrad rotations at
O (€) but not invariant under coordinate transformations at O(€). Thus, the difference
between our result and Eq. (3.135) is due to different tetrad choices, while Refs. [81,

86] did not clearly specify their tetrad at O(e).

In the case of Schwarzschild, with the tetrad in Eq. (3.129) and the perturbed metric
in the IRG in Eq. (3.16), we find

|

¥y = 5Dy, (3.1362)
1 _ -

WO = D3+ 4p) By, (3.136b)
1 _ _ .

p D = —5D*(5+2B)(8+4B) P, (3.136¢)

w0 = _Lp§(5 1 28)G +ap) By + 20oh, (3.1364)

3 = ) H ) 2Mnm » :

w0 _%(5 —2B)5(5+2B)(5 +4p) Py + %‘Pz (1D + p(A +4y) = 23] Wu,
(3.136¢)

which is the same as Eq. (3.135) in the Schwarzschild limit, except there is an

additional %‘I’z h,; correction to ‘I’go’l) due to different tetrad choices.
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3.10 Appendix: Radial Functions in Sg(elgl)
In this appendix, we provide the radial functions C;(r) in Eq. (3.85) and D;(r) in
Eq. (3.106). The radial functions C;(r) are found in [137], where

Ci(r) = 17640M* — 17196 M>r + 6M>r? + 210Mr> + 1295r* (3.137a)
Co(r) = 189M° + 120M?r + T0Mr?, (3.137b)
Cs3(r) = 342M° — 816M%r — 385Mr? — 165>, (3.137¢)
Cu(r) = TT4M? + 360Mr + 1451, (3.137d)
Cs(r) = 1800M°> — 378 M?r — 240Mr> — 185r° . (3.137¢)

The radial functions D;(r) are given by

1 15

(647)2M 2.

= 168960M° + 6720M8r — 232448 M7 r* + 129928 MOr> — 24108 M r*
+ 13900M*r° — 8090M°3r% + 1530M>%r7 — 150M 8 + 157,

1 15

(647)2M 2.

= 253440M°% — 344992M7r + 146720M6r% — 28584 M° > + 16872M*r*

— 8240M3r° + 1210M%r® = 75M7+" + 15,8,

r’(r=2M)*D(r)
(3.138a)

rs(r - 2M)3D2(r)

(3.138b)
115 5
- —2M)*D
Ganim 2 T 2M) D)
=212160M8 — 310624M7r +139352M°r2 — 25728 M7 13 + 14630M*r*
—7720M37° + 1275M%r% — 120M+” + 15-8,
(3.138¢)
1 15
—————(r = 2M)*Dy(r)
(64m)°-M> 2 (3.1384)
= 400M* — 96 M3 r — 66M?r* — 130Mr> — 5%,
1 15
— —r’Ds(r)
(64m)-M*= 2 (3.138e)

= 1840M° + 48M*r — 30M>r% — 260M>r> — 15Mr* — 157° .

3.11 Appendix: S in the modified Teukolsky equations
In this appendix, we present the source term S of the modified Teukolsky equations
due to the effective stress tensor for non-rotating BHs in dCS and EdGB gravity.

Here, we only briefly summarize the procedure in [137] and apply it to these two
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simple non-rotating examples. In addition, for EAGB gravity, we only focus on the
source terms with dynamical scalar field (191 for simplicity. For a more complete
prescription of how to evaluate these source terms, one can refer to [137] for slowly
rotating BHs in dCS gravity. The procedure in [137] can be extended to BHs with
arbitrary spin in dCS and other modified gravity.

3.11.1 dCS

As discussed in Sec. 3.6.1.2, for non-rotating BHs in dCS, the only nonzero
contribution of Eq. (3.86) is the term (V‘TV5 ﬁ). In addition, since 9190 vanishes,
® only has dynamical contribution #(1%1 . For the same reason, all the metric
fields in Séé’so’l) are evaluated on the stationary Schwarzschild background, so no
metric reconstruction is needed. At O(¢', x°, €'), the only place requiring metric
reconstruction is to solve the equation of motion of 9(1-%-1) since it is driven by ‘Péo’o’l)
[i.e., Eq. (3.90)]. Given 9% is solved, one can then project the term (V‘TV‘Sﬂ)

onto the NP tetrad and evaluate all the metric fields using their Schwarzschild values.

Let us present this calculation in more detail. First, inspecting the source terms
S1.2 1n Eq. (3.6) of the Bianchi identities in Egs. (3.4a) and (3.4b), the only nonzero
contributions of ®;; are from @, @y, and Dy, since k-1 = (10D = (10D =,

Then from the definition

1 1 1
Doy = =Ry11, DPo1 ==Ri3, Py =—=-R33, 3.139
00 = 7R o =R 02 = 7R3 ( )

we notice the only relevant components of R, are Ry, R;3, and R33. Projecting the
equation of R, in Eq. (3.86) onto the NP tetrad, we find

RCII?S _ iR‘fCS{(Dﬂ) [/11110 — AP — (@ +B+m¥, + (@ +B+7)P
+(e+8)(V, - @2)]
— (AD) [6“1’0 — 0¥y - /Y + P,

+(69) [(5! -B) W+ ¥+ (e —E-p)V) — k(¥ - V) (3.140a)

[S——

- (60| (@ =P ¥~ (e -5+ p)¥i + P+ k(¥2 - B)|
— %%{5, 510 + %%{5, 5} + ¥ {D,5}9 - ¥ {D, 6}

- %(wz - 9,){D, D}ﬂ} + Ry (D) (DY),
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i
2
+(@+B+7) (P +2%,) - 2(e + 5)\?3]

R(ljgs = RTCS{(Dﬁ) [VTO - (’)/ +y+u+ /j)‘Pl - 2/7.@1
- (Aﬂ)[(a LR+ — (s+5+p+p)W) = 200, + k(W) + 2\?2)]
+(69) [ AWy = (@ = B+r - D)W, +2(a - B)F,

+(6—5—p)(Wr+2W,) + 2@3]

@O (r =7 = ¥ + (@ = B+ 7= D)W + 0 (¥ +28) - 20

~Wo{A, 5} + W, [{D, A} + {5, 5}] 9 +W,{5,5}0

— (¥, +2%,){D, 6}9 + ¥3{D, D}ﬁ} + RS (DY) (69),

(3.140b)

RS = iRj‘CS{ — (DY) = (W2 = By) - @+ B+ D) W3 + (5 +6) W]

— (AN |(r +7)%0 - @+ + DY + 0 (Y2 = B) + kT

+ (@) [0 - (7 =7+ )W) = (@ = B(¥2 = B) + (6 - 5 - ) + KW

+(59) [wo N Kliq]

—~ %‘PO{A, A} +Wi{A, 6} - %(‘Pz - ¥){s, 0}

—¥3{D, 5} + %@4{1), D}ﬁ} + RIS (69)(69),

1
1)2 1
dCs _ 2 dCs _
Rl = - (K_) M-, RZ = W .
g g6dCs
(3.140c)

The complete procedure of this projection and the projection of other components of
R,y in dCS gravity can be found in [137]. Notice, following [137], we have absorbed
the coupling constant into the expansion of ¥ such that its expansion also follows
Eq. (3.2), so we need to insert an ! into R3S to compensate for this. Although
Eq. (3.140) is complicated, its value at O(Z!, ¥, €!) is simple since many Weyl
scalars and spin coeflicients vanish on the Schwarzschild background. Using

(0,0,0) _
‘PO,I,3,4 =0,

F000) _ 5(000) _ _g(0.00) = 5000 _ ,000)

7s(0,0,0) _ \y(0,0,0)
lP2 - lPZ ’

000 — ,(000) 5000 _(000) (3.141)
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and other spin coeflicients in Schwarzschild vanish, we find

o0 _ (L0 _

00,dCS 02,dcs — V>
1,0,1 3i
q)(()l,dc; = _ZR?CS‘PZ({D’ o} + P5)T9(1’0’1) s (3.142)

where we have dropped the superscripts of terms at O(Z°, x°, €9).

Evaluating S > using Egs. (3.6) and (3.142), we find

3
sUOD éﬂfcslpz [6D? +3p(6D + ps)] 9101,

3
SO - _ElR‘liCSlpz [62D +2a6D + ps* + 2aps| 910D | (3.143)

where we have used NP equations to make simplifications. Then, inserting S 512’0’1)
into the definition of S"1) in Eq. (3.11), we find

SO = _3iRISY, [62D? + 206D +2p5°D
+4apdD +20%6% + dap®s] 910D (3.144)
= ;QICs 9(1.0.1)

Using the transformation properties in Eq. (3.43), one can easily show that QIS =

Q4S. Following the definition in Eq. (3.97), we can write

3
GiCs _ 3 Qi1 [(K) D?| (3.145)
r

271/2

where D? comes from converting Hertz potential %" to Téo’o’l), and 0! comes

from inverting the equation of motion of #>:1) in Eq. (3.87). One can easily
check that PF9CS = 795 50 non-rotating dCS BHs admit definite-parity modes as

expected.

3.11.2 EdGB

For EAGB, as discussed in Sec. 3.6.2.2, we choose to focus on the terms in S-0-D
proportional to ¢! or its derivatives, so all the metric fields are stationary. To
compute the terms in S"%D driven by GW perturbations in GR, one can follow
similar procedures in [137]. Following the same argument in Appendix 3.11.1, one
only needs to evaluate @y, Do, and D, or alternatively Ry, Ri3, and R33 for this
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contribution. Projecting Eq. (3.108) onto the NP tetrad, we find

EdGB _
Rll

EdGB _
R13

2

4

lﬂllidGB{ - (Dy) [/l‘PO + A% - (a+B+mV¥) - (@+B+7)P

+(e+8)(P+ D)
+ (Ap) [6“1’0 + 0¥y — k¥ — Kliq]
+(0¢) [(@ B+ (e -&-p)P — TP + k(P2 + ‘i{z)]
+(Bp)|(a = ¥ - o = (- 5+ )W) + k(%> + )|
+ %‘I’O{S, 5o+ %%{5, 6} —W1{D,5}p — ¥ i{D,6}¢
58+ B) (D, D)o} 4 REP (D) (D).
(3.146a)
lvelfdGB{ —(Dy) [V‘I‘o (YT ut )P+ 219,
+(@+ 7)Y - 2%) +2(e + )T
T (Ag) [(a LB+ )W — (e +E+p+ )P + 200 + k(P — 2\?2)]
—(5¢) [mpo (a—Brr-1)¥ —2a-p)Y,
t(s—E-p) (Vs —2%y) - zlz\Pg]
+ G| (=7 - o+ (@ - 47— )W) + 0 (W - 28) + 24T |
+Wo{A,5}o — ¥ [{D,A} +{6,5}] ¢ + ¥1{0,}¢
+ (P2 - 2¥2){D, 6}¢ + ¥3{D, D}<p} +R5*P (D) (59)

(3.146b)
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R = R (D) [y = A0 + B + (04 6+ 1) = (5 +8) ]
+(Ap) |y + 7)W= @+ B+ D)W+ 0 (o +F) - ks

— (B |0 = (y =7 + ) ¥1 = (@ = B) (2 + To)

—(e—£-p)s —k‘h]

- (5(,0) »17‘}’0 - /i‘PI + 0'@3 - K‘i’4]
1 1 _
+ E‘I’O{A, Ay —Y1{A, 0} + E(TZ +¥){0,6}¢

- 1.-
—¥3{D,5}p + SW{D, D}so} + Ry (59) (09),

(3.146¢)
1

2§ EdGB ’

where one can refer to [137] for more details of this projection in dCS gravity.

1
RllidGB = —«; M2, .RgdGB _ (3.146d)

Similarly, we have absorbed one coupling constant into the expansion of ¢ to be

EdGB
RZ

consistent with Eq. (3.2), so contains an extra factor of £~!. Using Eq. (3.141),

one can find that the O(¢', x°, €!) contributions to ®; ; with dynamical ¢ are

(1,0,1) _1 EJdGB 2 (1,0,1 EJdGB 1,0,0 1,0,1
Ppgace = F R 2D @10 4 REAGE 1y ,(1.0.0) py ,(1.0.1)

1 1
cI)(1,0,1) _ __RllidGB\Pz ({D, 8} + pé) (p(l,o,l) + ERgdGBD‘p(l,O,O)(S(p(I,O,I) ’

OLEdGB — g
(1,0,1)  _ l kdcB 2 1,0,1
P acs = ERI ¥ (5 + 205) 0D, (3.147)

where we have also used that §(©00) p(1.0.0) = 5(0.00),(1.0.0) = ( since (190 js a
pure radial function [147]. For simplicity, we have also dropped the superscripts of
terms at O (Y, x°, €°). Using Egs. (3.6) and (3.147), we find

1,0,1 3
Sg,EdG])B = ZRIEdGB‘Pz [5D2 +p (6D + pé)] 90(1’0’1)

1
+ 572§dGB I:DSO(I,O,O)éD _ (D2 _ pD)SD(l,O,O)é:I (p(l,O,l) , (3148)

1,01 3
Sé,Edea =~ ZR]EdGB‘Pz (52D +2a6D +3ps° + 6ap5) (10

1
+ 5ROV (8? + 200) MY (3.149)

and using Eq. (3.11), we find

(1,0,1)
SEdGB
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3

= - SREY, (5202 +2a8D? + 202D + 4apSD +2p%6% + 4ap25) (10D

+ RgdGB {(DZ _ 2pD) 90(1,0,0)52 +

1
2a (D2 - 2pD) + EéDz] 90(1’0’0)6} LD
= QE4CB ,(L0.1) (3.150)

Using the transformation properties in Eq. (3.43) and that ¢"-00 is purely radial, we
find that PQFICB = QFIGB_ Follow the definition in Eq. (3.114), we can write

FRIGB _ QEGB -1 (3.151)

where 07! comes from inverting the equation of motion of ¢! in Eq. (3.109).

One can check that PFEICB = FEIGB o, non-rotating EAGB BHs also admit
definite-parity modes.
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Chapter 4

PERTURBATIONS OF SPINNING BLACK HOLES IN
DYNAMICAL CHERN-SIMONS GRAVITY: SLOW ROTATION
EQUATIONS

[1] Pratik Wagle, Dongjun Li, Yanbei Chen, and Nicolds Yunes. “Perturbations
of spinning black holes in dynamical Chern-Simons gravity: Slow rotation
equations”. In: Phys. Rev. D 109.10 (2024), p. 104029. por: 10. 1103/
PhysRevD. 109.104029. arXiv: 2311.07706 [gr-qc].

4.1 Introduction

The discovery of gravitational waves (GWs) has provided a new avenue for scrutinizing
the predictions and phenomenology of Einstein’s theory of general relativity (GR)
in regimes characterized by non-linear and dynamic gravitational effects [1, 2].
GWs offer the opportunity to investigate the properties of astrophysical objects
where gravity is notably intense, such as black holes (BHs) and neutron stars (NSs).
In particular, GWs are often generated by the coalescence of binary BH systems,
wherein two BHs orbit each other, gradually inspiraling due to the emission of
GWs, and ultimately merging to produce a final BH that emits GW radiation as
it settles down. GWs during this part of the coalescence, known as the ringdown
phase, comprise a superposition of numerous quasinormal modes (QNMs), each
with a complex eigenfrequency. By analyzing GW observations, it may thus become
possible to efficiently explore the distinctive spectrum of QNMs exhibited by BHs as
they ring down [3, 4].

QNMs are the characteristic vibrational modes of BHs that are excited when the
BH is perturbed. The study of QNMs can provide important information about the
fundamental properties of BHs and their surrounding spacetime. In particular, the
QNM spectrum of astrophysical (i.e., uncharged) BHs in GR is fully determined
by just two parameters: the mass and spin of the remnant BH. One promising
application of QNMs is to test modified gravity theories and alternative models
of compact objects [5]. The predictions of modified gravity theories may deviate
from GR’s and can manifest as modifications of the QNM spectrum of BHs [6—12].
By observing the QNM spectrum of merging BHs with GW detectors, it may be


https://doi.org/10.1103/PhysRevD.109.104029
https://doi.org/10.1103/PhysRevD.109.104029
https://arxiv.org/abs/2311.07706
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possible to place constraints on these modifications to GR and its models given two
or more detections of QNM frequencies with a strong signal-to-noise ratio. Recent
GW detections of binary BH mergers have provided some of the most precise tests of
GR in the strong-field regime [13]. With improvements in detector technology and
advancements in computational techniques, using ringdown to test modified gravity

theories seems possible in the near future [14].

To study QNMs in GR, there are two well-established approaches within BH
perturbation theory. One approach, proposed by Regge and Wheeler [15], perturbs
the metric directly and it has been successfully applied to non-rotating and slowly
rotating BHs in GR [15-18], as well as in modified theories of gravity [6—12].
However, this approach has not been successfully applied to BHs with a general
spin. An alternative approach uses curvature perturbations, and it was presented by
Teukolsky [19] to study rotating Kerr BHs in GR, including their QNM spectrum
and dynamical stability [20]. This framework uses the Newman:1961qr (NP)
formalism [21] and considers curvature perturbations characterized by quantities
known as Weyl scalars. The success of the Teukolsky formalism lies in its ability to
provide a decoupled evolution equation for each of the ¥y and ¥4 Weyl scalars, which
describe transverse gravitational perturbations, and physically represent ingoing and
outgoing GWs, respectively. Not only are these quantities decoupled from other
gravitational degrees of freedom, their evolution equations are also separable into a

radial and an angular equation [4, 20, 22].

The Teukolsky formalism in GR requires the background geometry to be algebraically
of type D under the Petrov classification [23], as is the case for Schwarzschild and
Kerr spacetimes in GR. This Petrov type D property implies that four of the five Weyl
scalars vanish on the background. However, when considering beyond-GR (bGR)
theories, the deviations introduced may lead to BHs described by non-Petrov-type-D
spacetimes. For instance, rotating BHs in dynamical Chern-Simons (dCS) gravity
and Einstein-dilaton Gauss-Bonnet gravity are algebraically general and classified
as Petrov type 1. As a consequence, the Teukolsky formalism cannot be directly
applied to bGR BH spacetimes. Therefore, calculating the QNM spectra of spinning
BHs in bGR theories has been an open problem for a long time and warrants new
approaches. One potential resolution to this problem became available recently with
the development of the modified Teukolsky formalism [24—27]. This formalism,
in theory, enables studying perturbations of spinning BHs in bGR theories and

calculating the QNM spectra of such non-Ricci-flat, matter vacuum Petrov type I
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BH spacetimes. Yet for tests with GW data, a key theoretical challenge remains to
calculate the QNM spectra of BHs in modified theories, and then compare them with
observations. This work aims at computing the QNM spectrum of one type of BH

spacetimes.

In this work, we restrict our attention to modifications to GR where a scalar field
is non-minimally coupled to topological invariant quadratic terms in curvature. A
subset of this class of theories, known as dCS gravity [28, 29], was proposed to
explain the matter-antimatter asymmetry of the universe. This is achieved by the
introduction of additional parity-violating gravitational interactions, challenging
a fundamental pillar of GR. Due to the quadratic nature of this theory, it is not
strongly constrained using weak field tests and evades binary pulsar tests [30] and GW
polarization tests [31]. However, early work using the metric perturbation approach
shows promise that ringdown tests can be useful in constraining this modified theory

of gravity [9].

We focus on slowly rotating BHs in dCS gravity to leading order in spin in this work.
This calculation serves as a validation of the newly developed formalism [24], as
the results herein can then be confirmed with the results obtained using the metric
perturbation approach [9, 32]. We first use the formalism prescribed in [24] to
obtain the modified Teukolsky equation for a slowly rotating BH in dCS gravity.
To leading order in spin, these BH backgrounds are described by a non-Ricci-flat,
matter vacuum Petrov type D spacetime [24, 33]. Solving the Bianchi identities, we
obtain the modified Teukolsky equation first in the null NP basis. We then rewrite
this equation in the coordinate basis by defining a tetrad (similar to the Kinnersly
tetrad in GR). Finally, we make use of the properties of spin-weighted spheroidal
harmonics to eliminate the angular dependence and obtain a radial second-order
differential equation. Due to the non-minimal coupling between the scalar field
and the curvature, the perturbed master equations of the scalar field and the Weyl
scalars (W or W) are coupled in dCS gravity. Moreover, some of these quantities
also require metric reconstruction within GR [34—-38], making the problem more
challenging, yet still solvable, as we demonstrate here. Having obtained the master
equations in this work, we will use the eigenvalue perturbation method [25, 39, 40]
in future work to calculate the QNM spectrum and compare it with the results using

metric perturbations in dCS gravity [9, 32].

The remainder of this paper is organized as follows. We first present in brief the

action and the field equations of dCS gravity in Sec. 4.2 along with the slowly



190

rotating BH solutions in this theory. In Sec. 4.3, we present an overview of the
modified Teukolsky formalism in [24], define a three-parameter expansion under
the slow-rotation approximation, and calculate the NP quantities on the dCS BH
background. In Sec. 4.4, we provide a concise review of the metric reconstruction
procedures in GR. In Secs. 4.5, 4.6, and 4.7, we calculate the source terms of the
scalar field equation and the modified Teukolsky equation of Wy and ¥, in the null
NP basis, the results of which are summarized in Sec. 4.8. In Sec. 4.9, we project the
equations into the coordinate basis and extract their radial parts using the properties
of spin-weighted spheroidal harmonics. Finally, in Sec. 4.10, we summarize our work
and discuss some future avenues. Henceforth, we adopt the following conventions
unless stated otherwise: we work in 4-dimensions with metric signature (—, +, +, +)
as in [41]. For all NP quantities except the metric signature, we use the notation
adapted by Chandrasekhar in [42].

4.2 BHs in dCS Gravity
In this section, we will present the details of the theory and the background BH

spacetime used in this work.

4.2.1 dCS gravity

In this subsection, we briefly review the dCS gravity following the discussion and
the convention in [43]. A more detailed review of dCS gravity can be found in [28,
29]. The action of dCS gravity is

1
S = / d4x\/_—g{KgR + %ﬂRvﬂpU*R”V”" -3 [V, V9 +2V ()] + me} ,
4.1)

where «, = 16%1’ *RHVPY s the dual of the Riemann tensor,

1
RIPT = —ePTUBRI o (4.2)

and 1 is the pseudoscalar field coupled to the Pontryagin density P := R, ,, "R*"F7
via the dCS coupling constant @. The quantity V(1) is a potential for %, which we
set to zero for the reasons explained in [44—46], along with any matter contribution
Linaer (since we will work with matter vacuum BH spacetimes) for the remainder
of this work. From Eq. (4.1), we find that [¢] = | and [@] = L? in geometric
units. Using these coupling constants, we can define a dimensionless parameter ¢
characterizing the strength of the dCS correction to GR, where ¢ is defined in [43] to

be

a,2

4 b
KkgM

4 (4.3)
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with M the typical mass of the system. When the system under consideration contains
a single black hole, then M is its mass. When considering a binary system, then
different corrections to the solutions of the field equations will scale with different

(dimension-4) combinations of the two masses.

Varying the action in Eq. (4.1) with respect to the metric and the scalar fields,
respectively, we obtain

a 1 -
Ry=—-—Cup+—TY,, 4.4
K Kg K 2k, M (4.4)
09 = — %wa*kﬂw”, 4.5)
where O = V, V¥ is the D’Alembertian operator, and
CH = (Vo)) €707V, RV + (V- V58)* RO (4.6)
70, = (Vu®) (V,0) . 4.7

We have here adopted the trace-reversed form of the field equations, using the fact

that the C-tensor is traceless, as it will render future calculations simpler.

The dCS action presented above is an effective theory that includes only linear in «
and quadratic in curvature corrections to the Einstein-Hilbert action, thus ignoring
higher order terms in « and in curvature. Therefore, the resulting field equations are
also similarly effective, and their solutions ought to be truncated at leading order in
a and considered only for systems (and regimes of spacetime) with small curvatures.
Various previous work [43, 47] have studied the regime of validity of this effective
action and its curvature cutoff. In essence, the effective theory remains valid provided
(a?/kgs)P? < 1, where recall that P has been defined as the Pontryagin density.
When this is the case, the higher order in @ and in curvature terms neglected in the
action above can continue to be ignored. The systems studied in this paper involve
the exterior spacetime of remnant BHs with masses in the range 3Mgy < M < 107 M.,
For such systems, the theory remains effective, and ¢ < 1 provided v < 107km,
which will be assumed henceforth; the best current constraints on @ come from
NICER and advanced LIGO observations, and they require that v < 8.5km at
90% confidence [48]. In this range of @ and for these BH masses, the quadratic
curvature corrections to the Einstein Hilbert action will remain perturbative, and the
higher-order in @ and curvature terms will remain controlled relative to the quadratic

term included in the dCS action.
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4.2.2 Slowly rotating BHs in dCS gravity

Solutions to BHs in dCS gravity have been found both numerically [49] and
analytically [43, 50-52]. For this work, we consider the analytical solution found
in [50, 51], which were obtained by perturbatively solving the field equations (4.4)
and (4.5) to linear order in both the dimensionless spin parameter y, where y = a/M
(with the dimensional spin parameter a = S/M, where S is the spin angular moment,
and M is the BH mass), and the dCS expansion parameter £, defined in Eq. (4.3).
This analytical solution casts the line element of a slowly rotating BH in dCS gravity

as

ds* = ds2,, +dsics (4.8)

slow

where, following the convention in [42], the line element for the slowly rotating Kerr

metric in Boyer-Lindquist coordinates (¢, r, 6, ¢) is given by

4Ma sin® 0
ds2ey, = 839V dxdxP - £(r)dr? = “= 2 grdg + f(r)"dr?

slow ™ S r (4.9)
+72d6?% + r? sin? 9d¢2 ,

where f(r) =1 —2M//r is the Schwarzschild factor. The line element in Eq. (4.9)
is obtained by keeping only the leading-order terms in a of the Kerr metric in

Boyer-Lindquist coordinates, i.e.,

S ery = 8RS dx dxP

2Mr\  , 4Mar sin® 0
2M 0
F2d6? + ( 2 4 g2 4 PMLT SN fzsm sin? 0>,
P

with p? = r> + a> cos? 6 and A = r?> — 2Mr + a*. To leading order in y and ¢, the

dCS modification to the Kerr line element is given by

G
ds2eg = —Lx ;r) sin Odtde , 4.11)
where S )
- 5M 12M  27M
G(r) = — 1 4.12
==\ o 12

The above dCS correction to the line element is of O(¢!, x!, €°), and thus, we can

use the tri-variate notation that we will introduce in Sec. 4.3.3 to write

G
B0 - G0 g (4.13)
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The dCS metric of a slowly rotating BH is then identical to the Kerr metric, except
for the (z, ¢) component, which acquires the correction presented above. Similarly,

the background scalar field at leading order in spin is given by [50]

2
9O — daacos® (1 M 18M ) , (4.14)

8 M r2 F 52
where the superscript denotes the scalar field is evaluated on the background.
Although the scalar field ¢ enters at O(¢'/?), as shown in Egs. (4.5) and (4.14), we
follow [24] to multiply ) by an additional factor of ¢!/? for the simplicity of order
counting. In this case, the expansion of ¢ starts at O(¢), so at O(Z!, ', €”), we have

41/219(0) _ é/Xﬁ(l,l,O)
5M? ( 2M  18M?

={y———= |1+ —+—
§X32\/Er2 r 5r2

where we have used Eq. (4.3). The three-parameter expansion in {Z, y, €} is discussed

) cosd, (4.15)

in more detail later in Sec. 4.3.3.

4.3 BH Perturbations in Teukolsky formalism
In this section, we review the modified Teukolsky formalism developed in [24]. In this
paper, we extend the two-parameter expansion scheme in [24] to a three-parameter

expansion discussed in Sec. 4.3.3 to incorporate the slow-rotation approximation,
following [9, 32].

4.3.1 Modified Teukolsky Equation

As discussed previously in Sec. 4.1, for studying perturbations of non-rotating BHs,
we obtain the perturbed field equations and decompose these into master equations by
making use of the metric perturbations [15—17, 53]. These metric perturbations are
separated into two sectors, depending on their behavior under a parity transformation.
For each parity, all the metric degrees of freedom are then packed into one master
function: the Regge-Wheeler function for odd parity [15] and the Zerilli-Moncrief
function for even parity [16, 17]. The master equations governing these master
functions are decoupled from other dynamical degrees of freedom of the metric

fields and are separable into radial and angular equations.

However, for rotating BHs in GR, due to the lack of spherical symmetry, to obtain
the decoupled and separable perturbed field equations, one has to use the Teukolsky
equations [19, 20, 54], where the fundamental variables to solve for are the Weyl

scalars Wy 4 characterizing curvature perturbations. In this case, the master equations
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of Wo 4 are decoupled from other NP quantities and are separable into purely radial
and purely angular equations. For a quick review of the NP formalism and the
Teukolsky formalism in GR, one can refer to the original papers [19-21, 54], the
book [42], or more recent papers that work in the Teukolsky formalism [24, 38].

In modified gravity, most calculations for rotating BHs have so far been done
using metric perturbations and the slow-rotation expansion, e.g., [9, 32] in dCS
gravity, [10, 11] in EdAGB theory, and [12, 55] in higher-derivative gravity. However,
these approaches cannot deal with BHs with arbitrary spin, which motivated the
development of the modified Teukolsky formalism in [24, 25]. Following the
formalism in [24, 25], one can find separable and decoupled equations for ¥ 4 of
BHs with arbitrary spin in a wide class of modified gravity theories, such as in dCS
gravity, which can be treated as an EFT extension of GR. In this paper, we will
use the modified Teukolsky equations of Wy 4 in [24]. For an alternative approach
following [56] by projecting the Einstein equations to the Teukolsky equations, one

can refer to [25].
In [24], the authors introduced a two-parameter expansion, in terms of ¢ and € where
1. ¢ is the parameter characterizing the strength of modifications to GR. In the
case of dCS gravity, ¢ is given by Eq. (4.3).
2. € is the parameter characterizing the strength of gravitational perturbations,

which also appears in GR.

We do not assume any hierarchy between ¢ and €. The dimensionless coupling
constant £ can be smaller or larger than the perturbative expansion parameter €
depending on the BH system under consideration. In this way, one can expand all

the NP quantities as

Tl' = \Pl.(o) + G\Pl.(l)
= lPl.(O’O) + g‘I’l.(l’O) + E‘Pl.(o’l) + {E‘Pl.(l’l) (4.16)

and the extra non-metric fields, such as the pseudoscalar field J in dCS gravity, as
3 =00 + etV = £910 4 zegD | (4.17)

where we have reserved the single superscript notation for only an expansion in €.

When using the double-superscript notation, however, the first superscript will also
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refer to contributions proportional to { to a given power. In contrast, the second

superscript will refer to terms proportional to € to a given power.

Using the expansion in Eqgs. (4.16) and (4.17), the authors in [24] found that for a

rotating BH described by a matter vacuum, non-Ricci-flat, Petrov type I spacetime

that perturbatively deviates from a Petrov type D spacetime in GR, the gravitational

wave perturbation W satisfies

0,00 g(1.1) _ o(1,1) 1,1
Hy7 "W = Sgeo +SD

(4.18)

where Héo’o) is the Teukolsky operator for ¥y in GR [19], and the source terms are

divided into a “geometric piece”,

(L) _ (LD (L,1) (L,1)
Sgeo - SO,D + SO,non—D + Sl,non—D ?
with
(L1 _ (1,0)\gs(0,1)
SO,D =-H, \Po ’

L,y _ (0,1) \qy(1,0)
SO,non—D - _HO lP0 ’

(L) 77(0,1)y(1,0)
Sl,non—D - Hl lIll ?
and a “Ricci piece”,
(1,1) _ o(0,0) o(1.1) (0,1) o(1,0) (0,0) o(1,1) (0,1) o(1,0)
S —82 S5 +82 S5 —81 S —81 S
with S, given by

81 = 0[-2,-2,1,00P00 — D[-2,0,0,-2)Po1 + 20D 19 — 2kDP; — kD,
S = 610-22,01Po1 — D[-22,0-11Po2 — APg + 20D 11 — 2k Dy, .

The operators Hy 1, &1 are defined as
Hy=&6F, - &1 F1 -3¥Y,, Hi=&J,-8E1J1,
1 1
E=E-—0¥Y,, & =E,— —DY,,
1 1 v, 2 2 2 v, 2
where ¥, is a NP scalar, and we have also defined

Fi = 6[-40,1.0 Fy = Ap10-40 »
J1 = D20-40] J2 = 610,-2,0,-4] »

Ey=61-1,31-11, E2=D[31-1-1]-

(4.19)

(4.202)
(4.20b)
(4.20c)

(4.21)

(4.222)
(4.22b)

(4.23)

(4.24)
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The operators that appear in the above definitions are defined for convenience to be

Diapea)=D+ac+beE+cp+dp, (4.25a)
Alaped = A+ap+ba+cy+dy, (4.25b)
Olabed =0 +aa+bB+cr+drt, (4.25¢)
S[Q,b,c,d] =6+aa+bB+cn+dt, (4.25d)

where (D, A, 6, ) are the usual NP differential operators (constructed by contracting
the tetrad with partial derivatives), while (&, p, u, v, @, 8, ©, T) are spin coefficients,
with the overhead bar denoting complex conjugation, and (a, b, ¢, d) are certain
constants. For a complete derivation of the equations above and the definition of
Weyl scalars, spin coefficients, directional derivatives, and Ricci NP scalars, one can
refer to [21, 24].

For this work, we are only interested in studying slowly rotating BHs in dCS
gravity up to O(y). Such BHs are described by vacuum non-Ricci-flat Petrov
type D spacetimes [33]. The modified Teukolsky equations for these BHs hold
the same form as given in Eq. (4.18) with the source terms Sé’ln’(iz_D and S 1(111;313 in
Egs. (4.20b)—(4.20c) vanishing.

The equation of ‘PA(‘O’I) can be obtained from Eq. (4.18) by the Geroch-Held-Penrose
(GHP) transformation [57] and is given in [24]:

HOw) = 0D g (4.26)

where Hio’o) is the Teukolsky operator in GR for ¥4, and the “geometric piece” of

the source terms is defined as

(1,1) _ (1,1) (1,1) (1,1)
7geo - 7Z,D + 7Z,non—D + 7;,non—D ’ (427)
with
7,00 =~ Ow (4.282)
T = —Hy W, (4.28b)
1,1 0,1 1,0
Ty = HY Wit (4.28¢)

whereas the “Ricci piece” is defined as

(L) _ g00) (L1 | (0.1 ¢(1L0) _ g(00) o(11) _ (0.1) ¢(1,0
gD = 005D 4 gD gL _ gl0OgLD _ gl gl10) (4.29)
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with

S3 = =A1022.0 P21 + 6[220-11P22 + 2vDy1 + VDo — 24Dy2, (4.30a)
S4 = _A[O,I,Z,—Z] Dy + 5[2’0’0’_2] Dy +2vDg — 21D + 0Dy . (4301))

The operators H3z 4 and &3 4 are defined as

Hy = E4Fy — E3F3 —3¥>, H3=CE4J4—E3J3,

6= Ey——Ws, €= Ey— —AY,, *30
¥, ¥,
with
F3=961040-11.  Fa=Do-10,
J3 = A020 5 Ja = 612,040 (4.32)
E3z=6p311-11, Ea=Apaz-1-

Although the formalism above works for BHs with arbitrary spin in dCS gravity,
we choose to use the slow-rotation expansion in this paper, so we can check the
consistency of our results with prior work using metric perturbations [9, 32] in our
next paper [58]. We implement a slow-rotation expansion of the above equations in
Sec. 4.3.3.

4.3.2 Structure of the source terms

Here, we further discuss the structure of the source terms in Eq. (4.18) presented
in [24]. In particular, we will focus on the source terms that are non-vanishing for a
non-Ricci-flat, Petrov type D BH in dCS gravity, given in Egs. (4.20a) and (4.21).
The source term in Eq. (4.20a) only depends on the perturbed Weyl scalar ‘I’(()O’l) in
GR and the dCS corrections to the stationary NP quantities at O(¢', €”). One can
solve the Teukolsky equation in GR [19, 20] to calculate ‘P(()O’l) directly. The NP
quantities at O (¢!, €°) can be computed from the dCS metric in Eq. (4.11), as shown

in more detail in Sec. 4.3 .4.

Due to the non-minimal coupling between the scalar field and the metric, the source
term S'1) in Eq. (4.21) depends on both the scalar field perturbations and the metric
perturbations. To compute S(I-1), we first need to calculate the NP Ricci scalars ®; J

using the stress tensor or the Ricci tensor, i.e.,

1 1
oo = 5 Rit = =R lHI" (4.33)

where [ is one of the NP tetrad basis vectors. Since the background and perturbed
scalar field in GR vanish, we have that 99 = 91 = 0. Therefore, the NP Ricci
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)

scalars @f}’l can be expressed as a function of the scalar field perturbation 9!

and the metric perturbation 2% as
(L1 _ 1,0) 7. (0,1 1,1) (0,0
oV = 0@ OrOD) + 08110, (4.34)

where g(%0 and 7% are shorthand for terms that depend on the metric tensor of
the GR background and of the metric perturbation due to GWs reconstructed in GR,
respectively. From Egs. (4.21), (4.22), and (4.34), we notice that S (L.1) couples the
GWs in GR and the scalar field %, so we need to solve the equations of motions
of these non-gravitational fields to find their contributions to the stress tensor and
SU-D Morevover, from Egs. (4.23)—(4.25), we see that SUD in Eq. (4.21) depends
on ‘P;O’l), the directional derivatives at O (¢ 0 €l), and the perturbed spin coefficients
at O(Z°, €'), which need to be retrieved from the reconstructed metric perturbation
hl(,?,’l) for GR GWs. One can either follow the metric reconstruction approach in
[34-37, 59-63], the so-called Chrzanowski-Cohen-Kegeles (CCK) procedures, which
involves defining an intermediate quantity called the Hertz potential, or the approach
in [38, 42], which solves the remaining NP equation directly. In this paper, we choose
to follow the more widely used CCK procedures and apply them to compute the

source term SID,

4.3.3 Slow-rotation expansion

When considering a slow-rotation expansion, in addition to the quantities given
in Egs. (4.16) and (4.17), one needs to consider an additional expansion in the
dimensionless spin parameter y = a/M. As an extension of Egs. (4.16) and (4.17),

all the NP quantities now admit a three-parameter expansion in ¢, €, and y, where
W= eyt (4.35)
l,m,n
as well as the pseudoscalar field,
9 = Z ety (4.36)
l,m,n

In what follows, it will sometimes be convenient to hide the y expansion in more
compact notation, such as y('D = (.00 4y (LLD When only a two-parameter

expansion is denoted, the y expansion will be assumed.

In this paper, we will focus only on linear perturbations in €, along with the small-

coupling approximation and the slow-rotation approximation, i.e., up to linear order
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terms in £ and y, respectively. Therefore, our Egs. (4.35) and (4.36) can be expanded
as
g = p000) 4 (LP(O,I,O) + ﬁ,(l,m))

(4.37a)
te (T(o,0,1) +le(o,1,1)) +le (\I;(I,O,l) +XT(1’1’1)) ’

9 =¢ (po 10 4 g0 4 yey(ID) (4.37b)

Equation (4.37a) groups the corrections to W(%09 into three sets organized by
parenthesis. The first set of terms are stationary corrections to the Schwarzschild
metric due to the slow-rotation approximation in GR, ¥(%1-0) and in dCS gravity,
Y(L.LO) - The term Y19 can be retrieved from the slow-rotation expansion of
the Kerr metric in Eq. (4.9), and p(1.1.0) can be evaluated with the o L )(1, )
correction to the metric in Eq. (4.11) found by [50]. Since the Pontryagin density
vanishes for any spherically symmetric spacetime, and the Schwarzschild metric is
the unique stationary spherically symmetric solution to the Einstein equations, there
is no correction to the metric at O(¢', x°, €°) [43]. Thus, we have dropped the term

¢ (1.0.0) in Eq. (4.37a). For the same reason, $#(1-00) = 0.

The second set of terms are the GW perturbations to the Kerr metric in GR up to
o 0 y', €'). These terms include perturbed Weyl scalars, NP spin coefficients,
and directional derivatives, all of which need to be evaluated in GR but include
spin perturbations. To evaluate this type of terms, we need metric reconstruction of
GW perturbations at O (¢, €'), the procedures of which are discussed in detail in
Sec. 4.4.

The third set of terms are the one we want to solve for, which are corrections to
GW perturbations in dCS gravity. The term W-0-D corresponds to gravitational
perturbations sourced by non-rotating BHs in dCS gravity. Since 9190 = 0, y(1.0.1)
is purely sourced by the leading contribution to the dynamical pseudoscalar field
910D 50 only S(H0D contributes to Eq. (4.18), and no metric reconstruction is
needed. The term W(1.1-D) corresponds to leading-order corrections to gravitational

perturbations of slowly rotating BHs in dCS gravity. Unlike the non-rotating case,
L1,1)

since both the metric and ¢ are corrected at O(Z!, !, €°), ‘P(() ;" can either be

driven by dynamical GW perturbations in GR or dynamical .

For the first type of correction, the driving terms can come from Sg(el(;l) in the form of
terms proportional to the product 210 1O-D  As discussed in Sec. 4.3.1 and [24],

this kind of terms is due to the correction to the background geometry, so they are
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independent of bGR theories. Up to O(¢', ', €!), the background spacetime is still
Petrov type D [43], so S(glninll)) = Sl(lnolnll)) = 01in Eq. (4.19), and one does not need
metric construction to evaluate these terms [24]. In Sec. 4.6.1, we will compute
Sg(el(;l) in detail. Besides S;g(;l), there is also contribution from S"!) in the form of
terms proportional to the product #9401 due to the effective stress tensor. In

this case, metric reconstruction is needed, and we will compute S (LD in Sec. 4.6.2.

For the second type of correction, the driving terms only come from S(I:1). Since
both 910D and 911D are nonzero, the metric field in these terms needs to be
evaluated on the Kerr background, expanded to O(x). To find 9(:1) one needs to
solve Eq. (4.5)at O(¢', €l), i.e.,

(0.0 g(LD) _ _Lzl [R*R](O’l) _o©ODg0) (4.38)
1672

where we have used Eq. (4.3) to rewrite @ in terms of £, which then cancels. Notice
that the first term on the right-hand side has an implicit factor of {. However,
this factor cancels out throughout Eq. (4.38) using the perturbative expansion in
Eq. (4.37b). In Sec. 4.5, we will compute the source terms of Eq. (4.38). In Sec. 4.6.2,
we will compute the source terms driven by 9! but leave 9(I-!) unevaluated. In
our follow-up work [58], we will solve both the modified Teukolsky equation and the
scalar field equation jointly to find the QNM shifts. Since metric reconstruction at
0(£°, €') is required for both the modified Teukolsky equation and the scalar field

equation, we present a review of the procedures in Sec. 4.4.

4.3.4 NP quantities on background

In this subsection, we will present the background tetrad for a non-Ricci-flat, Petrov
type D, slowly rotating, dCS gravity BH spacetime. To obtain the null tetrad for the
metric given by the line element in Eq. (4.8), one can follow the general procedures
prescribed in [24] or the standard procedures for finding the Kinnersley tetrad in GR
given in [42]. In [64], such a tetrad was found by following the second approach.
Nonetheless, for completeness, let us re-derive the tetrad following the prescription
in [42, 64]. Our result is consistent with the one in [64], but with additional tetrad

rotations to set ‘PO,L& 4= 0.
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To begin, we first find the null geodesics in the equatorial plane for a dCS BH to be

E ar _ i\/A(r)A(r) (1 - “(jy)) E

dt G
= [r2+a2—a—(r)

dr 2 |A()S  dr A(r)’
do
a9 _y. d_gbz a+G(r) ~E ’
dt dt 2 ) A(r)
(4.39)
where E = —0Z /0t is a constant of motion, & is the Lagrangian for Kerr in

[42], A(r) = A(r) + 2aMG (r)/r + G(r)?/4, and G(r) = {xG(r). Following the
procedures outlined in [42], we align the tetrad basis vectors [# and n* along the
outgoing and ingoing null geodesics respectively at the equilateral plane with £ = 1
such that

pe L2y 2o2C0) \/A(r)A(r) (1 - “G(r)), 0, a+¥ , (4.40)

~A(r) 2 r?

= N2y a? - 2C0) —\/A(r)ﬁ(r) (1 - aG(r)), 0.a+ 29 @an
2 r2 2

where N is the normalization factor introduced to impose [#n, = —1. Since [* and
nt are along null geodesics, I#1,, = n#n, = 0 is satisfied automatically. Expanding
Egs. (4.40) and (4.41) up to O(¢1, x', €2), we find

=L xM {xG(r)
l#_(r—rs’ 1,0, r(r_rs)+2r(r—rs)) ’ (4.42)
=N Lo xM {xG(r)
n#_N(V)(r—rs’ 1,0, r(r_rs)+2r(r_rs)), (4.43)

where ry is the Schwarzschild radius given by r; = 2M, and N(r) = (r — ry)/2r.
When ¢ = 0, [# and n* reduce to the Kinnersley tetrad of Kerr BHs expanded to
O(x"). The tetrad basis vectors # and n* in Egs. (4.42) and (4.43) are the same as
the principal null directions in Eq. (31) of [64].

To obtain the remaining components of the null tetrad, notice that the correction to
the Kerr metric due to dCS gravity enters at O(Z!, ', €°) only in the #¢-component.
Therefore, it can be expected that the corrections to the Kinnersley tetrad are only
along the d; and 9y directions, which is seen to be true for /# and n¥. Thus, at
O(Z!, x', €9), the corrections to the remaining null tetrad components, m* and ",
take the form

mt L0 = (1, (r,6), 0, 0, mg(r,6)) , (4.44)
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where m* can be obtained by taking the complex conjugation of Eq. (4.44). Im-
posing the remaining orthogonality conditions to O(Z', x!, €°), we find m,(r, 6) =
mg(r,0) = 0. Therefore,

mht = —

V2r

Notice that m* (and therefore m*) holds the same form as the Kinnersley tetrad of
Kerr BH expanded to O(y). Using Eqs. (4.42), (4.43), and (4.45), to O(', x', €9),

we obtain

ixyMsing, 0, 1 -

r r

M cos 6 M cos 0
w,i(l—u)csce). (4.45)

32l A ()

Yo=¥,=0, ¥, = 0,
0 4 1 327‘9
) ) (4.46)
M 3iy s LAs(r) 3\/§l{XA3(r) .
Y=o — 2= (M~ - cos@, Y3 =———"3inb,
r3 4 8rd 64r10

where A;(r) are listed in Appendix 4.11.

Such a calculation contradicts the claim that BHs in dCS gravity are Petrov type
D spacetimes to O(y). We see that the seeming contradiction arises due to the
non-vanishing ¥; and ¥3 on the background. However, we can perform tetrad
rotations to eliminate ‘1’51’1’0) and ‘Pél’l’o), as described in detail in Appendix 4.11.
This can be achieved by a type II rotation [i.e., Eq. (4.155b)] with (110 =
—V2iA(r)sin0/(32Mr%) and a type I rotation [i.e., Eq. (4.155a)] with o119 =
V2iA3(r) sin0/(64Mr7), respectively. Following this, we finally obtain

¥Y;=0 Vie{0,1,3,4},

M 3 A
X (M2 — ¢ 82&”)) cosf.
r

(4.47)

The explicit expression for the rotated tetrad is listed in Eq. (4.158). Different from
[64], we will call the tetrad in Eq. (4.158) the “principal tetrad.” Notice that, in [33],
a Kinnersley-like tetrad for the dCS metric expanded up to O(Z', x2, €”) was also
found. To impose that ‘Pézo) vanish at O(y?), when the background spacetime is

Petrov type I, Ref. [33] added terms at O(£'/?, !, €°) to the tetrad. In this paper,

(1L0,0) _ (1,1,0)
0134 ~ ‘Po,1,3,4

expansion scheme in Eq. (4.16), so the tetrad in Eq. (4.158) is more suitable for our

however, we only want to impose ¥ = 0, and prefer to keep the

purposes.

We have also listed all the spin coefficients up to O(Z', x!, €”) in the principal
tetrad in Appendix 4.11. For any vacuum Petrov type D spacetimes in GR, the
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Goldberg-Sachs theorem requires that in the tetrad where k = oo =1 = v =0, the
Weyl scalars W 134 = 0 and vice versa. However, in dCS gravity, since the effective
stress tensor is nonzero, the background spacetime is non-Ricci-flat. Thus, ‘I’(()}f?;’ 4
do not necessarily vanish in the tetrad where (10 = ¢(1.0) = J(1L0) = ,(1.0) = ¢
and vice versa. For the tetrad in Eqgs. (4.42), (4.43), and (4.45), we found that
k10 = o (1L0) = J(10) = ,,(1.0) = 0 while ‘Pfg’o) £0upto O(Z', x', €). This tetrad

is along the principal null directions found in [64]. Nonetheless, the master equation

(1,0)
0,134

Eq. (4.158) for the remaining calculations even if the spin coefficients mentioned

Eq. (4.18) is more simplified when ¥ = 0, so we will use the principal tetrad in

above do not vanish along the principal tetrad.

4.4 Metric reconstruction

This section reviews how to reconstruct the perturbed metric and the corresponding
NP quantities from solutions to the Teukolsky equation for Kerr BHs in GR. There
are two approaches to metric reconstruction in general: the first approach involves
systematically solving the Bianchi identities, Ricci identities, and commutation
relations [38, 42], whereas the second approach, or the CCK procedures, utilizes an
intermediate Hertz potential to reconstruct the metric [34—37, 59—63]. In this work,

the second approach is employed to perform metric reconstruction.

4.4.1 Metric perturbations
g)v’l) for GR
GWs. For convenience, in this section, we will drop the superscript (0, 1) of hi,ov’l)

and always assume that &, is at O({ 0 €!). The CCK procedures can be carried out

In this subsection, we present the reconstructed metric perturbation s

in two different gauge choices:

Ingoing radiation gauge (IRG): haﬁlﬁ =0, h=0, (4.48)
Outgoing radiation gauge (ORG): haﬁnﬁ =0, h=0, (4.49)

where £ is the trace of h,g with respect to the background metric. The reconstructed
metric A,p in the IRG and ORG are given in Egs. (4.50) and (4.51), respectively [36,
371,

(hep)iRG = [lalﬁ (611.3.0-110[04.03] — AD[0.4.03]) + Matig (D(-130.-11D[0.4.0.3])

~L(ag) (D1.3,1,-116[04.03]) + 0[-13,-1.-11D[0.4.03] ] P +c.c.,
(4.50)

(hag)org = — p~* [nang (61=3,-1,5010(-4.0,1.01) + Mamp (A[05,1,-31A[0,1,0-4])
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—namp) (6[-3,15.118[0,1.0-41) + Aj=1,5-1.-310[-4,0,1.01| Pu + c.c.,
4.51)

where the notation for the derivatives is given by Eq. (4.25), and Py is the complex
conjugate of the Hertz potential. We have also dropped the superscript (0, 1) of the
Hertz potential for simplicity. Notice, since we use an opposite signature from [36,
37], our Egs. (4.50) and (4.51) have an opposite sign from the results in [36, 37].

Although the metric and the NP quantities at O(¢?, €!) are reconstructed in certain
gauges (i.e., IRG or ORG), the Weyl scalars ‘P((),l‘il) are gauge invariant for any Petrov
type D BH spacetimes, as shown in detail in [65]. Since slowly rotating dCS BHs up
to O () are Petrov type D, the equations of ‘I’(()Lil) we will derive are gauge invariant.
However, for Petrov type I BH spacetimes, ‘{,(()’14:1) are not invariant under gauge
transformations at O(Z?, ') [65], so the master equations of ‘P(()i;l) will depend on
the gauge where we reconstruct the metric. Nonetheless, the QNM frequencies

should still be gauge invariant.

4.4.2 Hertz potential
The Hertz potential Wy that appears in Eq. (4.50) in the IRG and Eq. (4.51) in the

ORG satisfies the Teukolsky equation for p‘“I’iO’]) and ‘P(()O’l), respectively [34, 35,
(1,1)
0,4

assume that W 4 are at O (£, €') in this subsection. Using the perturbed metric in

59, 62, 66]. For convenience, let us drop the superscript (0, 1) of ¥ and always
Eq. (4.50), the relation between the Hertz potential ¥y and Wp 4 can be found by
directly evaluating the Riemann tensor or by using the Ricci identities. In the IRG,

the perturbed Weyl scalars can then be expressed in terms of the Hertz potential

using
| .
"P() = —ED lPH , (4528.)
1 _
¥, = _gp‘* [ L™y - 12M6,Py] , (4.52b)
and in the ORG,
1 _
Y, = 3—2p4A2DT4A2\PH, (4.53a)

1 -
¥o =g [ L9y + 12M0, %] | (4.53b)
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where p = —1/(1 —ia cos #) and

2

r? +a? 2

r? +a?

L, =—iasin00; — [(99 +icschdy — s cot 9] , LY=L LoL Lo, (4.54)
LI =iasin0, — [0y —icscHy —scotd] , L™= £il£g£1£; ;

where we only keep terms up to O(y) when applying these operators. Note that the
D operator was introduced before in Eq. (4.25), but here we provide its expression
using the Kinnersely tetrad. We point out that these are the same operators that
appear in the Teukolsky-Starobinsky identity [20, 42]. Notice, Egs. (4.52) and (4.53)
follow [36, 37], which corrected a factor of one-half in earlier papers [34, 35, 59].!

Similar to the perturbations of ¥y and ¥4, the Hertz potential can be defined in the

coordinate basis (z,7, 6, ¢) as

IRG: Wy
ORG: Yy

2R (1) 2Ypm (0, p)e ™", (4.55a)
2R (r) -2Yem (0, p)e™ ", (4.55b)

where 2 Y (0, ¢) = 12Sem(60)e™? are spin-weighted spheroidal harmonics of
spin weight +2 solving the angular Teukolsky equation in GR. 1Ry, (r) are radial
functions that can be expressed in terms of the radial Teukolsky functions QRE;S;U (r)
and _zRég;l) (r) of ‘I‘(()O’l) and p‘4‘P(()0’l), respectively, by inverting Egs. (4.52a) and
(4.53a) using the Teukolsky-Starobinsky identity [61],

A 2 o+
2Ran(r) === (D},)* ARV ()] (4.56a)
. 32
2R (r) = 5 (D) 2Rpy (1), (4.56b)

Here, the operators D, and D,an are mode decomposition of D and D, respectively
[61],

Dy = 6, + i~ (rA2 +ajo. Di =8 —iZ” (’"AZ ra)e s

¢ is the mode-dependent Teukolsky-Starobinsky constant [20, 61, 67, 68]

€ =22 (1+2)> - 8w’ [ (51 +6) — 12a°] + 144w + 144> M?*,  (4.58)
where @ = a> — am/w and A = jApy, + 5 + |s| with jAgn, being the Teukolsky’s

angular separation constant [19]. For a Schwarzschild BH, Az, = (€ —s)(£+s+1).

IRecall that we follow the notation in [42]; the signs of Eq. (4.52) are opposite to the ones in [36,
37].
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Furthermore, one can notice from Eq. (4.52) that any (£, m, w) mode of ‘P(()O’l) in the
IRG generates a mixture of (¢, m,w) and (£, —m, —@) modes of ‘I’go’l). Thus, it is
more convenient to use the ORG when solving the modified Teukolsky equation of
‘Pfll’l). For a similar reason, when solving the modified Teukolsky equation of ‘P(()l’l) ,
we will use the IRG.

Substituting the differential operators Dfnw and D, in Eq. (4.57) into the expression
for the radial part of the Hertz potential in Eq. (4.56), we have

Ron(r) = 5 f"(ro 0, MRV (1) + 5 " (ro 0, MRSV (1), (459)
Ry (1) = o fm (0, MYGRED () + 5 £ (r 0, MRV (r) (4.59b)

where we have made use of the radial Teukolsky equation to reduce all second-
and higher-order derivatives of SRE,S;D (r). In Eq. (4.59), the prime denotes the first
derivative with respect to the radial coordinate r. The functions f; are spin weight
s and mode dependent. These functions are lengthy and non-illuminating, so they

have been presented in a separate Mathematica notebook [69].

4.4.3 Spin-weighted spheroidal harmonics
Spin-weighted spheroidal harmonics that appear in Eq. (4.55) are solutions to the
angular Teukolsky equation in GR [19, 20]. In general, these are eigenfunctions of

an equation of the form [70]

sin 6 dO

sin — —y*cos> 0+ 2sycosf — ;E) |z=0,

1 d dz m? + s> +2mscos
de

sin? @
(4.60)

where s represents the spin weight, sEgm is the eigenvalue of the equation, which has
been numerically calculated in the literature [20]. Comparing Eq. (4.60) with the
angular Teukolsky equation in GR [19], we see that y = y Mw. In the slow-rotation

expansion, spin-weighted spheroidal harmonics sygm can be expanded as [20, 70]

s%),/n = s¥em + Y (sb’Zg_,.l sYerim + stg_l sYe-1 m) + 0(72) > (461)

where (Y, are spin-weighted spherical harmonics with spin weight s. The factors

sbf&l in Eq. (4.61) hold the form [70]

s\/[(f 12— m2] [(£+1)2 - 52
O =~ : (4.62a)
: (L+1)24/(26 +1)(2¢ +3)
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s\/(f2 -m?) (62 - 5?)
N . (4.62b)
’ 220 - 1)(2€ + 1)

To evaluate spin-weighted spherical harmonics, one can use

Yo (0. 9) = (—1)"+m—s\/ (E+mNE=miQe+ D) ;oo (9) oo

A (€ + 5)!(€ - s)! 2

{—s
% Z(—l)q ( 4 ; S ) ( l+s )Cot2q+s—m (g) ) (4.63)
q=0

qg+s—m

In the special case that s = 0, the spin-weighted spherical harmonics become the

standard spherical harmonics, i.e.,
oYem = Yem . (4.64)

Spin-weighted spherical harmonics and spin-weighted spheroidal harmonics also

obey the following orthogonality relations,

/ dS Y T = S0 G (4.65)

52

/ dS sYem sz’m’ =00t Omm’ » (466)
52

where dS is the solid angle element, and the integration is over the entire 2-sphere.
At certain places, we might drop the superscript y of sygn denoting its eigenvalue

for simplicity.

A spin-weighted spherical harmonic Yz, with spin weight s can also be raised to
s+1Y¢em Of spin weight s + 1 via the raising operator 8 or lowered to 1Yy, of spin
weight s via the lowering operator 3. The operators 8 and d are defined to be [71]

3,F =—(0p+icschdy —scotd) (F, (4.67a)
S,F =— (69 —icschiy + s cot 0) sF , (4.67b)

where (¥ is some angular function in (6, ¢) of spin weight s, such that

8 Yom = [(1 =) (I + s+ D' (Ve (4.68a)
8Yim=—[L+s)I=s+D]"* o Yem . (4.68b)

One can further rewrite the directional derivatives 699 and 5099 on the

Schwarzschild background in terms of 3 and 8, respectively, i.e.,

1 -
6(0,070)s7-" =—— (0 —scoth) ;F, (4.69a)
V2r ( )
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_ | R
5000 &= (5+scoth) ,F. (4.69b)
Va2r ( )

By expanding 6(%9 and §(®% in terms of §(*09 and §(*09) in the slow-rotation
limit, one can also replace ¢ (0.0) and 509 with 6 and . In Secs. 4.5-4.7, we will
use Eq. (4.69) to simplify the terms with 6(%9 and §(>9 acting on spin-weighted

spherical harmonics.

4.4.4 Perturbed NP quantities

As we are working within the NP basis, in addition to the perturbed metric given by
Eq. (4.50), we also require the reconstruction of the perturbed NP quantities, such as
the perturbed tetrad, Weyl scalars, and spin coefficients. We adopt the methodology
outlined in [38, 66] to perform this reconstruction. The first step involves expressing
the perturbed tetrad in terms of the background tetrad. This is accomplished by
expanding the perturbed tetrad in terms of the background tetrad, and then utilizing
the transformation properties of the tetrad to obtain the perturbed tetrad components

in terms of the background tetrad components such that
O = 4, PO kO (4.70)
where e/, represents a null tetrad such that
eq =", nt', mh, m}, @.71)
and A, are coefficients that map the background tetrad to the perturbed tetrad.

As shown in [38, 66], one can always perform tetrad rotations to set six real parameters

of the A,?(®D coefficients to zero. Then, expanding huy in terms of ez(o’l) and

eZ(O’O) and using the linearized completeness relation, we find

0,1) _ (0,1)_ (0,0) (0,0)_(0,1) (0,1) - (0,0) (0,0) - (0,1)
hw =-2 l(# n, +l(ﬂ my e T —m ) 4.72)

Comparing Eq. (4.72) to Eq. (4.70), we find [38, 66],

(0.1 _ lh;?’l)n/‘

)

1
I’lﬂ(o’]) = Ehglg’l)lﬂ + hl(g’l)l’lﬂ 5 (473)
1 1
mH O = h,(f,)?;l)l’" + hl(f)n’l)n” - Eh,g?,;_;)m“ - Eh,(,?,;pnﬁ“ ’

where we have dropped the superscripts of ¢/, 00 for simplicity. Since we have

adopted the sign convention in [42], our signature is opposite to that used in [38, 66].
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Therefore, the perturbed tetrad in Eq. (4.73) has an opposite sign from the results
of [38, 66], as seen in Eq. (4.72). Equation (4.73) works for both the IRG and ORG.

0,1 _ ,0,1) _ 01 _ .01 _ -
In the IRG or ORG, we can further set i, " = h, " =0or h,; " = h,>" =0in
Eq. (4.167), respectively, where a is any index in the NP basis.

For the spin coefficients, one can linearize the commutation relation following [42],
[65, elg] = (cha - ycab) e'g = abceél > (474)

where y“,. 1s the Ricci rotation coefficients. Using the relation between spin
coefficients and Ricci rotation coefficients in Eq. (4.164), one can write C,,° in
terms of spin coeflicients, as listed in Eq. (4.165) [21, 42]. From Eq. (4.165), one
can also solve for spin coefficients in terms of C,;¢, and the results are in Eq. (4.166).
Expanding Eq. (4.74) using Eq. (4.70), one finds

CpOD = 5, A,cOD _ g, 4,0 _ (Aad(O,l)dec ~AODC ey Adc(o,ncabd) ,

(4.75)
where the superscripts of C,,¢(*? are dropped for convenience. The coefficients
A.2OD can be retrieved from Eq. (4.73). The GR structure constants C,,°%? are
directly given by Eq. (4.165) and the spin coefficients in GR. With all the quantities
in Eq. (4.75), one can then use Eq. (4.75) and (4.166) to evaluate the spin coeflicients
at O(¢%, €'). We have listed our result in Eq. (4.167), which works for both the
ORG and IRG. Our result is consistent with [38] up to the overall minus sign due to

different signatures, which corrects some errors in [66].

To reconstruct Weyl scalars, one can either directly linearize the Riemann tensor
and project it onto the NP basis to find Weyl scalars or use the Ricci identities in
Eq. (4.168). For both approaches, we use the perturbed tetrad in Eq. (4.73), and
we check that the results are consistent. We also compare our results in the IRG
to the equations in [36], which corrected a factor of 1/2 missed in [59] and are
listed in Eq. (4.169). After expressing everything in terms of the Hertz potential, our
results of ‘P(()Ollz) 4 In the IRG agree perfectly with Eq. (4.169) but not for ‘Pgo’l). Since
‘Péo’l) is not invariant either under tetrad rotations or coordinate transformations at
0(Z°, €"), this difference indicates that we might have a O(¢?, €!) difference in the

choices of coordinate or tetrad.

. . . .. 0,1 .
For coordinate- and tetrad-invariant quantities ‘I‘é 4 ), our results are consistent

with [36, 59]. In addition, since ‘P;O’l) is invariant under tetrad rotations but not
coordinate transformations at O (¢ 0 el) [i.e., Egs. (4.172) and (4.174)], we are in
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the same coordinate as [36, 59], consistent with that we all use the IRG. Thus, the
difference in ‘Pgo’l) is only due to tetrad choices at O(£°, €'), where we explicitly
follow the convention in [38, 66], but Refs. [36, 59] were not explicit about their
tetrad choices at O(£°, €'). More specifically, we find that the tetrad in Eq. (4.73)
after setting h;g’l) = hf,?rhl ) = 0 differs from the tetrad in [36, 59] by a type I rotation.
In Schwarzschild, this difference in ‘I’éo’l) can be compactly written as

3

@76

where ‘PgOC’IC)K is the result in [36, 59]. The results of other Weyl scalars at O(¢?, e!)

in Schwarzschild are listed in Eq. (4.170). For Kerr, we do not have such a simple
correction to ‘Péo’l), so we will just use the Ricci identity in Eq. (4.168d). Similarly,
in the ORG, no previous literature provided results of all the Weyl scalars in terms of

‘I’I({O’l) directly, so we also use the Ricci identity to evaluate them.

When deriving the modified Teukolsky equations, we made the gauge choice that

(0,1)
\PI,S

Egs. (4.168)—(4.170). Thus, to be consistent with the gauge we chose for the modified

= 0, but this is not the case for the tetrad in Eq. (4.73), as one can see in

Teukolsky equations, we need to perform additional type I and type II rotations to

remove ‘Pgoél). From Eq. (4.172), we find the rotation parameters to be
3,(0,1) (0,1)
a0 =B oy B .77)
39, ’ 3%,

Since ‘I‘(()Ozli = 0 are invariant under tetrad rotations at O (¢ 0 el), one can continue
using Egs. (4.168)—(4.170) by just setting ‘Pfg’l) = 0. For spin coefficients, their
values after the rotation are listed in Eq. (4.173) following [42]. With these
reconstructed quantities, we are now ready to evaluate the source terms in the

equation of 9"V in Eq. (4.38).

4.5 The evolution equation for 9") in the IRG
In this section, we project the equation governing 9"!) [Eq. (4.38)] onto the NP
basis using the IRG. For convenience, we define the right-hand side of Eq. (4.38) as

(1,1) M? (0,1) 0.1) (1,0
WD = - —— [R'R]OV — g@Dg0) (4.78)

1672

S

so that the evolution equation for #!*)) becomes

000 (LD _ 31(91’1) _ (4.79)
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This equation is first expressed in terms of the NP quantities, following which we
evaluate its left-hand side using the background NP quantities in Sec. 4.3.4 and
Appendix 4.11 and its right-hand side using the reconstructed NP quantities at
0(£° €') in Sec. 4.4 and Appendix 4.12. The same methodology demonstrated in
this section is applied to computing the modified Teukolsky equation in Sec. 4.6.
Figure 4.1 presents a schematic illustration of the steps involved in calculating a
completely separated radial evolution equation for the scalar field perturbation in the
IRG.

4.5.1 Projection onto the NP basis

In this subsection, we project Eq. (4.38) onto the NP basis. This projection involves
the projection of two fundamental quantities: the D’Alembertian operator O and the
Pontryagin density R*R onto the NP basis. In particular, our goal is to express these
quantities in terms of NP quantities, particularly the below-mentioned quantities in
the NP basis, namely

* 1 e
Rabed = =€ca fRabef
2 (4.80)

VoVat =V (8.0) = O ap =Y apBa -
Here, n4p 1s the metric in the NP basis. The notation f, denotes the directional
derivative of f defined by the tetrad basis e;,. The quantities y,p. are Ricci
rotation coefficients, which can be expressed in terms of spin coefficients using
Eq. (4.175) [21]. The tensor R,p.4 can be expressed in terms of Weyl scalars using
Eq. (4.177) [21]. Therefore, the Pontryagin density and the O operator can be
expressed in the NP basis as

R'R = -8i(3¥; — 4¥,¥; + ¥o¥s — c.c.), (4.81a)

0= - [{D.A}~{6.6}+(u+ -y -7)D+(e+é-p-p)A “51b)
+Ha-p-n+7)5+(@-B-7+T1)5] .

The factor of i in Eq. (4.81a) arises from the normalization of the Levi-Civita tensor
€apcq in the NP basis. In the literature, such as in [72], the covariant Levi-Civita tensor
is typically defined as €., = \/ng..,y, where €,..., denotes the Levi-Civita
symbol. However, this definition encounters issues when attempting to convert a
Levi-Civita tensor from Boyer-Lindquist coordinates to the NP basis, due to the
determinant of the Jacobian relating these two bases often being complex. Thus, to

convert the tensor density €,,..., to a tensor, we instead need to define

Euvy = V=8 €uvey » (4.82)
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Scalar field equation for 91V in the IRG

Right-hand side of Eq. (4.38)

Source term 81(91’])

rewritten as Eq. (4.93)

Left-hand side of Eq. (4.38)

In coordinate basis

Separated radial
equation
Equation (4.88)

In coordinate basis
using the Hertz
potential Eq. (4.94)

¥

Expression for (R*R) (!
and O0(®-0-D9L10) jp
{t,r,0, ¢} coordinates
in Egs. (4.95) and (4.98)

Using the recipe
in Sec. 4.9.1

Source terms as
functions of the radial
coordinate in the IRG,
V;fn (r) and V) (r), are given
by Eqgs. (4.136) and (4.137)

The radial evolution equation of the scalar field
perturbation 91D for slowly rotating BHs in dCS gravity
in the IRG is given by Eq. (4.142)

Figure 4.1: A schematic flowchart prescribing the steps involved in obtaining a
separated radial evolution equation for the scalar field perturbation 91V for slowly
rotating BHs in dCS gravity. This flowchart summarizes the details of the calculations
described in Sec. 4.5 and Sec. 4.9.2. Initial and final outcomes are represented
by rectangular boxes, while intermediate results are symbolized by encapsulating
bubbles. The directional arrows are meant to seamlessly guide the reader through
the logical flow of the calculations.
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which has the same normalization factor as the Einstein-Hilbert action. The absolute
value in the usual definition is to impose that the Levi-Civita tensor is a real tensor in
the Lorentzian signature, but the minus sign of 4/=g will do the same trick. Since
n = 1, we find the normalization factor to be i rather than 1 from Eq. (4.82). This is

also consistent with that

1
€lnmm = 5 (flnmm - Elnmrﬁ) , (4.83)

which shows that €, 1s an imaginary number. We have now expressed all the
terms in Eq. (4.38) in the NP basis.

4.5.2 Left-hand side of Eq. (4.38)

In this subsection, we compute the operator 0% acting on 9" to obtain the
homogeneous component of Eq. (4.38). The operator 0(®? can be evaluated directly
using the slowly rotating Kerr metric presented in Eq. (4.9). Alternatively, one can
use Eq. (4.81b) and the NP quantities of Kerr, expanded up to O(y), as given by
Egs. (4.158)—(4.160), and then setting { to zero. We therefore find

1
00 = S H, (4.84)

where H1(90,0) is the Teukolsky operator for particles with spin weight s = 0 in [19],

w?rd — 4m)(a)M2
r—ry (4.85)

H;O’O) = —r(r- rs)(')r2 -2(r—=M)o, —
- 65 —cot0dy + m?csc? 6 ,
where we have only kept the terms up to O(y) and separated 911 as
I = @pn (r)oYum (6, )™, (4.86)
or in the slow-rotation expansion
9D = @ (r) [oYzm(Q, ¢) + xMw (ob’zm 0Yex1m

+oby oYf-lm) + 0()(2)] e .

Thus, in the absence of sources, O, (r) satisfies

(4.87)

w3 - 4)(mM2w

[r(r = r )02 +2(r — M), + - oAfm] Om(r) =0, (4.88)

r—ry
where oAy, is the Teukolsky’s separation constant for s = 0 [19]. We therefore see
that the left-hand side of Eq. (4.38) is separable in the radial and angular coordinates.
Further, in Sec. 4.9, we show that the complete expression in Eq. (4.38) can be
separated into radial and angular parts using spin-weighted spheroidal harmonics of

spin weight zero.



214
4.5.3 Sél’l) in terms of 2(1') and 9D

To systematically calculate 81(91,1) in Eq. (4.78), we can partition it into three parts
based on the terms that necessitate metric reconstruction, namely those at O(¢°, €'):

1. Weyl scalars at O(Z°, €!): These terms are solely determined by the Pontryagin
density (R*R)(%1. For slowly rotating BHs in dCS gravity, these Weyl scalars

in Eq. (4.78) receive contributions from both h(o O and h},ov’l’l) . We expand

0.0 _ ¢

Eq. (4.81a) up to O(¢Y, €'). Since in Petrov type D spacetimes Woi34=

the only terms that survive are proportional to W5, such that

(RR)OD = —48i (Wi O W) — BPOFOD) (4.89)

where ‘Péo’o) is given by Eq. (4.47) by setting £ = 0, and ‘I’EO’]) is given by

Eq. (4.169c¢) using the metric reconstruction procedures.

2. Spin coefficients at O(%, €'): This dependence arises from —o(®Dg(1.0),
Since we are only interested in the terms up to O (¢!, x!, €!) in this work, and
9100 = 0 as explained in Sec. 4.3.3, the metric fields in —0©D 919 only
have the contribution from hfg,’o’l). Thus, we only need metric reconstruction
at O(£9, x0, €') for these terms. The first two terms in Eq. (4.81b) will not
contribute directly, although one can find additional spin coefficients by using
the commutation relations to combine the anti-commutators. For the rest of
the terms, we find at O({O, e,

[(lu(o Dy gOD _ 0 _ 501 )
+ (6(0,1) 40D _ ,0 _ 50, 1))
+ (a«),l) _ gOD _ 00 f<o,1>) s

+ (@(o,n _ 0D 7O 4 T(o,n) 5] 910

(4.90)

where the spin coefficients at O(Z°, €') are given by Eqs. (4.167) and (4.173)

using metric reconstruction procedures.

3. Tetrad/directional derivatives are at O (¢, €'). Similar to the second situation,
these types of terms also arise from —0(D 919 and vanish at O(¢!, x°, €1).
Thus, we must only reconstruct the NP quantities at O (£, x°, €'). Using the
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Schwarzschild properties of all the spin coeflicients in Eq. (4.184), we find

DDA+ DAOD + AODD 4 ADOD
—60D§ — 550D _ 5005 _ 5501 (4.91)
“2(y = DD = 2pA 0D 1 20 (50 4 FOV) | 910,

where the tetrad at O (¢, €') is given by Egs. (4.73) and (4.171). Notice, the
terms at O(Z°, €') in Egs. (4.90) and (4.91) are all at O(Z°, 0, €') as 910 is
non-vanishing only at O (¢, !, €°), but we choose to hide the expansion in y

for simplicity.

A similar classification will be used when we compute the source terms in the
modified Teukolsky equation for ‘P(()l’l) and ‘Pil’l).

One can further combine the second and the third type of source terms and express
them as functionals of the metric components in the NP basis (e.g., h(o b hﬁ,(,),,]),
hf,?ml ) in the IRG) and the rotation coeflicients (e.g., a®D and pOD) such that the
separation of variables can be more easily carried out in Sec. 4.9. In this case, we

find

0(00.19(1.0.0) — HO.1.1) 4(10.0) _ ¢

0(0.0.D) g(1.1.0) _ _ {hﬁl‘,);o’”Dz _ hﬁ,?,;o ”{D 5)+ h(0°1)62

(4.92)
+|(D =200 = (5= 20| D
- [0 = 2001000 = (G - 20000 | G+ c.c.f 9110
Finally, we have
851,0,1) _ M? (RR)©01)
16712% (4.93)
QUL _ _ M (RR)(O1D) _ g(0.0.) 9(1.10)
7 1672 ’

where (R'R)(®0D and (R*R)(®1-)) are given by Eq. (4.89), and 0(®0-D9(1L.10) is given
by Eq. (4.92).

4.5.4 Sél’l) in the coordinate basis
We now rewrite 81(91,1) [Egs. (4.78) and (4.93)] in the coordinate basis (¢, r, 6, ¢) using
the perturbed NP quantities found in Sec. 4.4 and Appendix 4.11. From Eqgs. (4.78)
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and (4.93), we notice that 81(91’1) contains two pieces: the term proportional to
(R*R)(®1) and the term proportional to o(®Dg(1.0)

For the first piece, according to Eq. (4.89), we essentially need to evaluate \I‘EO’I)
up to O(y). The value of ‘I’éo’l) in terms of the Hertz potential ‘PI({O’D is given
by Eq. (4.169c), and ‘Pg)’l) has the expansion in Eq. (4.55). Since we use the
slow-rotation approximation in this work, we can further decompose spin-weighted
spheroidal harmonics in terms of spin-weighted spherical harmonics using Egs. (4.61)
and (4.62) such that Eq. (4.55) becomes

Py = 2Rem (r) [2Y€m (0,¢) + xMw (2b2}+1 2Yerim

. (4.94)
+aby,, 2Y€—1m) + 0()(2)] e

Now, one can insert into Egs. (4.169¢) and (4.89) the decomposition in Eq. (4.94)
and the background NP quantities at O(¢?, €°) in Eqgs. (4.158)—(4.160) after setting
{ = 0. After using Egs. (4.692) and (4.69b) to simplify the terms with ¢ 0.0) apd
500 acting on ¥, (6, ¢), we find

(R'R)OD (4.95)
= e [(8?"(7, w, M)2Rpy (r) + 857 (r, w, M) 2Ié2m(r)) 0Yem (6, @)
+x (8?"(?, w, M) 2R (r) + 84" (r, 0, M) 21%,,,(?)) sin6 1Yz, (6, @)
X (847 (ro 0. M) 2R () + 887 (r, 0, M) 2Ry, (7)) €03 8 0¥e (0. 9)
+x 2by (gi’”(r, w, M) 2Ren (r) + 88" (r, 0, M) zléém(r)) 0Yes1m(0, @)

+x 2by, | (gé’”(r, W, M) 2R (1) + g0 (r, w0, M) 21é2m(r)) oYe—1m(6,0)| +c.c.,
(4.96)

where f’(r) denotes the derivative of f with respect to the r coordinate for any
function f(r). Here, 2Ry, () is the radial function of the Hertz potential for slowly
rotating Kerr BHs in GR, which can be computed from the radial function of ‘Péo’l)
using Eq. (4.56a). One can, in principle, expand 2Rem (r) further in y and drop
additional terms above O(y) in Eq. (4.95). For simplicity, we choose not to do this
additional expansion here but implement it when computing QNMs in [58], where
we need to explicitly evaluate the radial functions of ‘Pégil). We have also used the
radial Teukolsky equation to reduce any n-th radial derivative of 2Ry, (r) with n > 1
to o Ry and zléz,m(r). The explicit forms of gf’”(r, w, M) are long and therefore
presented through a separate Mathematica notebook as Supplementary Material [69].
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For the second piece, according to Eq. (4.93), there is only a contribution from
o(©0.Dy(LL0) since the scalar field at O(¢!, x?, €°) vanishes in dCS gravity. Thus,
we only need the reconstructed metric at (0, v, €!). Using Eqs. (4.94), (4.160),
and (4.50), we find

001 1 (t+2)! 4 —iwt
hy = ﬁ ( = 2R (1) 0Yem (6, @)e +c.c.|, (4.97a)
24+0-2 1 . N

h’(1(’)1,10,1) =4/ 5 T — {[4M - r(2+iwr)] 2Rem(r)

+r(r = rs) 2R}, (1)} 1Yo (6, $)e ™", (4.97b)
1 N

hﬁ,?;,?’” =— {[(r - rs)(f2 +€—2+Tiwr) — wr(ir + 2wr2)] 2R (1)
r(r—rg)?
+2(r —ry) (M - ia)rz) zléém (r)} Yo (0, ¢)e (4.97¢)

Now, we can evaluate all the directional derivatives and spin coeflicients at
02 x°, €') using Egs. (4.167), (4.171), and (4.173). In the end, using Eq. (4.92),

we find

5(0.0.1) 9(1,1,0)
= 7 | (W, 0, M) 2R (1) + B (7, 0, M) 2Ry, (1)) 5in 601 ¥e (6, 6)
+hE" (1, w, M) (20%(r) + rdg(r)) 2Rem (1) cos 6 oY (6, ¢)| +c.c.,  (4.98)

where 9g(r) is the radial part of the background scalar field in Eq. (4.15). In
Eq. (4.98), the reconstructed metric only has contribution at O(x?), so the radial
function >Ry, (r) is evaluated on the Schwarzschild background. Since we choose
not to expand R(r) in y here, we do not distinguish »R;,,(r) evaluated on the
Schwarzschild or slowly rotating Kerr background. Combining Eqgs. (4.95) and
(4.98), we have the source terms in the equation of 91" up to O(y). The master
equation of #I') in the IRG in the coordinate {z,r, 8, ¢} is presented in Eq. (4.128)
of Sec. 4.8.

In Sec. 4.9, we will show that Eq. (4.78) up to O(y) can be separated into a radial
and an angular equation. In the following section, we apply the same procedures to

)

evaluate the source terms in the modified Teukolsky equation of ‘P(()l’l in terms of

the reconstructed NP quantities and project the equation into the coordinate basis.

4.6 The modified Teukolsky equation of ‘Pél’l) in the IRG
In this section, we evaluate the modified Teukolsky equation of ‘I’(()l’l) in Eq. (4.18)

following the similar procedures in Sec. 4.5. We first evaluate the left-hand side of
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Eq. (4.18) and the source term Sg(é(;l) due to the correction to the background geometry
using the background NP quantities in Sec. 4.3.4 and Appendix 4.11. We then project
the source term SI!) onto the NP basis and compute its coordinate-based value
using the reconstructed NP quantities in the IRG given in Sec. 4.4 and Appendix 4.12.
Figure 4.2 presents a schematic illustration of the steps involved in calculating a
completely separated radial evolution equation for the ‘P(()]’l) Weyl scalar perturbation
in the IRG.

4.6.1 Right-hand side of Eq. (4.18) and S.;"

Since slowly rotating BHs in dCS gravity are Petrov type D up to O(Z!, ', €9),
we only need to compute the Teukolsky operator H(()O’O) in GR and its stationary
correction Hc()l’o) in Eq. (4.20a). Thus, we do not need metric reconstruction in this

subsection.

Using the Weyl scalars and spin coefficients found in Sec. 4.3.4 and Eq. (4.23), we
find that

1
1
H(()O’l’o) _ s H(()f)”fi&()) i (4.99b)

where H(()?T’?(’O) and H(()?T’i(’o) are O(x°) and O(x!) terms of the Teukolsky operator

Hy 1k for ¥y [Eq. (4.7) in [19]],

H(go”f%O) = —r(r - rs)arz - 6(7‘ - M)ar - C(r)
' r="Ts (4.100a)
- 892 —cotfdy + (4+m2 +4mcos9) csc? 9 -6,
0,1,0) _ m(i(r — M) — Mwr)
HO,TK =—-4M Ry — —wcosf|, (4.100b)
C(r) = diwr(r —=3M) + *r, (4.100c)

where we have decomposed the Weyl scalar ‘I’(()l) at O(e) as

" = 2RO () + 2R (1) + O | aSen(@)eT ™ @101)

tm
The Teukolsky equation corresponding to Egs. (4.100a) and (4.100b) is separable
with 2R§2;1) (r) satisfying
C(r)

r—rg

- ZA[m] 2R£(;S;1)(V) =0.

[r(r — ;)07 +6(r — M)d, +

+4m)(M(i(r - M) - Muwr) (4.102)

V(F—I’S)
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Perturbed gravitational

field equation for ‘P(()l’l) in the IRG

Left-hand side of Eq. (4.1

In coordinate basis

@499)

Separated radial
equation

Left-hand side of
Eq. (4.150)

8)

Right-hand side of Eq. (4.18)

Source term SV

geo

Source term S1:1)

In coordinate
basis using the
) Hertz potential
Terms given Eq. (4.94)

in Eq. (4.144)

Terms
proportional
to Oy, (1)
(L) o &(1,1)

2 &S,

Terms
proportional
By
5 &Sg

Using the
recipe in
Sec. 4.9.1

Terms
given in
Eq. (4.146)

Terms
given in
Eq. (4.148)

The radial evolution

for slowly rotating BHs in dCS gravity in the IRG is given by Eq. (4.150)

equation of the Weyl scalar perturbation ‘I’(()l’l)

Figure 4.2: A schematic flowchart prescribing the steps involved in obtaining a
separated radial evolution equation for the gravitational field perturbation described
by the ‘I‘él’l) Weyl scalar in the IRG for slowly rotating BHs in dCS gravity. This
flowchart summarizes the details of the calculations described in detail in Sec. 4.6
and Sec. 4.9.3. Initial and final outcomes are represented by rectangular boxes, while

intermediate results are symboli

zed by encapsulating bubbles. The directional arrows

are meant to seamlessly guide the reader through the logical flow of the calculations.
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Since there is no correction to the background geometry at O(¢', x°, €°), H(()I’O’O) =0.
(1,1,0)

For H, , we find
o oagd
(11,0 imM .9
0 = —448r9(r — (Cl(r) + diwr Cz(r))
iM* iwr*Cy(r)
- @ cos 6 (C3(l") - T) (4103)
M* C
+ ;2? (r —ry)Cy(r) cos 80, — 52(:) sin 089] ,

where all C;(r) are listed in Appendix 4.11. The source term Sg(égl) is then given by
Sg(eléo’l) -0, Sg(elél,l) _ —H(()l’l’o)‘P(()O’O’l) . (4.104)

Séelc;l’l) can be evaluated in terms of the coordinates using Egs. (4.101) and (4.103).

4.6.2 Source term S1-))

In this subsection, we evaluate the source term S:D from the effective stress tensor
or the source term of the trace-reversed Einstein equation in Eq. (4.4). The first step
is to project the Ricci tensor R, onto the NP basis such that we can express the NP

Ricci scalars @;;, where
®;j ~ Rap ~ Ryveqt'ep”, (4.105)

in terms of NP quantities (Weyl scalars, spin coefficients, and tetrad) and the scalar
field ©. The precise relation between ®;; and R, is given in Eq. (4.180). Using
Eq. (4.4), we find

1
R, = ! zM2
Hy = Kq

(V79) €rgatuV Ry + (VYD) R(;(W)(,]

(4.106)
1
+ — (V) (V, 1) ,
2Kg§ ( M ) ( )

where we have inserted an additional ¢ =3 to the term linear in ¢ and an additional

¢! to the term quadratic in 9 to compensate the factor of ¢ > we have absorbed into

the expansion of  in Eq. (4.17). Since ¢ enters at least at O((), all the metric fields

at the right-hand side of Eq. (4.106) are at O(¢£°), which can be expressed in terms

of NP quantities in GR.

Ra = CdRca ’
b= Readb (4.107)

VcRab = Rab,c - ydacRdb - ydbcRad .
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Since we are interested in gravitational perturbations of vacuum spacetime, R,SOV"” =
RLOV’I) = 0, and all the metric fields in Eq. (4.106) enter at O(£°), the first term in
Eq. (4.106) vanishes. Evaluating the rest of the terms, we find the seven independent
components of R, in terms of Weyl scalars, spin coefficients, directional derivatives,
and the scalar field ¢ in Eq. (4.178).

We can now evaluate the source terms in the modified Teukolsky equations. Inspecting
the source term S in Eq. (4.21), we can divide it into two parts based on whether
S1.2 are dynamical,

SD = st s

S = gVl _ gOh Lo (4.108)

81(11,1) _ SEO’O)SEI’I) B 850’0)551’1) .

For Sl(l’l), one can directly evaluate S 512’0) in terms of the stationary scalar field (1%

and the metric in GR using Eqgs. (4.22), (4.178), and (4.180). Then we only need to

reconstruct the operators 8§02’1)

)

using our results in Sec. 4.4 and Appendix 4.12. The

results of S 512’0 are provided in Appendix 4.13.

For 81(11’1), the only pieces involving metric reconstruction are S 512’1). For § 512’1), we

can further divide them into two parts based on whether ®;; are dynamical,

(1,1) _ (0,1 (1,0) (0,1) (1,0)
Sl,A —5[—2,—2,1,O]q)00 -D [—2,0,0,—2]q)01

0,1) 4,(1,0) 0,1) g (1,0) _ —(0,1) (1,0
+ 20 )Cblo — 2«¢ )dDH — il )d)oz ,

(1L,1) _ <(0,1) (1,0) (0,1) (1,0
Sz,A —5[0,—2,2,0](1)01 -D [—2,2,0,—1](1)02

~ 1000 4 250D 2, (0D 10
(1,1) _ <(0,0) (1,1) (0,0) (1,1)
SI,B =0 @y -D EATIE

(4.109)

[-2,-2,1,0] [-2,0,0,-2]
(1,1) _ <(0,0) (1,1) (0,0) (1,1)
SZ,B —5[0,—2,2,0](1)01 -D [—2,2,0,—1]q)02 ’

where we used that (%0 = (0.0 = 3(0.0) = . Based on this classification, we can

then additionally separate S 1(11’1) into two parts

81(1171) — S(l’l) +S(1’1)

11A 1I1B °
1,1 0,0 1,1 0,0 1,1
S =805 — g0kl (4.110)
(L) _ &(0,0) o(1,1) (0,0) «(1,1)
Siip =&, S2,B - & Sl,B :

For 81(11;41)’ similar to 81(1’1), we only need to evaluate @f}’o) using the background
metric and the stationary scalar field 9(?). The only quantities need metric
reconstruction are these additional O (¢, €!) operators acting on @;}’0), where CI)E}’O)

are listed in Appendix 4.13.
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The most complicated piece of S(ID is S I(Il;\l), which needs metric reconstruction
for CDE}’I). Fortunately, from Eq. (4.109), we notice that we only need to evaluate
@éé’l), <I>(()11’1), and CD(()IZ’I) . To organize our calculations, we can divide CI)E;’I) into
four parts based on which kind of terms need metric reconstruction, similar to what
we have done in Sec. 4.5. Inspecting Eq. (4.178), we notice that all the terms are
some coupling of a Weyl scalar, a scalar field, a spin coefficient, and directional
derivatives, which is due to the structure of R, in Eq. (4.106). In this case, we make

the following classification:

1. Weyl scalars are at O(Z?, €!). In this case, the scalar field ¢ is at O(¢!, €°).
As discussed in Sec. 4.3.3, the leading contribution to 9% is at O (¢!, y', €°)
since non-rotating BHs in dCS gravity are still Schwarzschild. Then since
we are interested in O(¢ 1 Xl, 61) corrections, all the spin coefficients and
directional derivatives are at O (¢, x°, €°), the order of the Schwarzschild

background.

2. Spin coefficients are at O (¢, €!). Similar to the first situation, the scalar field
9isat O, x!, €°), so all the Weyl scalars and directional derivatives are at
0(Z° x°, €2), which are evaluated on the Schwarzschild background in GR.

3. Tetrad/directional derivatives are at O (¢, €!). Similar to the first two cases,
since @ is at O(Z!, ', €), so all the Weyl scalars and spin coefficients can be

evaluated on the Schwarzschild background.

4. Thescalarfield®isat O (¢!, €'), which has contributions fromboth O (¢!, x°, €')
and O(Z', x', €') terms. Then, all the NP quantities generally need to be
evaluated on the Kerr background expanded in the slow-rotation expansion
to O(x!). Since 91V also requires us to solve the scalar field equation in
Eqs. (4.38), we choose not to compute #(1-1) in this work but only list the
source terms in terms of it. We will solve the scalar field equation together

with the modified Teukolsky equation in our follow-up work [58].

AtO(Y, x', €, using the classification above, we can set many terms to 0 since they
are evaluated on the Schwarzschild background (i.e., when ¥ is stationary). Similar
to Sec. 4.5, the results of CD(%’I), CID(()II’I), and CID(()12’1) up to O({l,)(l, 61) are expressed
in terms of the perturbed Weyl scalars, metric perturbations, and dynamical © in
Appendix 4.13. Due to the complication of S"'!), we will not present the results

here but provide its coordinate-based values directly in the next subsection.
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4.6.3 SV in the coordinate basis

In this subsection, we evaluate the coordinate-based values of SU-D using the
decomposition of #:) in Eq. (4.87) and the Hertz potential ¥"" in Eq. (4.94).
Following Sec. 4.3.1, we separate S(I-!) into two parts: the terms coupled to the

dynamical scalar field 9!")) and the terms coupled to the background scalar field
ASEN

For the first part, we find its coordinate-based value to be
S{ = e | (p(r, 0, M)® (1) + PE" (1, 0, M)O, (1)
48" (r, 0, M)O, (1)) 2Yen (6, 9)
+x (pﬁm(r, w, M)Og,, (r) + pg’" (r,w,M)0Oy,, (r)
+pg’” (r,w,M)07 (r)) sin@ 1Y, (0, @)
+x (pgm(r, w, MOy, (r) + pgm (r,w,M)0Oy,, (r)
" (r, w, M)@’gm(r)) c05 6 2Ym (6, #)
+x ()b[’?’,f+1 (p{’O” (r,w, M)®¢, (r) + pf’f(r, w, M), (r)
+p {8 (r, @, M)}, (1)) Y1 (6, 6)
0 obyy (P, )@ (1) + P (r, 0, M), (1)
+p(r, w, M)@;:m(r)) Ym0, 8)] 4.111a)
S = et | (5 (r, 0, M)®n (1) + L (1, 0, M)B, (1)
4P (r, @, M8}, (1)) 2T (6, 0)
~x (P, 0, M)Bi (1) + 55", 0, M)E, (1)
+5 (r, e, MY, (r)) $in 6 _1 s (6, 6)
.y (pgm(r, w, M)®y (r) + P (r, 0, MY, (r)
+5 (r, w0, MY, (r)) c08 0 _2¥om (6, §)
X oDt (P55 0, M)@un () + B (7, 0, M), (1)
41 (1,0, M)B], (1)) 2 P21 (6,9)
X 0B o (P 0, M)Bu () + 5 (7, 0, M)E, (1)

+p1e (r, w, M)@)Zm(r)) Y 1m(6,9)] . (4.111b)
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In Sec. 4.9.3, after getting the radial part of the equation of 9!, we will further
express O (r) in terms of O, (1), O, (1), 2R (1), and 2R2m (r).

Similarly, we find the second part to take the form
S = e | (g1, @, M) 2 Ren (1) + 68" (7, 0, M) 2Ry, (1)) 5in 1Yo (6, 6)
+ (957, 0, M) 2R (1) + 45" (1,0, M) 2R, (7)) €05 0¥ (6, 6)

+ (qgm(r, W, M) 2R (r) + qé’” (r,w, M) Zﬁém(r)) sin 6 3¥;m (6, ¢)] ’
(4.112a)

Sl(gl,l) = ye'“! [(q~€m(r, w, M) 2R (r) + qgm(r, w, M) zléz;m(r)) sin@ _1 Y, (6, ¢)
+G5"(r, @, M) 2Ren () c0s 0 _2¥4, (6, ¢)] : (4.112b)

where >Ry, (r) is the radial function of the Hertz potential given by Eq. (4.56a), and
Qégm(l") is the complex conjugate of 5 Ry, (r). The radial functions qu (r,w, M)
and q~f’"(r, w, M) are presented in a Mathematica notebook as Supplementary
Material [69]. Note that we have used the radial Teukolsky equation to eliminate any
beyond-first-order derivatives of the Hertz potential to obtain a simplified expression
in Egs. (4.112a) and (4.112b). The master equation of ‘P(()l’l) in the IRG in the
coordinate {z,r, 8, ¢} is presented in Eq. (4.128) of Sec. 4.8.

4.7 The evolution equation for 91" and the modified Teukolsky equation for
¥ in the ORG

In this section, we evaluate the equations governing the evolution of the perturbed
scalar field (1)) and the perturbed Weyl scalar ‘I’il’l). Although one can in principle
evaluate the evolution equation of lI’ft]’l)in the IRG, as briefly discussed in Sec. 4.4.2,
the evaluation is more convenient in the ORG. We follow a set of steps similar to
those in the IRG for 9"V in Sec. 4.5 and for ‘Pél’l) in Sec. 4.6. Below, we present
the master equations of 9! and ‘I’iLl) in the ORG.

4.7.1 The equation of 9"V
The scalar field perturbations are governed by Eq. (4.38). We now represent the
right-hand side of Eq. (4.38) as

(L1) M? O.1) _ (0.1) 9(1.0
7 = - —— [RR]OV — gDyl (4.113)
1672
Projecting the Pontryagin density onto the NP basis leads to the same set of equations
as described in Sec. 4.5.1 since our choice of gauge does not affect the quantities

shown in Egs. (4.81).
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The master equation for the scalar field perturbations in the ORG are same as that
shown in the IRG

HéO,O)ﬁ(l,l) _ 71-9(1,1) , (4.114)

with H1(90,0) and 91D both given in Egs. (4.85) and (4.86) respectively, whereas
71;(1’1) is given in Eq.(4.113). The left-hand side of Eq. (4.114) in the ORG remains
unchanged from the IRG since the operator acting on the scalar field perturbations is
evaluated on the background. On the other hand, since the source term in Eq. (4.114)
depends on perturbed quantities, the value of these quantities is gauge dependent. In
the ORG, the Pontryagin density given in Eq. (4.89) holds the following form in the
coordinate basis:
(R*R)(O:D
= o7 | (g (r, 0, M) 2 Rem () + 85", 0, M) 2RY, (1)) 0¥em (6, 6)

4 (0", 0, M) 2 Ren () + 2" (r, 0, M) 2R, (1)) 5in 0 1Y (6, 9)

(887 .0, M) 2R (1) + 8 (7, 0, M) 2, (1)) €05 0.0Yn (6, 6)

+x —2by'yy (gi’” (r,w, M) 5Rew(r) + 88" (r,w, M) 2R}, (r)) 0Yex1m(6, @)

i 2By (87 @, M) 2R (r) + 803 (7,0, M) 2R, (1) oY1 (60, 9)]

+c.c., (4.115)
where functions g;(r, w, M) are presented in a separate Mathematica notebook as
Supplementary Material [69], and _zlé;/,m (r) is the radial function of the Hertz

potential for a slowly rotating Kerr BHs in GR computed from the radial function of
the ¥{*" using Eq. (4.56b).

To evaluate the remaining part of the source term 71’9(1’1), we use the perturbed spin
coeflicients given in Eq. (4.166) and metric perturbations given in Eq. (4.51). We

obtain
5(0.0.1) 9(1.1.0)
= e | (6, 0, M) 2R (1) 45" (r, 0, M) 2R, (1)) $in 6 1Yo (6, 9)

+h5" (r, w, M) (20%(r) + rd%(r)) —2Rem (r) cos 0 oYem (0, ¢) | +c.c.,  (4.116)

where the functions bh;(r) are presented in a separate Mathematica notebook as

Supplementary Material [69], and 9% (r) is the radial part of the background scalar
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field given in Eq. (4.15). Similar to the case evaluated in the IRG in Sec. 4.5, the

radial function _» R, (r) is evaluated on the Schwarzschild background. Combining
Eqgs. (4.116) and (4.115) gives us the complete source term 71;(1’1). The master
equation of #(1-1) in the ORG in the coordinate {, 7, 6, ¢} is presented in Eq. (4.128)
of Sec. 4.8.

4.7.2 The equation of ‘I’il’l)
In this subsection, we present the modified Teukolsky equation for the Weyl scalar
perturbation ‘Pil’l) given in Eq. (4.26) in the coordinate basis. Following steps

similar to Sec. 4.6, we separate the source terms into two categories: 7;(} ‘D and
7 (L1 whose forms in the NP basis have been given in Egs. (4.27)—(4.29).

4.7.2.1 Homogeneous part and 7;&’1)

Similar to Sec. 4.6.1, by using the Weyl scalars and spin coeflicients in Sec. 4.3.4
and Appendix 4.11 along with Eq. (4.31), we find

HO00 2_; HOW, (4.117a)
HOMO % HOLW, (4.117b)

where we define
0 ) ) = (D ) it

by extracting a factor of p* from the Weyl scalar ‘I’il) following [19], i.e.,

v = phul = p* [ SRV () + £ 2R (1) + 0P| S (@)

tm
(4.119)
(0,0,0) (0,1,0) 0 1
The operators H, 1" and H, 1. are O(x") and O(x") terms of the Teukolsky
operator Hy 1k for ¢4 [Eq. (4.7) in [19]], respectively,
D
HO0O = —r(r = r)32 +2(r = M)3, - 2
’ r—rs (4.120a)
— 892 —cotfdy + (=2 coth + mescO)? =2,
(r—M)+M
HOLO _ gy MU= M)+ Mor) ool | (4.120b)

4TK rr—ry)

D(r) = —4iwr(r —3M) + 0 .
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The Teukolsky equation corresponding to Eqs. (4.120a) and (4.120b) is separable
with _2R§S1’1) (r) satisfying

r(r—rg)df —=2(r — M)o, +

_AmyM(i(r = M) + Mwr) (4.121)

r(r—rs)

— 2Am -2R£(;21’1)(") =

For the same reason in Sec. 4.6.1, we do not need metric reconstruction to compute
7;53’1) since the background spacetime is still Petrov type D. The source terms 7;8 D
hold the form

7;5 0D g Eéé L) _ H(l 10)‘1’(00 1 _ 7_{(1 10)w(00 1) 4.122)
with
g4
(11,0 —imM (D  AiwrD )
H,  448r3(r — ry) 1(r) = 4iwr”Da(r)
iM* iwr?Dy(r)
—= -— 4.12
+ THE cos 6 (D3(I") > ) (4.123)

1M4 Ds(r)
39,12 [(r rs)Dy4(r) cos 89, — > sinfdy| ,

where we have absorbed the factor of p* into H i1,1,0)’ and the functions D;(r) are

presented in Appendix 4.11.

4722 @D

Using the expression for the metric perturbation in the ORG given in Eq. (4.51), one
can evaluate the perturbed spin coefficients and perturbed Weyl scalars at O(°, €!).
These can then be used to evaluate the following source terms, which can be divided

into two parts based on whether S3 4 are dynamical.

g(L1) :7;(1,1)+7;§1,1)’
(L) _ o(0,1) o(1,0) (0.1) «(1,0)
T =878, =678,

(1,1) _ &(0,0) (1,1) (0,0) o(1,1)
7D = gP0sthD _ glo0gLh (4.124)

Analogous to Sec. 4.6, 7;(1’1) consists of terms dependent on the stationary scalar

field, the background, and the perturbed metric in GR.
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Similarly, we can further divide 7;}1’1) into two categories based on whether terms are

(10) o qD,( }’1), which we denote as 7;\1-" and 7;{1-V respectively.

proportional to ®;; 11A 11B

77;1,1) = gD D

I1IA IIB
1,1 0,0 1,1 0,0 1,1
T = & >sg,A>_a; >S§’A>, (4.125)
(L) _ o(0,0) «(1,1) (0,0) o(1,1)
7;13 —84 S4,B _83 S3,B :

)

Here Sglél) and Sill’;) have terms proportional to @f}’l , Whereas SglAl) and SilAl)

have terms proportional to @, T

Expressing these source terms in the coordinate basis, the terms proportional to the

scalar field perturbation are given by

T = et | (07 (r, 0, M)® (1) + 85" (7, 0, M), (1)
" (r, @, M)O), (1)) 2Yen (60, 9)
4 (057, 0, M)@p (1) + 8", 0, M), (1)
" (r, w, M)@’gm(r)) $in 6 _1 Yy (6, ¢)
4 (097, 0, M)® (1) + 3", 0, M), (1)
i (r, w, M)@'gm(r)) c08 6 2Ym (6, 6)
41 00y (050 0,0, M) () + 807 (7, 0, M), (1)
{2 (1,0, M)O}, (1)) 2Yes1 (6, 9)
4 oby (5 (0, M)®u () + 13 (r, 0, M)O, ()
2 (r, 0, )07, (1)) 2Ye-1m(8.9)| | (4.1262)

T = e | = (5,0, M)Bu (1) + B (7, 0, M), (1)
(.0, M)®], (1)) 2 ¥ (6, 9)
~x (B (o0, M)Bp (1) + B (1, 0, M), (1)
" (r, , M)(:);:m(r)) $in 6 1 7o (6, 4)
Ty (ﬁg’m (s, M@y (r) + B (r, 0, MO, (r)
0 (r, w, M)@'gm(r)) c08 0 277 (6, ¢)
X 0B o (B8 (7, 0, YO () + B (1, 0, M)B, ()

+{_J?2n(r’ w, M)(:)gm(r)) 2Y€+1m(0, ¢)
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—x oby .y ({3@(’”’ w, M)® (r) + 55 (r, 0, M)6, (r)

+H12 (r, 0, MO (r)) Y 1m (6, ¢)] : (4.126b)

m

The source terms proportional to the background scalar field can be expressed in the

coordinate basis as

T = ye et [(qf’"(r, W, M) 2R (r) + 65" (r, w, M) —Zﬁém(r)) $in 6 -1¥m (0, )
+ (qg’”(r, W, M) 2Ry (r) + 44" (r, , M) —Z@m(r)) c0s 0 —2¥em (6. ¢)

+ (870, 0, M) 2R () + 07" (r, 0, M) 2R}, (1)) sin 60 5Yen (0, 6) |
(4.127a)

Ty = e | (3 0,0, M) 2R (r) + T (r, 0, M) 2Ry, (1) 00 1 ¥ (0, 9)

G (r, w, M) 2R (1) €05 0 270 (6, qb)] , (4.127b)

where _y Ry, (r) is the radial function of the Hertz potential given by Eq. (4.56b).
The functions ¢ (r, w, M) and §" (r, w, M) (not to be confused with " (r, w, M))
are functions presented in a Mathematica notebook as Supplementary Material [69].
The master equation of ‘Pil’l) in the ORG in the coordinate {¢,r, 6, ¢} is presented
in Eq. (4.128) of Sec. 4.8.

4.8 Executive Summary of all Master Equations

This section presents an executive summary of the main results of this paper, whose
derivation was presented in Secs. 4.5, 4.6, and 4.7. Through Secs. 4.5, 4.6, and 4.7,
we used the tetrad defined in Sec. 4.3.4 to rewrite Eqgs. (4.18) and (4.38) using the
IRG and Egs. (4.26) and (4.38) using the ORG. In this section, we summarize these
results and condense them into a single master equation for convenience. In later
sections, we will present and apply a procedure to decouple the master equations for
the scalar field perturbation 9("'") and the Weyl scalar perturbations ‘Pé’léil) (or ‘Pil’l) )
into a set of coupled radial ordinary differential equations in the IRG (or ORG).

With this in mind, the master equations for gD [Eq. (4.38)], ‘I’él’l) [Eq. (4.18)],
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Ingoing radiation gauge Outgoing radiation gauge
l/’ f(r) S % S %
(equations) (equations)
_ﬂ.—%M2(R*R)(O,1) _ _ﬂ—%MZ(R*R)(O,l) _
LD -2 10 000D 9(1,1.0) 0 000D 9(1,1.0)
Egs. (4.95) & (4.98) Egs. (4.115) & (4.116)

S+ s 0L STy

p(l.D 272 | +2 S}gl,l)_'_gél,l) - -

Eqgs. (4.104), (4.111),
&(4.112)

7§e(§’1)+7;(1’1)+'7;(1’1)+

P_4‘P4(;1’1) 236 | — _ ) 7;(1,1)+7~1;(1,1)

Egs. (4.122), (4.126),
&(4.127)

Table 4.1: In this table, we present the quantities ¥, the spin weight s and the source
terms $ that appear in Eq. (4.128).

and ‘Pil’l) [Eq. (4.26)] can all be expressed as

0% 4yM? 0%y , 0% 0%y oy
Hy = - — - —ry)—5 —2 D(r—M)—
4 r—rs 0t? " r—ry 0td¢ o5 96¢2 rir=ry) or? (s +1)(r )Hr
1 o (. oy 1 ) oy
- - - M= - ) -
Sind o0 (s1n989)+s X (r r—rs) zcot@csc@] 90
-3M 0
+2s [u+i)(MCOSQ]—$+(S2C0t29—s)¢:§(r)§>,
r—rs ot

(4.128)
where H represents the Teukolsky operator for a spin s field in GR given in [19].
Recall that y is the dimensionless spin parameter, r; = 2M is the Schwarzschild
radius, and M is the BH mass. In Table 4.1, we present the field quantities ¢
which satisfy this equation and the source terms, £(r) and $ on the right-hand
side of Eq. (4.128), dependent on the gauge and the spin weight s of these fields.
Observe that, clearly, the differential operator H in Eq. (4.128) acting on the field
quantity ¢ is exactly the same as the one derived by Teukolsky in [19] in GR for
Kerr BH perturbations [c.f. Eq. (4.7) therein], expanded to leading order in spin.
In addition, from Table 4.1 and the source terms in Egs. (4.104), (4.111), (4.112),
(4.122), (4.126), and (4.127), we notice that the (I, ) and (1, m) modes of ¥y';"

need to be solved jointly, as we will discuss in more detail in Sec. 4.9.
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4.9 Separation of variables and extraction of the radial master equation

In this section, we extract the radial parts of the master equations for #I-) [Eq. (4.38)]
(both in the IRG and ORG), for ¥{""" [Eq. (4.18)], and for ¥"" [Eq. (4.26)]. Let us
first present our procedures for eliminating the angular dependence in these equations

and then apply them to specific cases.

4.9.1 Eiminating the angular dependence
To eliminate the angular dependence of these master equations, we utilize the
properties of spin-weighted spheroidal harmonics in Sec. 4.4.3 and go through the

following procedures:

1. From Secs. 4.5-4.7, we first observe that the master equations of (1) and
‘I’(()lil) after decomposition into spin-weighted spheroidal harmonics [i.e.,
Eqgs. (4.86), (4.101), and (4.119)] all take the form

sHem [sl//fm(r)sng(g)] e lwemt+imé
= D 5Pl (s fh, ()T m™md 4 08 (1), ff, (B)e =m0 (4.1292)
k

sHi—m [sWe—m () sSe—m (0)] e @ -mi=imé
B Z “Plg—m(r)sft’k—m(9)€_iw[’mt_im¢ + sng—m(l’)sﬁk—m(H)e"‘f’f—mt+im¢ ,
k

(4.129b)

where ;Hgy, is the (£, m) mode of the Teukolsky operator in GR for particles of
spin 0 [i.e., H"” in Eq. (4.85)], spin 2 [i.e., H}"" in Egs. (4.99) and (4.100)],
and spin —2 [i.e., H."” in Egs. (4.117) and (4.120)]. The radial function
sWem(r) is the radial part of 90D [ie., @, (r)], ‘I’(()l’l) [i.e., 2R§r1,;1)(r)], or
p““Pi] 1) [i.e., _ng,,ln’l) (r)] to be solved for. The angular function ;S¢,, (0) is the
6-dependent part of spin-weighted spheroidal harmonics (Y (6, ¢). The radial

functions SP’g
m

(r), sngm (r) and angular functions g f{,’;n (6) can be extracted
from the source terms found in Secs. 4.5—4.7. In the equation for 9", we can
observe from Egs. (4.95), (4.98), (4.115), and (4.116) that 0P _(r) = 0Q% (r)
since the scalar field is real, while there is no such a constraint for ‘I‘(();l) since

they are complex in general.

2. Equation (4.129) assumes that a single (£, m) mode [Eq. (4.1292a)] or a single
(¢,—m) mode [Eq. (4.129b)] can solve the modified Teukolsky equation.

However, this is in general not true since the source term in Eq. (4.129a)
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is a mixture of modes proportional to e~“¢m’ and ¢“tm! and similarly for
Eq. (4.129b). On the other hand, in GR, one has the well-known symmetry
[22]

W) =@\ (4.130)

W
so both Egs. (4.129a) and (4.129b) contain source terms proportional to e ~*“tm!
and e~'“¢-=!  Thus, one has to consider Eqs. (4.129a) and (4.129b) jointly or

solve the linear combination , i.e.,

q,(on R(O1)(r)sng(0)e_i“"’”"+im¢+m>m sR( )(r) S, m(@)ezw{zmt zm¢
(4.131a)

WD = i (1) S em (0)€ M0 4y i (1) St —m (8) 0t =im4
(4.131b)

where we have absorbed an overall factor into the normalization of R(O’l) (r)
and ¥, (r). Furthermore, we have also taken a)(o) w((z) not just in GR
but also in dCS gravity due to the structure of Eq (4.129). As discussed and
shown in more detail in [65], one can solve for both the complex constant 774,
and the QNM frequencies wy,, using the eigenvalue perturbation method in
[25, 39, 40]. The combination (774, wen) have two independent solutions [25,
26, 65], resulting in the breaking of isospectrality. In this case, by plugging the
ansatz in Eq. (4.131) into the scalar field equation or the modified Teukolsky

equations, using Eq. (4.129), and matching the phase of the terms, we find

Hm [ e (r)sSem (0)] Z P (r)s £,(8) + fiem Q% _,, (r)s FE_,, (6).

(4.132a)

sHe o [0 -m(r)sSe-m(O)] = Y PE_, (1) ff,(0) + stm FEn(0),
k

(4.132b)

where we have divided a factor of 774, in Eq. (4.132b), and ¢ p+,, (r) are radial
solutions tied to (7¢m, Wen ). Similar procedures for generic modified gravity

theories can be found in [65].

. For the evolution equation for 9(1:1), we observe that ft,’in (0) consists of the

following terms:

* oYem(0,¢) and oYrr1 (6, @),
* cos oY (0, ¢), and
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* sinf +1Yen (6, ¢).

For the master equation for ‘I‘((),lil), +2 f[’fn (6) contains

o Y (0, ¢) and 12Yes1 (6, @),
* cos 6 Y (6, 9),
* sinf +1Yz, (6, ¢) and sin 6.3Y7, (6, ¢).

Notice that f[’jn (0) are angular functions in the modified Teukolsky equation
for the particle of spin weight s and mode (¢, m). The subscript s and subscripts
(¢,m) do not indicate the mode number of the angular function itself. For

example, ¢ f[]jn (8) contains terms proportional to sin 6 41 Yz, (6, ¢).

. As shown in Sec. 4.5.2, the homogeneous part of Eq. (4.38) for 9D is
separable in r and 6 if one decomposes 9D into oM (6, ¢). Thus, to extract
the radial part of Eq. (4.38), we multiply Eq. (4.78) by oM, (6, ¢) and integrate
it over the 2-sphere, utilizing the orthogonality properties of spin-weighted

spheroidal harmonics in Eq. (4.65).

. Similarly, as shown in Sec. 4.6.1, the homogeneous part of the modified
Teukolsky equation for \P(()l’l) and p~* ‘I‘i]’l) (e. H(()O’O) and 7{;0’0)) are
separable in r and 6 if one decomposes ‘P(()l’l) and p““Pil’l) into 2 Y, (6, @)
and _» Y, (0, ¢), respectively. Thus, to extract the radial part of Eq. (4.18)
and its GHP transformation, we multiply S""1) and 771D by 2V, (6, ¢) and
Y (0, ¢), respectively, and integrate them over the 2-sphere.

. Since we use the slow-rotation approximation in this work, when computing
the integrals involving Y, (6, ¢), one can further expand Y, (6, ¢) in terms
of Y, (0, ¢) using Eq. (4.61). Thus, there are only spin-weighted spherical

harmonics in these integrals.

. After the angular integration, the angular functions g f7,,(6)e”? in Step 3

become coeflicients of the form

Afllfzzm = /2 ds s1Y£’1m sZYt’zm s (41338.)
S

Aflm = / 2 dS cos8 s Yem s;¥em » (4.133b)
S

Al / dS sin€ s Yo 52Xt » (4.133¢)
S
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and the ; f; _,,(0)e™? angular functions become coefficients of the form

Azfi‘fz_m = AZ dS S1Y£’1m A‘QYfz—m ’ (41343)
Ajf;f%—m = /S i ds COSQSIYglm sngz_m, (4.134b)
Ajf;fi—m = /S 2 ds sin@ s, Yem ,Yt,-m - (4.134c¢)

Since spin-weighted spherical harmonics are not orthogonal across different
spins over the 2-sphere, one has to calculate these coeflicients in general
directly. Besides evaluating the integrals in Eqgs. (4.133) and (4.134) for
different (s, ¢y, m) and (sy, {2, m) every time, there are also other approaches.
One approach is to use the series-sum representation of Yy, (6, ¢) in Eq. (4.63),
as discussed in Appendix 4.14 with the results stored in a Mathematica notebook
in [69]. Now, the master equations of ("1 and ‘I’(()’l‘il) become completely

radial, i.e.,

sI:I{’m [sw{fm(r)] = Z sflgm sPlgm(r) + Nem silg_m SQl{f—m (l") s (41353)
k
~ 1 -
sHe—m [se-m(r)] = Z S PE () + n7s£’§m s0% (r),  (4.135b)
k m

where (Hy,, is the radial Teukolsky operator for a spin s field in GR and given
in [19]. The coefficient sf’gm comes from the integral of S, (6) and fé,’jn (0)
over the 2-sphere, and similarly for its complex conjugate SE’;m. Sf’gm and Sflgm

will be given by Eqgs. (4.133) and (4.134), respectively.

4.9.2 Radial part of the equation of 9(1-")

In this subsection, we present the radial part of Eq. (4.38) in both the IRG and ORG
found by following the procedures in Sec. 4.9.1. In the IRG, we find the radial parts
of terms proportional to e in Egs. (4.95) and (4.98), respectively, to be

VE () = (80" (o, M) 2 Ren (1) + 85" (0, M) 2y, (1))
4 (847, 0, M) 2R () + 857 (r, 0, M) o Ry, (1)) LG, (4.136)
Vi, (r) = x (hﬁ”"(r, @, M) 2Rem(r) + 15" (r, 0, M) zézmm) AGr, (4137

where the terms proportional to by’,, | or cos 6 Yz, (6, ¢) in Eq. (4.95) are at O( %)

after the angular integration. In the ORG, we find

UL, (r) = (8l (r, 0, M) 2Ron () + 02" (r, 0, M) 2Ry, (7))
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4 (2o, M) 2R () + 857 (s 0, M) 2Ry, (1) AL (4138)

UG (r) = x (0" o0, M) 2R () + 15" (r, 0, M) 2Ry, (1)) A (4139)

where slégm(l’) is the radial part of the Hertz potential given in Eq. (4.55), Afg’s’l and
Afﬁ’gs are given by Eq. (4.133), and the prime denotes a derivative with respect to
the radial coordinate . The functions

{gfm(r,w,M), W (r,w, M), & (r,w, M), hf.’”(r,w,M)} ; (4.140)

where i € [1,4] and j € [1,2], are the same functions in Egs. (4.95), (4.98), (4.115)
and (4.116) and presented in a separate Mathematica notebook [69].

Using Eq. (4.59), we can replace the radial Hertz potential Ry, (r) and its derivative
in Eqs. (4.136)—(4.139) with ;R\"" (r) and ;R"":" (r). Notice that the form of the
equations remains similar with ;Ry,, (r) now replaced by SR{(,?,;” (r) and the prefactors
now new functions of {r, w, M }. For instance, in the first parenthesis of Eq. (4.136),
one finds that the prefactor of QRE;S;D (r)is

gim(ryw, M2 f™(r, w, M) + 5" (r, 0, M) fi™ (r, w0, M) . (4.141)

Each of the functions that would appear in Véffn (r), vV, (r), U fm(r), and Uy, (r) are
separately presented in the supplementary Mathematica notebook due to their lengthy
nature [69].

Combining Eq. (4.88) with Egs. (4.136) and (4.137) [or Egs. (4.138) and (4.139)],
we now have a completely radial equation that describes the evolution of the scalar

field perturbations,

IRG: [r(r - rs)@r2 +2(r — M)o, +

M? - B}
__ r2(v¢;(r)+-n&nvjfm(r))-rz(vj;(r)+-n&nvj?m(r)),

1672

(4.142)

ORG: [r(r —1)0% +2(r — M), + — oAgm] Opm (1)

M? _ _
= = (U ) 41U, () = 2 (U, ) + 10U 2, (1))

1672

(4.143)

Recall that rg is the Schwarzschild radius, M is the mass of the BH, y is the

dimensionless spin parameter such that y = a/M with a being the spin, gA¢y, is
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the separation constant for a spin-0 field [19], and {V;fn(r), vp (r), U, fm (r), U?’m(r)}

are radial functions given in Egs. (4.136)—(4.139). The constant 77, is the relative
coeflicient between the (¢, m) and (£, —m) modes of Té}éil) in Eq. (4.131), of which
only certain values can solve Egs. (4.132) and (4.135) consistently. To obtain this
coeflicient, one has to solve Eq. (4.150) for the (¢, m) and (¢, —m) modes of ‘{‘(()1’1)
[or Eq. (4.154) for ‘Pftl’l) in the ORG] jointly. In [65], it was shown that one can turn
Eq. (4.150) [or Eq. (4.154)] into an eigenvalue problem, following [25, 39, 40], such
that the solutions of 77, correspond to the eigenvectors of the system, and the QNM

frequencies wy,, are eigenvalues.

In the above equation, Vg fm refers to taking the complex conjugate of all the radial func-
tions in VX but replacing {AS2", AD2Y ALY with {AT0™ ATGRm ATOEMY,
and similarly for VZ E’m, U;Ijm, and U;?m. Equations (4.142) and (4.143) can now be
solved for to obtain the scalar-led QNM frequencies. Notice that there is a coupling
between the scalar field perturbations and the gravitational perturbations in GR,
which appear in the form of the Hertz potential radial function 4> Ry, (r) in the IRG

or ORG, respectively.

4.9.3 Radial part of the equation of ‘P(()l’l)

In this subsection, we present the radial part of the modified Teukolsky equation for
‘P(()l’l). Just like in the case of the ¢ field, the left-hand side of the modified Teukolsky
equation Eq. (4.18) is the same as the Teukolsky equation in GR and is separable
under the decomposition in Eq. (4.101), with its radial part given by Egs. (4.99)
and (4.100). To extract the radial part of the right-hand side, we follow the recipe

provided in Sec. 4.9.1 to eliminate all angular dependence.

First, integrating H(()I’O)‘I’(()O’l), where H(()I’O) is given by Eq. (4.103), with 2Y;,,, (6, ¢),
we find the radial part S;-"(r) of Séel(;l) to be

Si) =
iymM* .2 (0,1)
— 27" (C(r) +diwr®C R
448r9(r—rs)( 1(r) + dicr Z(r))z im (1)
ivM* iwrr r(r—r
-6 [Csv)—cm)( 2 " ( 2 S)a’)]ZRES,;”v)A%T
M ROD () (Vs =DA%y - e+ 3) - 2aL)
1080 3\ 28, 125 )

(4.144)
where we have used Eqs. (4.67) and (4.68) to replace dg (2Y¢, (6, ¢)) with 1Y, (6, @)
and 3Yz,, (6, ¢). In Eq. (4.144), recall once more that r is the Schwarzschild radius,



237

M 1is the mass of the BH, y is the dimensionless spin parameter, Agg’;’ and Agg’s”
are given by Egs. (4.133), and the functions C; with i € [1,5] are presented in
Eqgs. (4.162).

Next, due to the structure of Eq. (4.132), multiplying Eq. (4.111a) by 2Y;,. (6, ¢) and
Eq. (4.111b) by 2Y_,,(0, ¢) and integrating over the 2-sphere, we find

Siw(r) =
(P, 0, M)@i (1) + DL (1, 0, MY®, (1) + 4, 0, M)O, (7))
4 (P, 0, M) () + P (1,0, )G, () + P (1, 0, M)E], ()| AL
4 (P, 0, M)y () + P (1,0, M)B, () + " (1, 0, M)O, ()| AL
(4.1452)
Sin(r) =
— (P10, M)Bu (1) + 5 (1,0, M)B, (1) + 5 (7 0, M)B], (1)) (~1)"
= (P, 0, M)®n (1) + L (1,0, M)B, () + 5L (7, 0, YO, (1)) AT
4 (P, 0, D)8 (1) + B (0, M)®,, () + 55" (r, 0, )8, (1)) AT
(4.145b)
Here, Sg‘m (r) and S’g‘m(r) denote the radial part of the (¢, m) mode of Sﬁxl’l) (r) and
Sgl’l) (r), respectively. Notice that both S22 (r) and S2_ (r) contribute to the (¢, m)
mode of the radial modified Teukolsky equation in Eq. (4.132a). The coefficient

(=1)™ in Eq. (4.145b) comes from that Aiigsm = (=1)™* since _Yy_n(6,¢) =

(=1)"" Y (6, ¢). The terms proportional to ¢b}',, | in Egs. (4.111a) and (4.111b)

are at O(y?) after the angular integration. We can further use Eq. (4.142) to rewrite
©7  (r) in term of Oy, (1), ©, (1), »Rem(r), and zléz,m (r) such that

S (r) = (kfm(r, W, M)Ou () + K" (r, w, M)®, (r)
K (7, 0, M) 2R (r) + KE™ (7, 0, M) zzégm(r))
+y (kg'“(r, w, M)Op (r) + K" (r, w, MO, (r)
Tk (7, w0, M) 2 Ro (1) + k" (., 0, M) zzégm(r)) Al
+y (kgm(r, w, YO (r) + kI (r, w0, MO, (r)
K (7, 0, M) 2Ry (r) + K (r, 0, M) zzé;m(r)) Alm - (4.146a)

Siay(r) = = (K", 0, M)®pn(r) + K" (7, 0, M), (1)
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(1,0, M) 2R (1) + B (1,0, M) R, (1)) (1)
- x (lég'"(r, W, M)®p (r) + kg (r, w, M)®),, (r)
+k5™ (r, w, M) WRem(r) + k" (r,w, M) 2§2m(r)) A"_'Ké_sm
e (R (0000 (1) + R (1,0, M@, (1)
kI (r, 0, M) 2R () + K2 (r, 0, M) Zéém(”)) Al (4.146b)

where some of the radial functions kf’"(r, w, M) are

K, o, M) = _7;”261\/”(5 1 (C= D)IM3 [M2(8 + 2my (3i + 2wr))

r’(r -
= 2Mr (4 + 0Agm +iwr +my(2i — wr)) + 12 (2 +0A¢m + 2irw — 2r2w2)] ,

(4.147a)

124/m (£ +2)!/(€ = D)IM3[M (my = 3i) +7(2i — wr)]

kS (r, w, M) = R p—
N

, (4.147b)

while the remaining functions kf’"(r,a), M) for i € [3,12] are provided in [69].

Recall that Efm(r, w, M) are the complex conjugates of kf’" (r,w,M).
Similarly, projecting Eqgs. (4.112a) and (4.112b) into the radial direction, we find
S8 ) = x| (48 (o, M) 2R () + 457 (r, 0, M) 2 Ry, (1)) ASE:
+ (45" (r 0, M) 2R (r) + 5" (r, 0, M) 2Ry, (1)) AZEY
+ (qgm(r, w, M) 2Ry (1) + qgm (r,w,M) zléz)m(r)) Agg’f] , (4.148a)

85,(r) = x | (1" (v, M)Ron () + 35" (rr 0, M) 2Ry, (1)) AT

+G (r, 0, M) 2R (AT (4.148b)

The functions ;R (r) and Sﬁgm(l”) are the radial parts of the Hertz potential [i.e.,
Eqgs. (4.55)] and its complex conjugate, respectively. Prime denotes a derivative

with respect to the radial coordinate r. The coefficients {A‘{g’", Aggm, A”m} and
s c 32s

{Aiﬁg_sm, Aigg_cm} are given by Egs. (4.133) and (4.134), respectively. Due to the
complicated functional form of qf’” (r,w, M) with i € [1,6], we have presented
them in a separate Mathematica notebook [69]. The radial functions qu (r,w, M)

are given by

_1Si(E+ 1)V + £ = 2M* (18M? + 5Mr +17) (6M +r(=3 +irw))
B 4r'2(r —ry)

gt (r, w, M)

(4.149a)
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15i€(€ + 1)V + € —2M* (18M? + 5Mr +1?)
- 4r11
15i(€ = 1)E(L + 1) (£ +2)M* (54M? + 10Mr + r?)
16r12 )

gim(r, w, M) , (4.149b)

gl (r,w, M) = - (4.149¢)

Combining Egs. (4.18), (4.99), (4.100), (4.144), (4.146), and (4.148), the modified

master equation for the radial part of the ‘P(()l’l) Weyl scalar is

C(r)y 4myM(i(r—M)—- Mwr)
r—rg * r(r—ry)

[r(r — )02 +6(r — M)d, + - 2A€m] 2RIV (r)

= 272 |SER(r) + (S (1) + S (1)) + (8B, () + e SE, (1)

(4.150)
where C(r) is given by Eq. (4.100c), SF7(r) is given in Eq. (4.144), S (r) and
S}t (r) are given by Egs. (4.146), whereas S5 (r) and S (r) are given by
Eqgs. (4.148). Notice that there is no 77z, in front of Sg‘_m(r) since S?m(r) and
S?_m(r) implicitly depend on 74, via @ [i.e., Eq. (4.142)]. Furthermore, one needs
to solve the (¢, m) and (€, —m) modes of Eq. (4.150) jointly, from which one can
then obtain the coefficient 77, between these two modes defined in Eq. (4.131) and
the QNM frequnecy wy;, %, as we will work out in [58] following the procedures in
[65].

Using Eq. (4.59), the radial part » Ry, (r) of the Hertz potential ¥y in Eqs. (4.146)
and (4.148) can be further expressed as functions of the radial Teukolsky function
zRéi)r;l) (r) for the perturbed ¥ in GR [19], as discussed in Sec. 4.9.2. All necessary
functions have been provided in a supplementary Mathematica notebook due to
their lengthy nature [69]. One can readily use existing wavefunction ansatz in the

literature to evaluate the radial Teukolsky function [22, 73].

Notice that the modified Teukolsky equation for the Weyl scalar perturbation ‘{‘(()1’1)

exhibits coupling to the scalar field perturbation at O (¢!, €!), but no such coupling
is seen for the scalar field perturbation at the same order, unlike the case involving

metric perturbations [9].

4.9.4 Radial part of the equations of ‘I‘il’l)
In this subsection, we present the radial part of the modified Teukolsky equation for

the Weyl scalar perturbation ‘I’i]’l) for a slowly rotating BH in dCS gravity. Similar

2The coefficient 7¢—m and the QNM frequency w¢_,, are redundant with 77¢,,, and we,,,, respectively,
since we solve the (€, m) and (£, —m) modes jointly. More specifically, from Eq. (4.132) and a more
detailed discussion in [65], one can find that 77,_,, = 1/(7¢;,) When 7z, # 0 and we—y = —Oem-
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to the case studied in above Sec. 4.9.3, the left-hand side of the modified Teukolsky
equation for ‘Pil’l) in Eq. (4.26) holds the same form as the left-hand side of the
Teukolsky equation for \Pf‘o’l) [19]. First, multiply Hil’o)‘l’io’l) H, (1, O)zp(o D by
Y (0, ¢), with H il’o) given in Eq. (4.123), and integrate over the 2-sphere

70 -
—i)(—mM4 A2 (0,1)
44873 (r — 1) (1) = diwr’D(r)) 2R ()
‘ M4 2 I”(F—I‘S)
+ )g = [D3(r) D4(r)( - 9 )] R(01)( Al

D D) R () (VT2 DA, TN,

T 12813
(4.151)

where 2R(0’1)(r) is the radial function of p‘4‘Pf10’1) presented in Eq. (4.119),

{A‘)ﬁng,Af‘;’”zq,Af‘;”izc} are given in Eqgs. (4.133), and D;(r) fori € [1,5] are

presented in Egs. (4.163).

Next, we multiply Eq. (4.126a) by _»Y;,, (6, ¢) and Eq. (4.126b) by -2V, (6, ¢)
and integrate over the 2-sphere. We also make use of Eq. (4.143) to decompose the
©} (r) dependence in terms of Oy, (1), O, (r), 2Ry (r), and _zléz,m(r) such that

T = (W7, 0, M)O () + K" (1, 0, M)O, ()
0, M) 2R (r) + " (r, 0. M) 2R, (1))
4 (W (r, 0, MDY@ (1) + B (1, 0, M)®, ()
+B5 (1, w, M) o R (r) + 85" (1, 0, M)—Zlé}m(r)) AL,
+x (agmu, @, M)®gy, (r) + by (r, 0, M)®, (1)
+h47 (r, w0, M) 2R (r) + 85 (r, 0, M) oR),, (r)) A (4152)
FA = (kfm(r W, M)By (r) +1" (r, 0, M)®,,,(r)
+8" (w0, M) 2Ry (7) 45" (0, M) 2Ry, () (1)
— x (R" (0, M)Bu () + B¢ (r, 0, M)®, ()
HRY (.0, M) 2R (1) 45" (. 0, M) 2Ry, (1)) A5
+x (Egm(r, w, M)8py (1) + Iy (., M), (1)

) (7, 0, M) 2R (r) + 10 (r, 0, M) 2R, (r)) ALCm (4.152b)
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where we recall that @y, () is the radial part of the scalar field perturbation, _» Ry, (r)
is the radial part of the Hertz potential in the ORG, prime denotes a derivative with
respect to the radial coordinate r, and an overhead bar denotes complex conjugation.
The constants A and A" are given by Egs. (4.133) and Eqs. (4.134), respectively, with
the relevant subscripts and superscripts. The functions l%f’" (r,w, M) and l;fm (r,w, M)
are given in a Mathematica notebook as supplementary material [69]. Similarly, the

source terms in Eq. (4.127) can be decomposed into a radial equation as

T8 = o (870, ) o)+ 0.) o3 () AT,
+ (‘lgm (r,w, M) 2Rom (r) + 4" (r, 0, M) 2R}, (r)) AT
+ (flgm(r, w, M) 3R (r) + LI?"(r’ w, M) ‘Zléz’m(r)) Af‘;’f%] » (4.1532)

Tt = [ (70, M) 2R r) #8570, 0) 2R, () AL

+30" (r, 0, M) 2 Rem (N ALS™ ] (4.153b)
Using Eq. (4.59), the radial function _, Ry, (r) of the Hertz potential Wy in Eqgs. (4.152)
and (4.153) can be expressed in terms of the radial Teukolsky function _QRE,SV;I)

of p‘4‘P4(10’1)

in GR, as described in Sec. 4.9.2. All necessary functions have been
provided in a supplementary Mathematica notebook [69]. Combining Eqgs. (4.26),

(4.117), (4.120), and (4.151)—(4.153), we find

D(r) 4myM(i(r — M)+ Mwr)
r—rg B r(r—ry)

[r(r —r)0F = 2(r — M)o, + - _zAfm] LR (r)

=2 [ T2 (r) + (Th () + T4, (1)) + (T ) + w72, ) |
(4.154)
As before, one has to solve the (¢, m) and (¢, —m) modes of Eq. (4.154) jointly to
obtain the coefficient 77, in Eq. (4.131) and the QNM frequency wy,,. This analysis
shows that the modified Teukolsky equations for the Weyl scalar perturbations \I‘(()L;l)
and the scalar field perturbation 91! can be separated into a radial and angular piece.

The radial piece can then be integrated numerically to obtain the QNM frequencies.

4.10 Discussion

In this paper, we have employed the modified Teukolsky formalism in [24] and
laid down the foundations to investigate the perturbations of slowly rotating BHs
in dCS gravity at leading order in spin, where the BH spacetime is non-Ricci-flat,
but remains of Petrov type D. In this work, we have calculated the master equations

that describe the perturbations of gravitational and scalar fields. To incorporate the
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slow-rotation approximation, we first extended the two-parameter expansion in [24]
to a three-parameter expansion. Following [42, 64], we then re-derived the null
geodesics on the equatorial plane, from which we found the NP tetrad for slowly
rotating BHs in dCS gravity up to O(x). The resulting tetrad is the Kinnersly tetrad
expanded to O(y), with an additional adjustment accounting for the dCS correction.
This tetrad is the same as the one in [64]. Since BHs in dCS gravity are non-Ricci-flat,
this direct extension of the Kinnersly tetrad leads to some nonzero background Weyl
scalars | and W3, so we performed additional tetrad rotations to remove them and

computed all the background NP quantities in this rotated tetrad.

The source terms of the modified Teukolsky equation for Wy 4 arise from two
distinct contributions. Some originate from the homogeneous component of certain
Bianchi and Ricci identities, so they only rely on the corrections to the background
geometry. For Petrov type D spacetimes, these stationary corrections only couple to
the perturbations of Wy 4, so we evaluated them using the NP quantities in the dCS
background and the solutions to the Teukolsky equation in GR. The other source
terms stem from the stress tensor associated with corrections to the Einstein-Hilbert
action. In dCS gravity, these source terms couple the scalar field with the metric in
GR. Thus, to completely evaluate them, we need to solve for the dynamical scalar
field. In this case, we first evaluated the scalar field equation and used the same

methodology to guide our calculations for ¥y 4.

Since the scalar field is driven by dynamical metric perturbations in GR, one needs
to first reconstruct the metric associated with curvature perturbations in GR. In this
work, we chose to follow the CCK procedures developed in [34—-37, 59—63], where
the perturbed metric is obtained from the Hertz potential, though other procedures
in [38, 42] may also apply. Using the reconstructed metric in [34-37, 59-63], we
then computed all the perturbed NP quantities in GR following the approach in [38,
66]. Since we also chose the gauge that the perturbations of ¥ 3 vanish in both
GR and dCS gravity [24], we performed additional tetrad rotations to transform all
the perturbed NP quantities into this gauge. In the end, projecting the scalar field
equation onto the NP basis, we used the reconstructed NP quantities to express all

the source terms as differential operators acting on the Hertz potential.

The Hertz potential can be obtained from the perturbations of Wy 4 in GR, which are
solutions to the Teukolsky equations in GR. Decomposing the Hertz potential into
spin-weighted spheroidal harmonics, we presented the source terms of the scalar

field equation in Boyer-Lindquist coordinates explicitly. The radial function of the
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Hertz potential was then determined from the radial function of the perturbed Wy 4
in GR following [61].

In the IRG, the above steps led to three coupled, partial differential equations for the
(¢, m) and (£, —m) modes of the Weyl scalar perturbation in dCS ‘P(()l’l) and the (€, m)
mode of the scalar field perturbation 9V [the (¢, m) and (¢, —m) modes of 911
are redundant since 9I'V is real], that we refer to as master equations. Similarly, in
the ORG, we obtained three coupled, partial differential equations for the (£, m) and
(¢, —m) modes of the Weyl scalar perturbation in dCS ‘I‘f‘l’]) and the (£, m) mode of
9D More explicitly, the master equation of ‘P(()l’l) (or ‘I‘il’l)) consists of the GR
Teukolsky operator for a spin 2 (or spin —2) field acting on ‘I’él’l) (or ‘I’il’l)), as well
as a source term that depends on 9! and the Weyl scalar perturbation in GR ‘I‘(()O’l)
(or ‘I’io’l)). Similarly, the master equation of #(!*!) consists of the GR Teukolsky
operator for a scalar field acting on 91" and a source term that depends on ‘Péo’l)
(or Tio’l)).

To separate these master equations into radial and angular ordinary differential
equations, we exploited the orthogonality properties of spin-weighted spheroidal har-
monics and performed a harmonic decomposition to eliminate all angular dependence
of the source terms. The homogeneous part of the scalar field equation naturally
separates, so we obtain a purely radial differential equation [i.e., Eq. (4.142) in the
IRG and Eq. (4.143) in the ORG]. Similar procedures were then implemented for the
modified Teukolsky equations of Wy 4. The source terms of the modified Teukolsky
equations were expressed in terms of the Hertz potential and the dynamical scalar
field. We then projected the source terms into the radial direction by integrating them
over spin-weighted spheroidal harmonics. The homogeneous part of these equations
separates in the same way as the Teukolsky equations in GR, so we also obtained
two radial differential equations for ¥y [i.e., Eq. (4.150)] and ¥4 [i.e., Eq. (4.154)],

respectively.

Through these procedures, we obtained three coupled, ordinary (radial) differential
equatlonsfor{zR D(r), 2RV (), @l ”(r)} (or{ LD, LRED (), 0l ”(r)}
in the ORG), where the first two are radials functions of ‘P(() ) (or ,{)““I’ft 1)), and
the last one is the radial function of #I-). All of these equations have the same
structure. The left-hand side is the radial Teukolsky operator for particles of spin
2 (‘P(()l’l)), spin —2 (‘Pil’l)), or spin 0 (9"'D). For the radial master equation
of ‘I’(()l’l) (or ‘P(l’l)) the right-hand side contains source terms that depend on
{@5,}1;%), 2ROV (), LR ”(r)} (or {@“ D(r), 2ROV (), _ZR;‘},{)(r)}), where

tm
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the last two are radial functions of ‘P(()O’l) (or p_4‘Pi0’1)). For the radial mas-
ter equation of #I')| the right-hand side contains source terms that depend on
{ZRE,S;])(r), 2R§(},j](r)} (or {_QRE,S;])(r), _QRQ’YL)(r)}). The coupled system there-
fore forms a (Sturm-Liouville) eigenvalue problem that should be amenable to
standard procedures to find the eigenvectors and eigenvalues, i.e., the QNM and

scalar frequencies.

The primary objective of this study was to apply the modified Teukolsky formalism
in [24] to investigate perturbations of BHs in some specific modified theories of
gravity. To illustrate this, we considered the case of slowly rotating BHs to leading
order in spin within the framework of dCS gravity. Although the slow rotation
approximation may not provide highly accurate results for more realistic BHs (with
spins y ~ 0.6), it is a simplified problem for testing the newly developed formalism.
Incorporating additional degrees of freedom associated with dCS gravity, coupled
with the intricacies introduced by the metric reconstruction procedures, renders
this calculation complex. Yet in this work, we successfully demonstrated that the
modified Teukolsky equation in [24] does not only decouple Weyl scalars Wy 4 from
other NP quantities but also admits a separation into radial and angular parts, a
key advantage of the Teukolsky equation in GR, especially for rapidly rotating BHs.
Although this paper focused on the first order in the slow rotation expansion, the
separation of the modified Teukolsky equation should hold for any spin since the
orthogonality properties of spin-weighted spheroidal harmonics we have used to
separate the equation apply for a general spin. Thus, this calculation is an ideal initial
step toward determining the QNM spectra for BHs with general spin in modified
gravity.

This work creates a new path to directly calculate the corrections to the QNM
frequencies for slowly rotating perturbed BHs in dCS gravity. Having obtained the
master equations for the perturbed Weyl scalars Wy 4 and the perturbed scalar field, we
can now integrate these equations using numerical integration schemes, such as the
eigenvalue perturbation method in [25, 39, 40] to find the QNM spectra. Moreover,
the QNM spectra obtained using the modified Teukolsky formalism can then be
compared to the results from the metric perturbation approach [6, 7, 9, 32, 74] and
numerical relativity [75-78]. Notice that, in higher-derivative gravity, Refs. [26, 27]
have followed our formalism to compute the QNMs in the slow-rotation expansion
of BHs in that theory, and they obtained results valid for y < 0.7. Nonetheless,

the dCS case we have focused on is more complicated due to the coupling to the
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scalar field equation. As discussed above, we have also presented in detail the
angular dependence of the master equations of the perturbed ¥y 4 and ¥ and showed
explicitly that they are separable, while Refs. [26, 27] only briefly discussed using the

orthogonality of spin-weighted spheroidal harmonics to extract the radial equations.

An additional aspect worth exploring is the phenomenon of isospectrality breaking
in the QNM spectra. In GR, odd and even parity modes oscillate and decay at the
same rate. However, certain modified theories of gravity have been shown to exhibit
a breaking of isospectrality, e.g., dCS gravity [6, 7, 9, 32, 74], EAGB gravity [8, 10,
79], and higher-derivative gravity [55]. The investigation of isospectrality breaking
has, so far, primarily focused on metric perturbations, as the Zerilli-Moncrief and
Regge-Wheeler equations naturally separate metric perturbations into even- and
odd-parity sectors [15, 16]. However, for BHs with arbitrary spin, there are no
known extensions of the Zerilli-Moncrief and the Regge-Wheeler equations, so we
need to use the modified Teukolsky equation to study isospectrality breaking. In
another study [65] involving all the authors, the definite-parity modes of curvature
perturbations in modified gravity were found, and the features in these bGR theories
that result in isospectrality breaking were revealed and demonstrated in several simple
cases. Nonetheless, a direct mapping from the Zerilli-Moncrief and Regge-Wheeler
functions to the modified Teukolsy equations of these definite-parity modes still
remains unknown. The implementation of the modified Teukolsky equation in a
concrete bGR theory has opened up possibilities for addressing these questions and

more.

Building upon the insights gained from the present study, further investigations can
be pursued involving more complex systems within various gravitational theories. As
part of our collaborative effort, we are currently engaged in extending this calculation
to derive the master equations and QNM spectra for BHs with arbitrary spin in dCS
gravity, where the BH spacetime is Petrov type 1. In addition, we are also actively
involved in computing the master equations for rotating Petrov type I BHs within the
framework of EAGB gravity. For the first time, we can explore the QNM spectra
for BHs with general spin in a wide range of gravitational theories and spacetime
geometries, which can then be compared with real observation data to scrutinize

these possible deviations from GR.
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4.11 Appendix: Principal tetrad, spin coefficients, and some auxiliary functions
In Sec. 4.3.4, we performed tetrad rotations to set ‘P%’O) = 0. As discussed in [42],
these tetrad rotations preserving the orthogonality conditions of the NP tetrad can be

divided into three types:

I:l—=I]l, m—->m+al, m—o>m+al, n > n+am+am+aal . (4.155a)
H:n—n,m—m+bn, m—>m+bn,l —1+bm+bim+bbn. (4.155b)

M:l—> AN, no An, m — %m, m — e %m, (4.155¢)

where a and b are complex functions while A and ¢ are real functions. The
transformations of Weyl scalars and spin coeflicients under the tetrad rotations in
Eq. (4.155) can be found in [42]. The tetrad rotations above are precise, but when
these rotation parameters are small, for example at O (¢ L 60), the rotations of the
tetrad at O(¢!, €°) simplify into

10— 0 p0 gy 4 p (105 — 54000
n10 — (L0 4 g0, 4 105 4 5400y (4.156)
m0 s (L0 4 (L0 4 (L0 4 (100

where we defined A = A — 1 and combined the three types of tetrad rotations. Then,
the Weyl scalars at O (!, €”) transform as

(1,0)
lP0,2,4

g0 o glt0 1 3500y,

-0,

where we used that the background at O(Z?, €°) is Petrov type D, so \I,(()01,03) , =0.
Since the spin coefficients at O (¢!, €°) after the rotations can be easily computed
from the rotated tetrad, e.g., Eq. (4.158) in this work, we do not provide their general

transformations under the tetrad rotations here.

Using the tetrad rotations in Eq. (4.155) and the results in Eq. (4.157), we set
\P§13,0) = 0 and found the principal tetrad to be

= XM xG() LA
"= (r —-rs b0 r(r—rs) " 2r(r —ry) 16Mr7 ) ’ (4.158a)
Y ro xM CxG(r) 2y As(r)
I’l:u_N(r)(r—rs’ 1, O’ r(r—l"s) 27"(7’—1"3) + 16M7'7(}"—rs))’ (4158b)



_ L Az(r) = A1(r)(r =ry)) .
"= (lXM(l M (- 1) )Smg’
A A —rs)\ . yMcos6 |
if)(( 3(r)+32]1‘/(1:)6(r r))smg’ | rcos ,1(1—

where
Ay(r) = 126M7 + 60MSr + 25M°r?

Ar(r) = 18M7 + 10MSr + 5M°r?,
As(r) =252M% —6M7r — 10M°r? — 25M°73 .
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r

iy M 0
&) CSCQ) s

(4.158¢)

(4.159a)
(4.159b)
(4.159¢)

In the principal tetrad Eq. (4.158), the spin coefficients at background are

o=1=0,
4r? 15i¢ ¥ B
= _ T v = ilx 1(")Sin9’
(r—ry) 16V2r7
2r 1 iMy {B(r)
= =—— - 1- 6,
P r—rsﬂ r r2( 16r5 | <
_ _ iM)( {B3(I”) .
T=—m=-— + sin @,
\/irz 32}’6
M yB
g = MIXBr) o
32r7
p 1 . r—ryg
’)/—§+E(1—1M)( 3 cosH),
- (rcosf+iMy cos26)csct
a=p-
V2r2
1 M B
= — [cote—l X 3+{ 4(r) sin@ — csc @ ]
2V2r r 16r°

with

Bi(r) = 42M5 + 16M°r + 5SM*r?,

By (r) = 126M° + 60M*r + 25M°r?,

B3(r) = 1800M° — 162M°r — 120M*r? — 125M°F ,
B4(r) = 270M°® — 6M°r — 15M*r? = 25M°3F .

(4.160)

(4.161a)
(4.161b)
(4.161c¢)
(4.161d)

Using the above NP quantities at O(¢!, €°), we computed the correction to the
Teukolsky operators in Sec. 4.6.1. In Eq. (4.103), these radial functions are defined
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to be
Ci(r) = 17640M* — 17196 M3r + 6M>*r* + 210Mr> + 1295r%, (4.162a)
Ca(r) = 189M° + 120M?r + T0Mr?, (4.162b)
Cs(r) = 342M° — 816M*r — 385Mr* — 16513, (4.162¢)
Cs(r) = TT4M? + 360Mr + 14517 (4.162d)
Cs(r) = 1800M°> — 378 M?r — 240Mr? — 185r° . (4.162¢)

The radial functions in Eq. (4.123) are given by

Di(r)=Ci(r) i#3, (4.163a)
D3(r) = 1206M°> — 12M?r — 45Mr? — 1257 . (4.163b)

4.12 Appendix: Reconstructed NP quantities

In this appendix, we provide the explicit expressions of these reconstructed NP
quantities in Sec. 4.4. As discussed in Sec. 4.4, one can write these structure
constants C,° in terms of spin coefficients using Eq. (4.74) and the definition of

spin coeflicients in terms of Ricci rotation coefficients
K=7Y131, A ==Yu4, O =Y133, k=723,
1
T=—Yu1, T=Y13, €= 5(7121 —Y341), P = Y134,

1 1 1
a = 5()’124 —Y344), B = 5(7123 - 7343), V==Y242,7Y= 5(7’122 - 7’342) .

(4.164)
It was found in [42] that
Ca' ==(y+9), Ci?=—(e+8), Ci’ =7+,
Ci3'l=-a-p+7, Ciy’=-«, Cii’=p+e-2, Ciy* =0, 4165

Cn'=7, Cpl=—1+a+B, C3> =—u+y—-7, Cn*=-1,
Cu'=p-f, Cul=p-p, Ci’=f-a,

and the other components can be found by using complex conjugation and that C,°

is antisymmetric in its first two indices. Solving the above equation, one can also



express spin coeflicients in terms of C,°,

k=C", o=-C}', 1=C"%, v=-C",

1 1
p=-3 (C313 +Cayt* + C432) M= (C323 +Cy* - C431) ;

1 1
T=-= (C411 +C% + C213) T=3 (C311 +Cy? - C214) ;

2

.J;l»—*-lkl*—‘

(C41 ~C31° +2C % +p — .0)

(C411—C42 +2C43 +7T— ),,8:—

2
1

4
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1 -
- (C424 ~C3? +2C + - ,U) ,

(C311 - C322 + 2C434 +7— 7?) .

(4.166)

Then following the procedures in Sec. 4.4, one finds the spin coefficients at O(Z°, ')

to be
L0
0O —
SO _
(0D _
0.1) _
©.1) _
0.1) _

@O _

1 0,1 0,1
56[—2,—2,1,1]}11(1 = D[—2’0»0»—1]hl(m : ’

1 0,1 _ 0,1
- iD[—z,z,L—l]hfm}z) +(7+ T)h,(m’ ),

_ 1 0,1
(7T + T)h,(q(r);’ll) + —A[_1,172’_2]h(- ’-)

5 ol
—%5[22 L+ A0
% Ap-ro-21hy " = 2D 01 sy = 810052y
+0[-2,0,1.2 RO —(p - ﬁ)h,f,;_j)] ,
%V uh QY = (p = Yo = &1 o010k
+0[- 2012]h,m g —Djoo 1—1]h( ]
%' ph%D = 10221y h%D + 6102012
+(u +ﬁ)hl(n’] +A[—1,1,0,0]hf,?,;-,1)] ;
%:— Dioa1-11h! ) —6[02,-2- l]hl(qm 45 ozzs]h,(ml)
—(u—fa—4h"Y — (- ﬂ)h,(,?,;-f)] ,
—D[20,-1, 2]h( )+5[ 2011]h,(nm) 510,0- 1—1]h( D

< 0.1
Aiaraahiy” 6[2,0,—1,—1]h1(nn_1)]’

0.1 = 0.1 1
_D[—4,2,2,—1]h£1m)_6[0,2,—1,—1]]11(11 ) = 00,0, —l]h( )

0,1
A[12,2,0] h( [0, —2,1,1]h,(nn—1)],

+ = 4 Bl

(4.167a)
(4.167b)
(4.167¢)

(4.167d)

(4.167¢)

(4.1671)

(4.167g)

(4.167h)

(4.1671)

(4.167))
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1 0.1 0,1 0.1
A = E[D[Z,o,—l,O]h,(m P thgy = oto-t-nhy,

” " (4.167K)
+A[031!0’_2]hl(rh’ ) +‘[_'h§m’h) ,
1 0,1 0,1 0,1
70D = 5[ - D[o,z,o,—l]h;(zm o wh{) + 5[0,0,1,1]hl(,, )
ol o] (4.1671)
— A[I,O,—Z,O] hl(m’ ) + 7_Th,(11,;-1) .

For Weyl scalars at O (¢, €!), one can use Ricci identities to retrieve them from spin
coefficients. The equations below work for both vacuum and non-vacuum spacetimes
since we have linearly combined Ricci identities to remove NP Ricci scalars @
following [38, 66].

Wo=D[31,-1,-110 = 0[-1,-3,1,-1]K> (4.168a)
Y1 =Dj0,10-118 = 0[-1.01,0& — (@ + 7)o + (y + pk, (4.168b)
1r1-
¥, = 3 O[-21,-1-11B = 0[-1,01,1] + D1 11,-11Y —A—1,1,-1,-11€
. (4.168¢)
+O0[-1,1,-1-1]T = A=1,1-1-11p + 2(vk — A0) |,
%3 =6[0.10-11Y — Ajo,1.0-11@ + (6 + p)v = (B+7T)A, (4.168d)
lP4 :5[3’1’1’_1]1/—A[1’1,3’_1]/1. (41686)

The equations above are precise, so one needs to linearize them when extracting
the Weyl scalars at O(¢°, €!) using the perturbed tetrad and spin coefficients at
0L’ €.

In Refs. [36, 59], they also computed the perturbed Weyl scalars in the IRG and
expressed them in terms of the Hertz potential,

1

lP(()0,1) _ _ED[_3,1,0,_1]D[—2,2,0,—1]h,(q?r’nl) , (4.169a)
0,1 1 0,1 0,1
‘Pf )= - g[2D[—1,1,1,—1]D[0,2,1,—1]h£1m '+ Dm0 120,211 A
= 0,1
+ 5[-3,1,-3,-1]D[-z,z,o,-l]h;(nm)] ,
(4.169Db)
1 _
b = _[D[l 1 2-1]D[222-1]h(0’1) +2(Dp112-110[02.-1.-1]
2 & 0’;"’1 ) ] oy (416%)
+61-1,1-2-11D102,1-1]) oY + O[-1,1,-2,-119[2,2,-2,~ 1] Ftmm ] ,
1 - _
o = —[ (D[313-11[2.2.0-1] + 011.1.-1.-11D[2.2.2.-17) Y
3 8 . - ) ol (4.169d)

—_ - 0’
+ 5[1,1,-1,-1]5[0,2,-1,-1]hflml)] ,
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1

. 5_[310—1]5[220—1]h(0’1) + 3% (76[4,0,0,0] — PA[0,0.4,0]
! 2L ol ’ ’ (4.169¢)

—uD4000] + 7S[0.4.0.0] +2¥2) ‘?H] ,

; . is thia piece of 1'%V proportional to ¥y in Eq. (4.50), i.e., h:)nli =
0[1,3,0,-1]910.4,0,3) Pu. As we discussed in Sec. 4.4, our results using either the Ricci

(0,1)
lP0,1,2,4

but not for ‘I’éo’l) due to different choices of the perturbed tetrad. Thus, we can use

Eq. (4.169) for ¥"") , and Eq. (4.168d) for ¥\*".

where h,(l(y)l’ 11)

identities or direct computation from the linearized Riemann tensor agree for

For Schwarzschild, the equations above simplify into
1

¥y = 5 Dy, (4.170a)
1 _ _
pOD = —503(5 —4a) Py, (4.170b)
1 _ _ -
lPéO,l) _ _502(5 - 2a)(6 — 4a) ¥y, (4.170c)
on_ 1oz 5 B4
Wy = =3 D8(6 — 2a) (8 = 4) P + 5 W, (4.170d)

1. o _ _
p ) = ~5 (6 +20)8(8 ~ 20) (5 ~ 4a) Py + %l}’z [uD + p(A +4y) - 2%,] Py,
(4.170e)

where we have added the correction term %‘chftg_;l) to ‘Pgo’l).

To use a consistent gauge with the one in Sec. 4.3.1, we need to rotate the tetrad to

remove ‘I’Eoél). Under type I and II tetrad rotations at O(Z°, €'), the tetrad becomes

1O — O 4 Oy 4 pODg7 — 540D
n®) - O 4 gOD g 4 qOD 5 4 540D, 4.171)
m O — O 4 g OD7 4 pODy 4Oy

and the Weyl scalars transform as

wl >0, PO 5wl 3p00y, gl g0l 3500y,
(4.172)
The rotation coefficients a*!) and »*) are given by Eq. (4.77). For spin coefficients,
due to the complication of the reconstructed tetrad, instead of computing the spin
coefficients from the rotated tetrad directly, we chose to use the transformation of
spin coefficients under tetrad rotations in [42]. In this case, the spin coefficients

transform as

KOy (O Ly 5 _ ppO)
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oD 5 OO L pOD g4 1) — spOD
20D 5 200 4 70D 20 4 1) + ba,
yOD 5 OD 4 GOy 4 2y) + AGOD
gD 5 O L pODg L pOD (o 4 17)
pOD _y 5O 4 5O 7 L 2p(O0) o _ 5500
L OD O 4 4O 7y 0700 5 4 5700
YOy 00 4 400 1 7OD (g4 )
a0y o0 4 O ;4 5O,

BOD — BOD 4 pOD (4 ),
20D 5 7O 4 FOD 4 pa 0D

7O — 70D 4 4O 4 2pODy — ABOD (4.173)

Furthermore, besides the tetrad rotations, when one performs coordinate transforma-

tions x# — x* + &F at O(¢Y, €'), one finds
PO g0l 4 gnl0D g pOO) | gnOD g @O0 (4.174)
for the scalar-type NP quantities such as Weyl scalars and spin coefficients [66].

4.13 Appendix: Expression of ®;;

In Sec. 4.6.2, we want to rewrite the Ricci tensor in Egs. (4.106) and (4.107) in
terms of Weyl scalars, spin coefficients, and directional derivatives. Since y,pc 1S
antisymmetric in the first two indices, it has 24 independent components. These 24
components can be further reduced to 14 components using complex conjugation,
which can then be expressed in terms of spin coeflicients using the definition in
Eq. (4.164),

Y21 =€+E, YIn=Y+V, Y13=a+B, Y131 =K, Vi =T,
Y33 =0, Y134 =p,Y231 =7, Y =—V, Y33 = -4, (4.175)
Y34 =, VI =E—E, V3R =Y -V, Va3 =a—f3.
For Riemann tensor or Weyl tensor, it is antisymmetric within its first pair and second
pair of indices and symmetric under the exchange of the first and the second pair of

indices, so the total number of independent components reduce to 21 using these

symmetries. Besides these symmetries, Cy[pcq) = 0 and Cypeq 1s traceless in the



253
vacuum, which further give us the following relations in [42]:
Ci314 = C1323 = Cra2a = C2324 =0,

Ci33a = —=Cr1213, Ca334 = C1223, C3a34 = Ci212, Ci342 = 5 (Cr212 = Ci234)
(4.176)
which reduce the number of independent components of C,p.q to 10. These 10
independent components can be represented by 5 Weyl scalars and their conjugates.
With complex conjugation, we can find all the components of the Weyl tensor using

the symmetries above and the components below,

Cioin=V2+%¥,, Cioi3 =", Cioz = -¥s,

- _ 4.177)
Cizs =¥ - W2, Ci313 =¥, Ca33 =Y.

With Egs. (4.106) and (4.107) and (4.175)—(4.177), we find Eq. (4.106) in the NP
basis to be

Ry = iﬂl{(Dﬁ) [»po AW — (a+ B+ + (@ +B+7)F
+(2+8)(¥ - )]
— (A®) [arqfo — oWy - R + Kliq]
+(60)|@- )P+ T + (2 - 5= )P - K(¥, - By
- (0| (@ - W~ (e =5+ p) W1 + P+ k(¥ - )]
- %\PO{S, 510 + %%{5, 5} + ¥ {D,6}9 - ¥ {D, 6}
— (¥, - ‘i’z)%{D,D}ﬁ} +Ro(DY) (DY), (4.178a)
Ry = %Rl{(Dﬂ) |70 = 9% = (74 D (Y2 - B)
H@+prR) W (a+frn) B
- (A9)|(a+ F+ D)W = (@+p+ 1)y
—(e+E+p+p)(Vr - Pr) +kVP3 —k‘i@]
+ (@[ = (y =7+ ¥ - (@ = fam - D) (% - By)
+(e—&-p)Vs3+ 5V

@) =7 - W+ TFy + @+ - 1) (% - B
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+o¥; - (e —é+p)‘i‘3]

WA 5} + T {A, 61 + (P, — By) [{D, A} +{6,5} |0

- ‘Pg{D,é}ﬁ+‘i’3{D,5}ﬂ} + Rao(DY) (AD), (4.178b)

[
R = SR 00|80 - 47+

— 2P + (@ + B+ 7) (V2 +2%,) — 2(e + &) P53

- (Aﬁ)[(a +B+T) ¥ — (e+E+p+p)¥ — 200 + k(P> + 2‘1’2)]

+(69) [/l‘Po —(a=B+r—-D)W +2(a-B)Y,

+(s—5-p)(W,+2W,) + 2@3]

— (59) [()/ G D)W+ (@ =BT — 1)) + 0 (W +2,) 2&3]

~Wo{A, 5} + ¥, [{D, A} + {6, 5}]19 +9,{5,6)0

— (W, +29,){D, 6} + ¥5{D, D}ﬁ} + Ry (DY) (69), (4.178¢)

Ry = iR]{ - (Dﬁ) [17‘{’3 - qu3 - /ilP4 + 1@4]

- (Aﬁ)[(y+7)(‘1’2 —P) —(a+ B+ + (@ +B+T)V3+ 0P, — 5—‘1’4]

+(00)|v(¥2 = B) = (y =7+ ) W3 + AT + (G- DV

+ (50| 7(%2 = ) = 293 = (y =7 = s + (@ — ) V4]

- %(‘I‘z — ) {A, A} + W3{A, 619 — P3{A, §}9

- %%{5, 5}9 + %@4{5, 5}19} + Ry (A9)(AD), (4.178d)

Ry = %Rl{ — (DY) [9(2‘1’2 +W)) =243 - (y+ 7 +pu+ D)W + (0 + B+ 7)Yy

— (A9) [2()/ LW — (@ + B +7) (2% + By) + 205

+(s+é+p+ﬁ)‘i‘3—k‘i’4]

+ (619)

2091 = (y =7+ W) 22+ T) —2(3 - )V

+(a—/§+7r—f)‘i’3+6"i’4]

+(69)

270, —12W, + W) + (@ - B+ 7 - 1) Ps + (6 — 5+ )y
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— P {A, A} + 2P, + PH){A, 6} — P3{5, 6}

_ [{D, A} + {6, 5}]ﬂ +9,(D, 5}19} + Ry (AD)(59) , (4.178¢)

Ry = ml{ —(DV) [Wl AWy - W) — (@ + B+ )W+ (e + 5)@4]

- (AD)|(r+ W - @+ B+ 1)W1 + (¥ = ) + €]

+ (50)[V\P0 (Y =T+ ¥ — (@ =) (¥ —B) + (e — 5 p) +;z‘i'4]
+(59) [wo W, - 0Py + kT

- %‘PO{A, A} + W1 {A, 6} - %(‘I‘z —¥,){6, 6} — P3{D, 5}9

+ %‘E{D, D}ﬂ} + R (69)(619), (4.178f)

l‘ = _ _ -
R3q = 57{1{(1)19) [V‘PI V- (y+ 7+ p+p) (Y- )

where

+(c‘y+ﬁ+ﬁ)\113—(a+ﬁ'+n)li'3]

- (Aﬂ)[(a+[§+f)‘1’1 —(@+f+1)Y
—(8+é+p+ﬁ)(‘I’2—‘i’2)+K‘P3—l?‘i’3]

+(6ﬁ)[/l‘lf1 (Y= T+ = (@ -+ —T) (Y - Dy)
+(s—é—p)‘P3+&‘i'3]

@Oy -7 - W+ AP + (@ - - ) (- By)
+o¥; - (s—é+p)\i‘3]

WA, 59 + WL {A, 6} + (W, — Py) [{D, A} +{5,6} |9

—~ ‘Pg{D,é}ﬁ+‘i’3{D,5}ﬂ} + R (69)(69), (4.1782)
R=—i%M2 Ry= 4.179
1= Kg , 2 = T (4.179)

and the remaining components of R, can be found by exchanging the indices or

complex conjugation.
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The Ricci NP scalars ®;; are related to the Ricci tensor via

1 1 1 1 1
by = =R ®dy = =R dyp = —R dip==R b1 =-(R R
00 =511, ot = 7Ri3, @o2 = 5R33, Pro= R4, Py 4( 12+ R3a),
1 1 1 1
b, =-=R d,) = =R ®d,; = =R d,, = =R A=R/24.
12= 3R, @20 = 5Ru, P21 = 5Ro, P2 = Rm, /

(4.180)
Using the projection of the Ricci tensor onto the NP basis in Eq. (4.178), the stationary
scalar field in Eq. (4.15), and the NP quantities in Schwarzschild [setting { = y =0
in Eqs. (4.158) and (4.160)], we find the O (£, x!, €°) contributions to ®;;

(1,1,0) _ 7(1,1,0) _ £(1,1,0) _ £(1,1,0) _ £(1,1,0) _

Dy =0y, =@ =0 =0, =0, (4.181a)
_ 15iM° (18M? + 8Mr + 3r?) sin 6

q)éll,l,m _ q,i(l),lm __ ( ) , (4.181b)

16V2r9

_ 15iM° (r — ry) (18M?% + 8Mr + 3r2) sin @

a0 = gt - ) R s

3242710

(1,1,1)

which are used in Sec. 4.6 to evaluate S;kl’l) and S 1A

also find 5512,0) to be

. From Eq. (4.181), one can

G(LLO) _ A5iM> (42M? + 16Mr + 5r%) sin 6
1 - _

(1,1,0) _
PLAT , st =0, (4.182)

As discussed in Sec. 4.6, to compute S;;p, one needs to evaluate @éé’l) , ¢>(()11’1),
and d)(()(l)’l). When ¢ is stationary, since 9100 = 0, d)fl}’o’l) = 0, and we have
only contributions from d)f;’l’l) at O(Z!, x!, €'). Based on our classifications in in
Sec. 4.6, we find the first type of contributions to be

(L,1,1) _ iR (0,0,1) (=2 =\ q(1,1,0)  \gy(0,0,1) (2 (1,1,0)
O = = S (8 +208) 9010 - BPOD (62 4 206) 0

(P00 _ q,éo,O,l))Dzﬁ(l,l,O)] , (4.183a)

11,1 iR 00,1 = =
q)(()l,A '= - 4 [T(g " ({A, 8} - ud) 910

U0V 28000) (D, 6} + p5) 010 | (4.183b)

(LD _ R [y 000), 42 (1,1,0) _ p(0.0.1) 12 (1,1,0)
ol _—7[\110 (A2 + 2yA)9(10 — 00D p2g

(PO - PO (62 4+ 208)9 10| (4.1830)

where we used that in Schwarzschild,

G000) _ 5(000) _ _g(0.00) 5000 _ ,000)

G000 — ,(000) 5000 _(000)

(4.184)
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and other spin coefficients at O(Z°, x°, €”) vanish with the gauge choice ‘Pfo’l) =
‘Pgo’l) = 0. For simplicity, we have also dropped the superscripts of all the terms at

0(£°, €°). For the second type of contributions, we have

‘Df)f)’,iél) =0, (4.1852)

11y 3Ry
q)(()l,B )= 3 {2 [(D +0)a %%V 1 2(y +/J)b(0,0,1)] poL1.0)
+2(D — p)b(o’o’l)Aﬁ(l’l’o) +2 [2a/b(0’0’1) +(6— 4a,)[,(0,0,1) 59(11.0)

+ [2(6 +2a)b 0D th,?,;(,)’l)] 6_0(1’1’0)} :

(4.185b)

Oy =0, (4.185¢)
where we used that in Schwarzschild,

wool =0, PP = w00 (4.186)

The parameters ¢! and 501 are rotation parameters given by Eq. (4.77). For

the third type of contributions, we find

@i =0, (4.187a)
1.1, iR, 00,
(D((n,cl) i {2 [(D + ) + (D +p)a(0’0’1)] D110

+2(D + p)b OOV AH 11O

+26500D 5g(11.0) _ [(D + p)h00D _ 2517(0’0’1)] 5910 (4.187b)
4 (h,(q(r)ho’l) +a(o,0,1)) D29 (110) 4 45(0.0.1) 52,9(1.1.0)

126000 (D, A} +(6,6) 910 - WMV (D, 5y 10

oy =0, (4.187¢)

where we used Egs. (4.184) and (4.186).

For the last type of contributions, since 9! can have both contributions from
910D and 91D | the background metric we need is generally up to O(Z°, !, €9).
This is also true for the operators converting ®;; to S. For this reason, we will not
expand the expression below explicitly in y but do the expansion at the end when
plugging in the coordinate-based values of the NP quantities. Then, at O(', €'), we
find

iRy

o1 = R,DY O pyD — — (¥ =)D (4.188a)

00,D
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1

o) = 7 [2&(500’0)1) + D05 90D 4 iR, (@ + B+ T) (Wy + 2%) DD

~iR\ (¥ +282) ({D. 6} + 550 | |
(4.188b)

1

02,0 = 3 [27{2519(]0) +iR1(B—a@) (P2 - ‘i’z)] s — R (P, — B2 D |

(4.188¢)

Notice, since we do not do an expansion in y above, Eq. (4.188) works for fully
rotating BHs in dCS gravity. In addition, due to the expansion convention we used,
where we have absorbed an additional ¢ 3 into the expansion of #, there are terms
taking the form ~ R, L9090 at O(¢!, €'). These terms come from the usual
pseudoscalar action with minimal coupling. In our expansion convention, we have
inserted £~! before these terms [i.e., Egs. (4.106) and (4.179)], so their contribution
is still at O(Z', €'). In the equations above, we have also dropped the superscript for

terms at O (Y, €%) for simplicity.

4.14 Appendix: An approach to compute projection coefficients in Eqgs. (4.133)
and (4.134)

In this section, we present an approach to compute the projection coefficients in

Eqgs. (4.133) and (4.134) using the series representation of spin-weighted spherical

harmonics Yz, (6, ¢) in Eq. (4.63). From Eq. (4.63), we can see that the integrals in

Egs. (4.133) and (4.134) become a series sum over g and g, of

Q(a,b,c,d) = / df sin“ (g) cot? (g) sin'*¢ 9 cos? 0, (4.189)

a:2(fl+€2),
b=2(q1+q2) +s1+s2—m —ma,
c,d €{0,1},

multiplied by the remaining constants dependent on (s, €1, m) and (s, {2, m») in
Eq. (4.63). The integral in Eq. (4.189) can be evaluated analytically in terms of

Gamma functions, i.e.,

F(22+%)
(2b-a)T (1+ 521 (1+4)
r(3+%)

Q(a,b,0,0) = ar (1+452)r(1+4)

) (4.190a)

Q(a,b,0,1) = : (4.190b)
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3+a-b 3+b
()r ()

ri3+%)

Q(a,b,1,0) = (4.190c¢)

so we can express the coeflicients in Eqs. (4.133) and (4.134) as a series sum of
Gamma functions, which are much faster to evaluate than direct integration for large

{1,2. More specifically, we get
AGS" (@)

5152

_l (€1+m)!(€1—m)!(2€1+1) (€2+m)!(€2—m)!(2€2+1)
2 (€1 +s1)!1(6r = s1)! (62 + 52) (62 = 52)!

XE[ 0 — 51 0 + 51 0 — 5o O+ 5o (4.191a)
q1 qr+s—m q2 q2+s2—m

q=0

(=1)(O+L=91=52%014a2) Q (24, + 265, 2q 1 + 2q2 + 51 + 52 — 2m, a,ﬁ)] ,
A (a, B)

S182

_1\/(€1+m)!(€1—m)!(2€1+1)\/(€2—m)!(52+m)!(2€2+1)

2 (6 +s1)!(61 = 51)! (6 + 52) (6 — 52)!

N gz_i [ 0 — 54 0 + 51 O — 57 O+ 52 (4.191b)
q1 qi1t+s1—m q» qr+s2+m

q=0
(=1)(O+lms1=2%01+a2) Q (24, + 205, 21 +2q2 + 51 + 52, a,ﬁ)] ,
where

Af]é’zm(o’ 0) — Af]fzm Aflfzm(o’ 1) — Aflfzm Aflfzm(l’o) — Aflfzm

5182 S182  °? 5152 §152¢C ° 5152 51528 °
(4.192a)
(414 _ (484 01¢ _ 01¢ 01¢ _ ATht
Azléfm (0’ O) - Ajlézzm ’ Aj‘-li‘zzm (0’ 1) - A;;z%m ’ Azli‘zzm(l’ 0) - Aslézim .
(4.192b)

We have provided this series-sum representation of the coefficients in Egs. (4.133)

and (4.134) in a Mathematica notebook as Supplementary Material [69].
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Chapter 5

PERTURBATIONS OF SPINNING BLACK HOLES IN
DYNAMICAL CHERN-SIMONS GRAVITY: SLOW ROTATION
QUASINORMAL MODES

[1] Dongjun Li, Pratik Wagle, Nicolds Yunes, and Yanbei Chen. Perturbations
of spinning black holes in dynamical Chern-Simons gravity: Slow rotation
quasinormal modes. in preparation. 2024.

5.1 Introduction

The detection of gravitational waves (GWs) emitted by over a hundred binary black
hole (BH) mergers [1] opens an avenue to studying gravity in the strong regime.
Einstein’s general relativity (GR), although has passed numerous tests in our solar
system [2], is still undergoing tests in strong gravity. One important test one could
make with GW detections is to look at the ringdown part of the signal, where the
GWs are dominated by these quickly decaying and oscillating quasinormal modes
(QNMs) when the remnant BH settles down [3]. In GR, QNMs encode the mass,
spin, and charge of the remnant BH, which completely determine a BH spacetime as
required by the “no-hair” theorem [4, 5], which has been tested with the observational
data from the LIGO-Virgo-KAGRA collaboration [6—10].

Nonetheless, GR is unlikely to be the ultimate theory of gravity, as it is incompatible
with quantum mechanics and unable to explain certain observational puzzles, such
as the asymmetry of matter and antimatter in our universe [11]. For these reasons,
modifications to GR are introduced either by constructing a unified theory for
quantum gravity, such as string theory [12—17] and loop quantum gravity [18-23], or
by explaining certain observational puzzles. In beyond-GR theories, BH spacetimes
can carry additional hair due to the presence of other scalar or vector fields [24-30].
The spectrum of QNMs, in principle, allows us to extract these additional hairs as
well as the length scale or the coupling constant associated with these beyond-GR

interactions, which is the core idea of BH spectroscopy [31-33].

To compute the QNM spectrum for non-rotating BHs in GR, the standard approach
was developed by Regge, Wheeler, Zerilli, and Moncrief in [34-36], where one

separates the metric perturbations into even and odd parity. For each parity, one
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can construct a master function, i.e., the Regge-Wheeler (RW) and Zerilli-Moncrief
(ZM) functions for the even- and odd-parity metric perturbations, respectively, such
that its equation of motion can be reduced to a second-order ordinary differential
equation in the radial coordinate. The QNM spectrum of a Schwarzschild BH was
initially computed in [37] by numerical integration and can be more systematically

calculated using the continuous fraction method developed by Leaver in [38].

For rotating BHs in GR, directly solving metric perturbations is much more chal-
lenging due to the lack of spherical symmetry. In this case, one cannot easily
decouple the even- and odd-parity modes, find two master functions characterizing
all the metric components, and reduce their equations of motion into purely radial
ordinary differential equations. Built upon the Newman-Penrose (NP) formalism,
Teukolsky found a solution to this problem in [39-41] by instead solving for curvature
perturbations represented by two radiative Weyl scalars ¥y and W,4. In this case,
Teukolsky was able to reduce the NP equations describing ¥y 4 into two decoupled
and separable partial differential equations. The solutions to the angular equations are
called spin-weighted spheroidal harmonics, and the radial equations are generalized
spheroidal wave equations [38]. Both the angular and radial parts of ¥y 4, as well
as the QNM frequencies, can be calculated using the Leaver’s method in [38] and

extensions of it, such as the Mano-Suzuki-Takasugi method [42—45].

Many efforts have been made over the past ten years to study QNMs in beyond-GR
theories. For non-rotating BHs, one can still apply the standard metric perturbation
approach developed by [34-36]. Beyond-GR QNMs in the non-rotating case were
computed in, for example, dynamical Chern-Simons (dCS) gravity [46—48], Einstein
dilaton Gauss-Bonnet theory [49-51], higher-derivative gravity without extra fields
[52-54], and Einstein-Aether theory [55, 56]. For rotating BHs, the calculations of
QNMs are much more challenging. There are only a few examples available, which
all rely on the slow-rotation expansion, such as in dCS gravity [57, 58], EdGB gravity
[59, 60], and higher-derivative gravity [61, 62]. Although QNMs for a general
rotating BH could be extracted from full numerical simulations, for example, in
dCS gravity [63, 64], this approach has the issue of secularly growing terms. Until
recently, Refs. [65—-67] made an important extension of the Teukolsky formalism
from GR to a wide class of beyond-GR theories admitting an effective-field-theory
description. This modified Teukolsky formalism, for the first time, allows a systematic
semi-analytical calculation of QNMs for BHs with a general spin, including these

fast rotating ones, in beyond-GR theories. As most of the remnant BHs of binary
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mergers are fast rotating [68, 69], applying the modified Teukolsky formalism to

specific beyond-GR theories is crucial for conducting BH spectroscopy.

The first attempt was made by [67, 70] on computing the QNM frequency shifts
in higher-derivative gravity without extra fields. They considered both the parity-
preserving and parity-violating corrections to the Einstein-Hilbert action up to the
sixth derivative of the metric. Although the modified Teukolsky formalism works
for BHs with a general spin, Refs. [67, 70] performed a slow-rotation expansion up
to O(x'#), where y = a/M is the dimensionless spin, since the background BH
metric is known analytically only under the slow-rotation expansion. Their results
are valid for the spin up to y ~ 0.7. Another attempt was recently made by [71] on a
more complicated case, dCS gravity, where a pseudoscalar field # is coupled to a
quadratic term in the Riemann tensor and its dual, the so-called Pontryagin density. In
[71], we successfully implemented the Chrzanowski-Cohen-Kegeles (CCK) [72-74]
procedure for metric reconstruction to compute all the source terms in the modified
Teukolsky equation derived in [65]. After a projection to the spin-weighted spheroidal
harmonics, we obtained two sets of radial ordinary differential equations in two
different gauges, the ingoing radiation gauge (IRG) and the outgoing radiation gauge
(ORG). For each set, we got an equation for the curvature perturbation (¥ in the IRG
and ¥, in the ORG) and another equation for the (pseudo)scalar field perturbation.
In [71], we performed a slow-rotation expansion up to O(y) since we would like to
compare our results with the one in [46—48, 57, 58].

In this work, we directly compute the QNM frequency shifts for a slowly rotating BH
up to O(y) in dCS gravity using the radial equations found in [71]. We apply the
analysis of isospectrality breaking in [75] to simplify the radial master equations first
and then use the eigenvalue perturbation (EVP) method in [66, 76, 77] to compute
the QNM frequency shifts. Specifically, in Sec. 5.2, we briefly review the procedures
for computing the modified Teukolsky equations in dCS gravity in [71]. In Secs. 5.3
and 5.4, we apply the procedures in [75] to simplify the master equations for the
scalar field ¢ and for the Weyl scalars W 4, respectively. We also discuss the parity
features of these equations and their implications on the structure of isospectrality
breaking. In Sec. 5.5, we review the EVP method in [66, 76, 77], show how to apply
it to the specific case of dCS gravity when an extra scalar field presents, and then
compute the QNM frequency shifts. We present our results in Sec. 5.5 and compare
them to the previous calculations in [46—48, 57, 58]. In the end, we discuss future

avenues in this direction.
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5.2 Review of the master equations

In our previous work [71], we applied the modified Teukolsky formalism developed
in [65] to compute the master equations governing the perturbations of the Weyl
scalars Wp 4 and the (pseudo)scalar field ¢ for slowly rotating BHs in dCS gravity.
We successfully found four radial ordinary differential equations governing the
perturbations of Wy and ¢} in the IRG and the perturbations of ¥4 and ¢ in the ORG.
In this section, we will briefly review the derivation of these equations.

In dCS, the equations of motion for both the metric field and the scalar field were
found to be [28, 30, 78, 79]

(0

00 = = ZRyupe RO (5.1)
a 1 -
R,uv = — ECIJV + 2_KgT;l9y , (52)

where k, = 16%, « is the dCS coupling constant, O = V,V# is the D’Alembertian

operator, *RH"P7 is the dual of the Riemann tensor,

. 1
RIPT = S et TPRY op. (5.3)

and
CH = (Vo) €700V, RV + (V,Vs9) ROWT (5.4)
), = (Vo) (V,9) . (5.5)

For a detailed review of dCS gravity and how Eqgs. (5.1) and (5.2) are derived, one
can refer to [28, 30, 78, 79]. To solve these two equations, Ref. [71] took an effective

field theory approach by performing a two-parameter expansion, i.e.,

9 = 9000 4 retD | (5.6)
¥, = PO 4 rp 0 O oD (5.7)

where we take the Weyl scalars ¥; as an example, and the other NP quantities follow
the same expansion scheme. The dimensionless constant ¢ is related to the dCS

coupling constant by

a?

4
KgM

with M being the typical mass of the system. The other expansion parameter €

= (5.8)

represents the strength of the GW perturbations of a binary merger’s remnant BH. For

example, for an EMRI, € is proportional to the mass ratio between the stellar-mass
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object and the supermassive BH. As discussed in more detail in [71, 75], we do not
assume any hierarchy between ¢ and € since their relative size depends on the details
of the bGR theory and the binary system. In this case, the terms at O(¢°, €°) and
O(¢', €%) are computed using the slowly rotating Kerr metric and the dCS correction
to it. The terms at O(£°, €') correspond to GWs in GR, while the terms at O (¢!, €!)
are additional GWs driven by the dCS corrections, which we are interested in.

Using the expansion in Eq. (5.6), the scalar field equation Eq. (5.1) becomes
MZ
D(O’O)ﬁ(l’l) - _ 1 [R*R](O,l) _ D(O’l)ﬂ(l’o) ) (59)
1672
For the metric fields, instead of solving the trace-reversed Einstein equations in

Eq. (5.2), we will solve the modified Teukolsy equations found by [65, 71], i.e.,

(0,0) gy (1,1) _ o(1,1) 1,1
Hy WY = Sges + S (5.10)
(0,0) gy (1,1) _ 4-(1,1) 1,1
HOw Y = 7Y+ (D (5.11)

Here, H(()?‘;O) are the Teukolsky operators in GR for ¥y 4, respectively. The source
terms Sg(;(;l) and 7;;’1) only depend on the dCS correction to the background
spacetime hf,lv’o) as well as the gravitational perturbation hLOV’l) in GR, so they are
regarded as purely “geometrical.” In contrast, S('1) and 7711 directly depend on
the effective stress tensor [i.e., Eq. (5.2)], so they are driven by both the GR GW
hfg,’l) and the scalar field perturbation 9#(I:)). Notice that we absorbed a factor of
{1/2 into @ in [71], so 91D actually enters at O({l/z, €'). Thus, one can solve for
9D first using Eq. (5.9) and then plug it into Eqgs. (5.10) and (5.11) to solve for
‘P(()L;I). For complete expressions of Egs. (5.9)—(5.11) in terms of NP quantities, one
can refer to [65, 71].

To evaluate the source terms in Egs. (5.9)—(5.11), one needs to know the metric

(0,1)
uv

[72-74, 80—85] to reconstruct the perturbed metric hLOV’I) from the perturbed Weyl
scalars ‘P(()OA;I). This procedure relies on the IRG or the ORG, i.e.,

perturbation h in GR. This was achieved by implementing the CCK procedures

IRG: hy 0" =0, h=0, (5.12a)
ORG: h,n” =0, h=0, (5.12b)

where [ and n” are two tetrad basis vectors in the NP formalism. Under these gauges,

hflov’l) can be expressed in terms of the so-called Hertz potential Wy,

h,fz%]) = Opv‘ilH + (juleH > (5.13)
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where we use f to denote the complex conjugate of f. The operator O,y in the
IRG and ORG can be found in [71, 84, 85]. Expanding ‘I’(()Oil) using spin-weighted
spheroidal harmonics ;Y (6, ¢) = 3Sem(0)e™?,

‘P(go’l) = Z 2R§&1)(r)2~y{3m(9’ ¢)e—iw5mt > (51421)
{,m

P = AR ()2 Yn (0. ) (5.14b)
{,m

and similarly for Wy,

IRG: Wi =) 2Ron(r) 2 Yo (0. $)e™ " (5.152)
t,m

ORG: Wy= D 2Rin(r) 2Yom (6. 9)e ", (5.15b)
,m

one can compute the radial parts Ry, (r) of Wy from SRES;D (r) following [81],

2Rem (r) = —éAz(r)(D;m)“ [Az(r) ROV (5.16a)
2 Ron(r) = %(ng)“_zR;S;l)(r) : (5.16b)

The operators Dy, and D;m are defined to be

am — (r* + a®)wem + am — (r* + a®)wep
Dy, = 0, + , D, =0,- ,
tm r Tl NG m r— 1 AGF)

(5.17)

where a is the spin of the BH, and A(r) = r> — 2Mr + a. The coefficient € is the
mode-dependent Teukolsky-Starobinsky constant [41, 67, 70, 81, 86, 87],

€ = 14402, + (84 6,Bum + ngm)z —8[-8+,B2 (4+ Buw)| myem
+4 (8 = 24Bpm — 5B, + B}, +2 (=2 + ;Buw) (4 + 3;Bew) m*] 7,
_8m (8 —12,Bem + 3582, +4 (=2 + ,Bpw) mz) v
+2 (42 — 22,Bpy + 3,82, +8 (—11 +3,Bgy) m* + 8m4) v
- 8m [3SBgm +4 (—4 + mz)] 7§m +4 (—7 + sBem + 6m2) )’?m - 8myzm + 7§m )
(5.18)
where @* = a® — am/wem, Yem = XM@em, sBem = sAgm + S, 5 is the spin weight,

and ;A¢, is the angular separation constant in the Teukolsky equations [39]. Here,

we have used the Teukolsky-Starobinsky coeflicient found in [67, 70] instead of the
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original one in [41, 81, 86, 87], the latter of which was derived for real frequencies.

For convenience, let us also define

D/, = —éAz(r)(DZm)“Az(r), Dy = —(ng)4 (5.19)

In [71], we used the CCK procedures to evaluate all the source terms in Egs. (5.9)—
(5.11). We found that the (¢, m) and (£, —m) modes of 2Rz (r) (or _oRem(r)) in
the IRG (or ORG) are coupled to each other in the source terms. Thus, to solve
Egs. (5.9)—(5.11) consistently, we need to solve the (£, m) and (¢, —m) modes of ¥
(or W4) jointly by using the following ansatz:

eyt = Z Rip (1) Yen (8. 8™ 4 ey R, (7)Y (6, )"

(5.20a)
S‘Pé’l';l) - Z SR;rlr;I)(r)S%m(e’ ¢)e_iwfmt + Nem SR( )(7") yf m(g ¢)6’w€mt
‘m
(5.20D)

where ,W¢,, = Yoom and _2We, = Wa gm. Following [71, 75], to solve the (£, m) and
(¢, —m) modes consistently, we have imposed in Eq. (5.20) that

We—m = —Wfm (5.21)

which is the same symmetry satisfied by the QNM frequencies in GR. Notice that

the coefficient 1, is well-defined once we fix the normalization of SRE,S,;I) (r) to be
R () = (=1)" RV (r), (5.22)

and the same symmetry can be imposed on R (r). Similarly, we expand the scalar
field perturbation 91D as

90 = 3 0 0, e, (5.23)

f,m

Notice that we include an extra factor of 1/r in Eq. (5.23) following [46, 47, 57], so
we will multiply a factor of r to the scalar field equation found in [71], as discussed in
Sec. 5.3. Since 1 is a real scalar field and oYy (6, ¢) = (=1)"0Ygm (6, ¢), we need

O (r) = (=1)"Opm(r). (5.24)

Using the ansatz in Egs. (5.20) and (5.23) and projecting Egs. (5.9), (5.10), and (5.11)
t0 0 Mem (0, @), 2Mem (6, @), and _r Yy, (6, @), respectively, we got these purely radial
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ordinary differential equations governing {19(1’1), ‘P(gl’l), ‘Pil’l)} in [71]. In Secs. 5.3
and 5.4, we will closely look at and simplify these equations for the convenience
of calculating QNM frequencies in this work. We will focus on the equations of
9D and ‘P(()l’l) in the IRG as a demonstration, and the results in the ORG will be

presented at the end of each section.

5.3 Scalar field equation

In this section, we review and simplify the master equation governing the scalar field
perturbation 9"V in [71]. In [71], we found that up to O(Z', !, €'), the radial part
O (r) of 911 in the IRG satisfies

2 3__4 A42 ]
[r(r - rs)@,2 + 7,0, + wr XMP O _Is _ OAgm] O (1)
r—rg r
= VE (1) +VE,0) +i10n (VIR (0 +V[5,(0) (5.250)
23 4 4ymM?
[r(r — 15)0% + 150, + i L OAf—m] Or—m (r)
r—rg r
_ VR n| tR to
= e ( R () + Vf_m(r)) FVIRE) + V() (5.25b)

where rg = 2M is the Schwarzschild radius, and
VE() =i (&7 () 2Ron () + 857 (r) 2Ry, (1)) AL
+ 0 (857 0) 2Rem () + 88 (1) 2 Ry, (1) ASEE (5.262)

Vim (1) = x (h‘{’"(r) 2Rewm (r) + h5" (r) zﬁ;m(r)) ALl (5.26b)

The functions Vg _Rm and ngm refer to taking the complex conjugate of all the radial
functions in VX and V. but replacing {AZ2", AL 22 AL2" ) with

{Amfzm , Amfﬁm , A;(ﬁfim }. Here, f’(r) denotes the partial derivative of f(r) in r.
Notice that Eq. (5.25b) comes from the terms generated by the (¢, —m) mode of
the ansatz in Eq. (5.20). It is different from taking m to —m in Eq. (5.25a) directly,
which corresponds to another solution that is a factor 1/n;, of Eq. (5.20). We also
redefine all the radial functions gfm(r) = gfm(r, w, M) and hf’” (r) = hf’" (r,w, M)
in [71] as following:

,A42r3 _A42r3
gim(r) - i—gi"(r), gy (r) - i——g¥"(r),
6r2 6r2
¢ o ¢ o
g3m(r) - - lg3m(’”)’ g4m(r) - - lg4m(’”)’
62 1672

R (r) — = him(r), R (r) — = hi"™(r) . (5.27)
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In this case, gf’" (r) and hf’”(r) become real functions in (r, —iw, im), where the
imaginary unit i only comes from the combination —iw or im. Using w¢y, = —@O¢—pm

in Eq. (5.21), we get
gy = g™y, R = hM(r), (5.28)

where the expression of gf’” (r) and hf’" (r) before the redefinition can be found in
[71] and the supplementary Mathematica notebook [88]. In addition, gfm(r) and
gg’”(r) contain terms up to O(x!), and y only shows up in the combination ym.
The other radial functions gf’"(r) and hfm(r) in Eq. (5.26) do not contain any factor
of y or m. The coefficients {A% 2", AS2T ADDMY and (AT ATOLM ATOLM
come from projecting the angular functions in the source terms to oMz, (0, ¢), where
their definition can be found in [71]. Using Eqgs. (5.96), (5.105), and (5.108) in

Appendix 5.6, we can show that

ALm — o AL

con AT = (1) AL (5.29)

10s ° 10s

Since both the radial Teukolsky function SR{(;?';D (r) and the radial part (R, (r) of
the Hertz potential satisfy Eq. (5.22), Eq. (5.26) reduces to

VE () =i (807 () 2 Rem(r) + 827 (1) 2R, ()

+x0m (857(r) 2Rom(r) + 887 (1) 2R}, (1) ALEL (5.30a)
V3 (r) = ym (hfm(r) 2Rew (r) + B (1) 2zvég,m(r)) AL (5.30b)
ViR (n=-VE ), Vv (r)=-V] ). (5.30¢)

Therefore, Eq. (5.25) becomes

2.3 2
wr’—4ymM-w r
- 7s - OAl’m] O¢m (1)

r(r— rs)af +ry0, +
r—rg

= (1= 1) (VE, (1) + VG, () . (531a)

w3 + 4)(mM2a) rs

r(r— ”s)arz + 7130, + - 7 - OAé’—m] Or_m(r)

| r—ryg
= (em — 1) (Vf_m(r) + Vf‘_m(r)) . (5.31b)

As shown in [75], the metric generated by the modes with 77¢,, = 1 is of even parity,
so the even-parity metric perturbations are not coupled to the scalar field up to
o L )(1, €') in dCS gravity, consistent with the result in [57]. Furthermore, using
Egs. (5.22), (5.28), and (5.31), one can show that

2.3 2
wr’ —4ymM-w r -
[r(r - rs)af + 10 + p —)i’ - 7s —0Aem | Or—m (r)
S
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= (1" (1 =) (VE, () + V(1)) (5.32)
consistent with our assumption in Eq. (5.24).

Similarly, in the ORG, we get

2,3 _ AvmM?>
r(r—rs)6r2+rs(9,+ ©r XY @

ry
- 7 - oAfm] Opm (r)

r—rg
= (1= 7iom) (UR,(r) + UG, (1), (5.332)
[ 2.3 4 M2
r(r = ry) O +rydy + —— TmE e L OAt’—m] Or—m(r)
| r —rg r
= (Mem — 1) (Uf_m(r) + U?_m(r)) : (5.33b)

where

U, (r) =i (g]"(r) 2 Reon(r) + 85" (1) 2R, ()

+xm (ng(”) —ZRt’m(l”) + Qﬁm(l”) _zléz,m(r)) Afgls , (5.34a)
U5, (r) = xom (57(r) 2 Rin (1) +57(r) 2}, (1)) AL (5.34b)
UL, = ~UR ), U, ()= ~UR, (), (5,340

and we have used Eq. (5.105) to replace Affllos by A%IS. Similar to the IRG case, we

have redefined gf'”(r) and ijm (r) in [71] such that
() =g (), B () = (). (5.35)

The redefinition of gfm(r) and I]fm(r) can be obtained by replacing g and & with g
and b in Eq. (5.27), respectively. In addition, gfm(r) and gg’" (r) contain terms up
to O(x'), and y only shows up in the combination ym. The other radial functions
gf’"(r) and l')fm (r) in Eq. (5.34) do not contain any factor of y or m. The original
gf’" (r) and I)fm (r) of [71] are listed in the Mathematica notebook [88].

5.4 Modified Teukolsky equations
In this section, we review and simplify the modified Teukolsky equation of ¥( in dCS
gravity up to O(¢!, x!, €') found by [71]. It was shown in [71] that ‘P(()l’l) satisfies

HPOWD =202 (S0 + S + SV 4 S+ S (5.36)
where Héo’o) is the Teukolsky operator for ¥y in GR and expanded to O( ),

0,0 0,0,0 0,1,0
H"O = OO 4 10 (5.37a)
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C(r)
r=Trs (5.37b)
—83—00t969+(4+m2+4m0059)csc:29—6,
m(i(r — M) — Mwr)
r(r—rs)

C(r) = diwr(r —3M) + w*r.

H = —r(r = r)02 = 6(r — M3, —

Héo’lvo) —_AM — wCos 9] , (5.37¢)

In Eq. (5.36), Sg(el(;l) is the source term due to the dCS correction to the geometry of
rotating BHs. The terms 85‘1’1) and 521,1) are sources associated with the effective
stress tensor and driven by the scalar field perturbation 9""1). The source terms
S 1(91’1) and Sél’l) are also associated with the effective stress tensor but driven by the

Weyl scalar perturbation ‘I‘(()O’l) in GR.

As discussed earlier in Sec. 5.2, we need to solve the (£, m) and (¢, —m) modes of
Yy jointly since they are coupled in the source terms. In [75], it was found that the

Teukolsky operator in GR satisfies the symmetry:
PH = 1™, (5.38)

where ? is an operator combining complex conjugate with parity transformation,
i.e.,

Pr=CPf=Cf(n—-6,p+n)=f(n—06,p+n). (5.39)

For this reason, Ref. [75] showed that one could solve Eq. (5.36) jointly with its
transformation such that the latter will generate a consistency relation for the (£, m)
mode from the equation of the (£, —m) mode. We can then reduce the modified
Teukolsky equation of ‘Pél’l) to a two-dimensional eigenvalue problem and compute
the QNM frequencies [75], as shown in more detail at the end of this subsection and
in Sec. 5.5.1. In the following subsections, we will sequentially simplify these three
groups of source terms Séel(;l), {Sf(‘l’l), SE‘I’D}, and {Sg’l), 51(91’1)}. We will derive
their transformation under # and show that the solutions to the modified Teukolsky

equation are of definite parity with ng,, = +1.

541 SV

First, we found in [71] that the “geometrical” source term Sg(elo’l) in dCS is

Spea == > e HI" WO ROV (1) 2 Y (6, 8) | + 1m X (m — =m),
£,m>0

(5.40)
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where Yy, (6, ¢) are spin-weighted spherical harmonics due to the expansion of
sYem (6, @) over y, and

emMA

0 44879 (r — ry)
M* iwemr>Ca(r)
=169 cos 6 (C3(V) - f)
M4
lg(z S l(r rs)C4(r) cos 80, — Cs(r) smeég] ) (5.41)

Notice that when taking m — —m in Eq. (5.40) for m = 0, we get the mode with
frequency —@w¢o. The radial functions C;(r) are real in r and listed in [71]. Using
that [71]

90 6Yon(0,9)) = 5 (VEF 2= D1¥a (0, 6) = T+ )~ 23 (6,0)) .
(5.42)

. 1,1
we can rewrite Séeo ) as

S = > e ORI + g X (m — =m), (5.43)

ge0 2
£,m=>0

with the operator O™ defined to be

geo

tm _ iXmM4 . 2
Ogeo - 4487‘9(}" _ rs) (Cl (}") +dwemr CZ(F))
m* W —r
+ 25 c0802Y0n(6.9) | C3(r) = Ca(r) ("‘”2 LNt )ar)]
ixM* .
+ 25Cs(r) (VD= 1)sin 610 (6.9)

(€ +3)(€=2) sin 0 3Y;m (6, ¢)) . (5.44)

To perform the % transformation [i.e., Eq. (5.39)] on Sg(el(;l), we also need the

following properties of spin-weighted spherical harmonics (Y, (6, ¢) [89]:

sY[m(ﬂ- -0, ¢ + ﬂ.) = (_1)€—SY€m(0’ ¢) s

_ (5.45)
sYem (0, ¢) = (_l)mH—SYt’—m(@’ ¢) ,

so we get

P [12Yem (0, 9)] = (=1)™ 0¥ (6, ¢)
P [sin 021 Y (6, ¢)] = (=) sin6.1Y,_n (0, ) ,
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P [cos 042Yem (0, d)] = (=) cos 0,2V, (6, B)
P [sin 023V (0, $)] = (=) sin 0,3Y,_n (6, ¢) . (5.46)

Using Eq. (5.46) and that C;(r) are real functions in r, we get
geo geo 20y

P |0 aR ()| = (-1 Ol RY) (1) (5.47)

542 SV and 8"V

Next, we know from [71] that the source terms Sﬁxl’l) and S‘S’D take the form

SV = 3 et [ A (1) Y o (0, §) + ix AL (1) $in 0 1Y (6, )

f,m

+i Y ALY (1) 08 0 2Y 0 (60, 9)] (5.482)
S\ = 3 et [~ A (1) Vi (0, §) +ix AL (r) sin 0 1V (6, ¢)

,m

—iy A" (r) cos 0 1Y (6, 9)] (5.48b)

where Y7, (60, ¢) comes from expanding ;Y (60, ¢) over y. We have also dropped

m
,0+1

angular projection, as discussed in [71]. The radial functions A (r) and A (r)

the terms proportional to ob in [71] since they contribute at O(y?) after the
take the form
A" (r) = 0" Opm (1) + em Q™ 2Rem (1) , (5.49)

]
where Of’" and Qfm are differential operators in r and containing up to first derivative
in r. The coefficient ay,, = 1 — ¢y, for m > 0 and ay, = n¢—, — 1 for m < 0. When
m =0, agy 18 1 —17¢9 and ngo — 1 for the modes with the frequency w¢o and —wyo,

respectively. Furthermore, Ofm and Qf’" satisfy
ofm=0", Qm=Q". (5.50)

Notice that the term Qf’" »R¢m(r) comes from replacing ®7 (r) with ®, (r) and
O (r) using Eq. (5.31), though Sf(xl’l) and S&l’l) are driven by the scalar field
perturbation 911 Similarly, using Eqgs. (5.24) and (5.50), one can get

AT () = (1) [0/ O (r) + emQ™ 2 Rem (7)] - (5.51)

Notice that ﬂf""(r) comes from the terms generated by the (£, —m) mode of the

solution ansatz in Eq. (5.20) but not taking m to —m in Eq. (5.49) directly.

To analyze the structure of isospectrality breaking, we need to rewrite all the terms in

Eq. (5.49) in terms of 2Rem (r) such that we can focus on the vector space of »Rem (r)
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following [75]. Denoting the operator acting on ©¢,,(r) on the left-hand side of
Eq. (5.31) as Hy, so

amHy" [VE, (1) +VE ()]
= iapmHy " V™R (r) (5.52)

®€m(r)

where we have defined an operator V" according to that V{ffn (r) and V7 (r) are
driven by zlégm(}") in Eq. (5.30). From Eq. (5.30), we observe that Vi contains up

to the first derivative in r. We have also extracted a factor of i such that
yl-m = qpim (5.53)

The operator Hy also satisfies the same symmetry in Eq. (5.53). Thus, we can
rewrite Egs. (5.49) and (5.51) as

A (r) = g AR (r) (5.542)
AL () = (=1)"™ g AT Ry (1) (5.54b)

with
Am = i - oy, 5:59

Using Egs. (5.50), (5.53), and (5.55), we get

PAIM = Alm = AL (5.56)

Leveraging Egs. (5.45) and (5.54), we can rewrite Szgl’l) and SIE\I’I) in Eq. (5.48) as
SV =8 = 3 (1= Am)e ORI (r)
€,m>0

+ (1em — e @ 0ROV (r) (5.57)
such that

O™ = [2Yem (8, §) AL +ix sin 0 1Y (8, $) AL +ix cos 620, (0, 9)AS"| D]
(5.58)

where we have used Eq. (5.45) to replace _Y,_,, (6, ¢) with ;Y;,,(8, ¢) in Eq. (5.48b).
We have also used that wy,,, = —@,_,, to reduce 515\1,1) to Sﬁxl’l). It is not surprising
that S&l’l) = 3/(41’1) since 9 is real, @y, (r) is related to O, via Eq. (5.24), and we
sum all the (¢, m) modes. For this reason, we will combine Sf(‘l’l) with Sgl’l) and
solve the radial Teukolsky equation jointly with @, (r) only. Using Egs. (5.22),
(5.46), and (5.56), we can show that

P [og'"2R§2;1>(r) = (=10 ™RV () . (5.59)

—m
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543 S.""and S}""

Lastly, in [71], we got the source terms S 1(91’1) and S 1(91’1) to be in the form of

Sy =iy Yo e [BIM(r) sin 0 Yo (6, ¢) + BE" (r) c08 0 2Yen (6, 6)

£,m>0
+B5"(r) sin 0 3Y;n (0, @) | + 1w X (m — —m) (5.60a)
Sg’l) =iy Z e @t [ B (1) sin 6 _1 Y (6, ) + B (r) cos 0 oY1 (6, ¢) |
{,m>0
+em X (M — —m) , (5.60b)

where we have extracted an overall factor of 7 from all the radial functions Bfm (r)
and B! (r) such that

By = B"(r), B = BM(r) . (5.61)

The functions Bf’” (r) and Bf’"(r) contain up to the first derivative in 7 of 2Ry, (r)

and zﬁgm(r), respectively. Following Sec. 5.4.2, let us define
BI"(r) = B Ron(r),  BI™ = B> Rum(r), (5.62)

where B and B contain up to the first derivative in r and satisfy the same

symmetry as Eq. (5.61), so
PBM = B, PRI = B (5.63)

Thus, we can rewrite Bf’"(r) and @f’”(r) in Eq. (5.60) as

SIV = N e O Ry (r) + e X (m > —m). (5.64)
£,m>0

Sy = 2 Mone O () + (o w564
£,m>0

with

O =iy [sin 01Yz (6, ¢) BY™ +c0s 0 2Y 7, (6, ¢) BS™ + sin 0 3Y7,, (6, ¢) B | D/

tm >

(5.65a)
oL =iy [sin 01Yem (6, ¢)I§’f‘m +c08 0 2Y; (0, qﬁ)ég_m] Z)Zm , (5.65b)

where we have used Eqs. (5.22) and (5.45) to replace {sﬁg_m (r), —sYe—m (0, ¢)} with
{sRem(r), sYem(0,¢)} in Eq. (5.64) and that wg, = —@¢—. With Egs. (5.46) and
(5.63), we can show that

A

P |0 (0] = (—Df05 R (1), (5.662)

{—m

P [ég'“zkgg;l)(r)] = (-1)'O5™ ROV () . (5.66b)

—m
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5.4.4 Simplification of the radial master equations
In this subsection, we will use the results in Secs. 5.4.1-5.4.3 to simplify the modified
Teukolsky equation of ‘I’(()l’l) in Eq. (5.36) and extract its radial part. Combining

Egs. (5.43), (5.57), and (5.64), we can reduce Eq. (5.36) to

HLOO LR (1)2¥i 6. )]

0
=22 |(0fm + 04 + 0F") = ijom (04" - OF") | 2RV (). (5.67a)
nenHy " [zRéi’,i,)(")sz-m(H, ¢)]

geo

=2 |new (O + 05 + 07™) = (057 = O™ | R (). (5.67b)

One can perform a further % transformation on Eq. (5.67b) and use Eqgs. (5.47),
(5.59), and (5.66), so Eq. (5.67b) becomes

AemHy" ) [ RV (1)2Y e (6, ¢)]

=27 [iiem (Ol + O + OF") - (04 - 0" )| sRV (). (5.68)

geo

where we have chosen the normalization that zR(l - (r)y=(-1)", R(1 1)(r). Com-
paring Eqgs. (5.67a) and (5.68), we notice that only 1;, = £1 can make these two
equations consistent. As found in [75], ¢, = =1 correspond to even- and odd-parity
metric perturbations, respectively. Furthermore, for even-parity modes (1¢, = 1),
the terms driven by the scalar field perturbation 91V (i.e., terms with Of("), cancel
out with each other. This is due to that the scalar field equation is not driven by
the even-parity metric perturbations, as shown in Sec. 5.3. In total, our modified
Teukolsky equation has the same structure of isospectrality breaking as the modified
RW and ZM equations in [57], where the even- and odd-parity modes decouple, and
the scalar field couples to the odd-parity modes only. For this reason, the (¢, m) and
(¢, —m) modes of the modified Teukolsky equation contain redundant information,
as shown in Eqgs. (5.67a) and (5.68) for dCS gravity and in [75] more generally.
Thus, we only need to solve the (£, m) mode of the modified Teukolsky equation
[Eq. (5.67a)] with the scalar field equation [Eq. (5.31a)].

Now, let us follow the same procedures in [71] to reduce the simplified modified
Teukolsky equation in Eq. (5.67a) into a purely radial equation and express it in
terms of the radial functions defined in [71]. Integrating Eq. (5.67a) over 2Y;,,, (6, ¢),
we get that

dicwemr(r —3M) + w?mr3

r(r — rs)(')r2 +6(r—M)o, +

r—rg
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+4i/\/mM((r — M) +iMweyr)

- 2A€m] 2R§,1n’1)(r)

r(r —ry)
= - 22| (o + 05 + 0f") = (04 - 6 ) | ROV (), (5.69)

where the + sign correspond to the solutions with ¢, = +1, respectively, and

o = _ iymM*
8O 448r9(r — 1)

. M4 ; 2 —
§ [c3<r>—c4<r>(“"””r e “)@)]Aééi

(C1 (r)+ 4iwgmr2C2(r))

1679 2 2
P ) (VD DAY, VT2 . 5700
04" = (A + mAG AT + imnSLAS"] D, :700)
of" = e NGB + NGBS + NGB D (5:700)
Gf" = —ixm [ BE - AL D], 6700

We have used that

Aft’m — mAffl ATft’m — (_1)m+1mA£’€1

12s 12s —12s 12s 2
Cem _ AL $eltm m. A Lel
Agye =mhyy. Ay = (=D)"mAy,.
tem _ A1 $ltm mal A Ll1
Az =mAz,, Ay = (D" mAzy (. 71)

which can be derived from Egs. (5.96) and (5.108) in Appendix 5.6. The radial
functions C;(r) are given in [71], and the radial operators {Af’", ﬁf’", Efm} are given

explicitly in Appendix 5.7.

One can notice that all the source terms in Eq. (5.70) are proportional to ym except

Aél’m,

contains terms at both O(x?) and O(x!), the latter of which only depends on the

so they are evaluated on a Schwarzschild background. The operator Af’"

combination ym. Thus, the dCS correction wgn’o) to the QNM frequency of a slowly
rotating BH should be expanded as

(1,0) (1,0,0)

tm w[m + m/\/wg;lz,;]’()) + O(/\/Z) P (572)

w

consistent with the result in [57]. Although the master equations in [57] contain
terms proportional to y only, these terms do not contribute to the QNM frequencies
since the equations are invariant under the simultaneous transformation of y — —y
and m — —m, as shown in more detail in [57]. Furthermore, only after removing

these terms did the even- and odd-parity decouple in [57]. In contrast, all the source
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terms at O(x') here are proportional to y1, so we do not need to manually drop out

any term. The even- and odd-parity modes also naturally decouple in our case.
Similarly, in the ORG, we get the following equation for ‘Pil’l):

Aicwemr(r —3M) — a)?mr3

r—rg

[r(r —15)0; = 2(r — M), —

4iymM((r — M) —iMweyr)

- —2A€m] —2R2,;1)(r)

r(r—ry)
= -2 (@l + @+ afr) 7 (@ - 65)| SRRV, 573)
where
@g’é = % (Dl(r) - 4iwgmr2D2(r))
bemal” [Dg(r) - Dy(r) ("‘“g"’”2 i “)&)] Agh.
- bstr) (VTR DDA VT 2A) . (740
128,13 : >
Q3" = [d{" +ixmA " — ixmAY 3" | Dew (5.74b)
Q5" = ixm [Ny Bi" = Ny By" + N5, B5" | Do (5.74c)
G4 = —ixom | NS + AELBE™ | Dy (5.74d)

We have used that

ATé’fm — (_1)m+lmAf€1

om  _ el
A =mA 125 »

—1-2s 125 1-2s

tm  _ ALl Teetm _ ;  qm+l,, A lLl
Ao = —mAy,., Ay = (D" mAy,,
tm el Teetm _ ;  qm+l,, A LL1
ATy =mAzyg s Ay = (D" mAs, (5.75)

which can be derived from Egs. (5.96), (5.105), and (5.108) in Appendix 5.6. The
radial functions D;(r) are given in [71], and the radial operators {,Q?fm, 9?1.‘7’“, @f”’}
are given explicitly in Appendix 5.7. Since Eqgs. (5.33a) and (5.73) are derived in a
different gauge from the one used by Egs. (5.31a) and (5.69), we will compute the
QNM frequency shifts from both pairs and use the results from Eqs. (5.33a) and
(5.73) as a consistency check of the results from Egs. (5.31a) and (5.69) in the next

section.

5.5 Calculation of the QNM frequency shifts
In this section, we will evaluate the QNM frequencies for a slowly rotating BH in
dCS gravity up to O(¢!, x', €!) using Egs. (5.31a), (5.33a), (5.69), and (5.73). We
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Figure 5.1: The contour € in Eq. (5.81) with &y.x = 10M. The blue line is the
contour €, while the orange line is the imaginary axis at r = 2M.

will first review the EVP method in [66, 75-77] and discuss how to apply it to the
dCS gravity case. We will then present the results for non-rotating BHs in dCS
gravity and discuss the strategy for rotating BHs.

5.5.1 The EVP method
To compute the QNM frequency shifts a)gn’o)
developed in [66, 75—77]. As one can notice in Egs. (5.69) and (5.73), the solutions

to the homogeneous part of the equation (i.e., J_,ZRE%U (r)), or the Teukolsky equation

, we choose to follow the EVP approach

in GR, also drive the source terms, potentially leading to secularly growing solutions.
To avoid this issue, Refs. [76, 77] developed the EVP method, following the Poincaré-
Lindstedt method of solving the secular perturbation problem, by introducing an
additional expansion in the QNM frequency to cancel off secularly growing terms.

More specifically, consider a system in the form of

0,0 0,

SHIOO ROV =0, (5.76a)
0,0) p(1,1) _ (1,0) p(0,1)

(HOO RILD g (10) RO (5.76b)
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where (H 5(2’0) is the radial Teukolsky operator for a spin-s field in GR, and 5%2,0)
is some differential operator containing up to first derivative in ». One can expand
the QNM frequency wy,, associated with th(,gl’l) and sRl(,lln’l) as
Win = gy + LWy, +0()
0,0,0 0,1,0 1,0,0 1,1,0
= (‘”gm ) +m)(a)§m )) + (a)( ) +m)(w§,m )) +O(2% %), (577

tm

where we include an additional expansion in y in the second line, considering the
slow-rotation approximation used in [71] and this work. Since H 5(2’0) depends on

wems EQ. (5.76) expands to

(0,00 (L,1) (1,0 (0,0) 0,1) _ (1,0) 5(0,1)
“me SR{’m +w€m a“) (sq_{fm )th’m _s%m stm ’ (578)

where all the operators are evaluated at the GR QNM frequency wég;o). The second
term on the left-hand side of Eq. (5.78) comes from the expansion of wg, in

Eq. (5.76a).

The key step in the EVP method is to construct an inner product such that the
Teukolsky operator in GR is self-adjoint, i.e.,

(e107)

H 2} = (HL 1 (0] 2(1) (5.79)

where ¢ () are radial functions with the same asymptotic behavior as the radial
Teukolsky function of spin weight s in GR. This inner product can be defined as a

contour integral over complex r [76, 77],

(1()le2(r)) = /% A (r)e1(r)ea(r)dr, (5.80)

where the contour € is around the positive imaginary axis at the outer horizon r,. In
our case, since . = 2M up to O(y), we parametrize the contour as

2 2
M .(§__4

rg(f):2M+m+t M

M) s f € [_'frnaXaé:max] (581)

such that r(+&max) are the right and left ends of the contour, respectively. In Fig. 5.1,
we plot the contour for énax = 10M. Now conducting an inner product of sRé?,;l)
with Eq. (5.78) and using Eqgs. (5.76a) and (5.79), we get the first term in Eq. (5.78)

to vanish, i.e.,

(orE"

(0,00 p(1,1)\ _ (0,0) (0,1)
HEO ROV = ((HOO R

RODY =0 (5.82)
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Thus, the QNM frequency shift w(l’o) satisfies

i = (700 [ (o, (H")) . (5.83)
where we use a simplified notation
(0) = (R |0 RED) . (5.84)

(0,0)

Notice, all the terms within the inner product are evaluated at w,,’

For beyond-GR theories, although one generally has a coupled system of (¢, +m)
modes or even- and odd-parity modes, Refs. [62, 66, 67, 75] showed how to reduce
the system to a two-dimensional eigenvalue problem, so one can still apply the EVP
method in [76, 77]. Nonetheless, up to O (¢ 1 ¥, 61) in dCS, the modified Teukolsky
equation is invariant under % transformation, as shown in Sec. 5.4, so the equations
for the (¢, m) and (¢, —m) modes contain the same information. Thus, we can simply
apply the one-dimensional EVP method to Egs. (5.69) and (5.73) and get

o (2[00 o) = (0 - o))

wO,fm = <(9 ng> s (585&)
(-2r° (@t + @ + @) = (@4 - @) |)
w0 = — : (5.85b)
’ (OuH,™)
where wg(f;f)) and w; 4 [ O refer to the QNM frequency shifts computed from the

equation of ¥}"" in the IRG [i.e., Eq. (5.69)] and ¥{"") in the ORG [i.e., Eq. (5.73)],
respectively. 7—(5’" and H f’" are the radial Teukolsky operators acting on zRérln’D and
_2Rgn’1) in Egs. (5.69) and (5.73), respectively. Their derivatives in w are

4ir(r = 3M) + 2wepr® — dymM? 4
ApHM = 2ymM 1], (5.86
@’ r—r, Tami\iern T (>-862)
—4ir(r = 3M) + 2wemr> — 4ymM?
ApH™ = 2ymM 1] . (5.86b
T r—r, ramM\ st 9860

For non-rotating BHs in dCS gravity (i.e., x = 0), Eq. (5.85) reduces to

"2 [ Atm — Alm il
+(1,0) _ < 2r (A1 FA )D€m>

o < 4ir(r = 3M) + 200753 | [(r = 1,)) ’ o
i(g;O) - <_2r6 (Q?fm N if::) D€m> (5.87b)
< _—4ir(r -3M) + 2w, r3] /(r - ’"s)>

In the next subsection, we will evaluate Eq. (5.87) for non-rotating BHs in dCS

gravity.
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5.5.2 The QNMs of non-rotating BHs in dCS gravity

In this subsection, we evaluate the QNM frequency shifts for a non-rotating BH
in dCS gravity using the EVP approach discussed in Sec. 5.5.1. As discussed in
Sec. 5.4.2, to evaluate the source terms associated with Af’” or fo’" in Eq. (5.87),
one needs to first invert or solve the scalar field equation in Eq. (5.31a) or (5.33a)
first. For non-rotating BHs in the IRG, Eq. (5.31a) becomes

2 CL)? I’3 r
r(r—rg)0f +rdy + —— — — — 0Apn | Opm (1)
r—ry r
2i m m
= -5 (=) (8170 + 88" ()6 ) 2R ). (5.88)

where the radial functions gfm (r) and ggm(r) are

1
{m 3
= - 3VJAM
g1 (r) t A\rrd(r —ry)?

+2M (9iwfmr + 240+ 10) o 24M2] ,

[(ch)gmr2 — 8iwgmr — 0 —(- 4) r?

3iwgmr2 +r—-3M

tm _
gt (r) = = 3yAM N

Ae=(+2)(C+1)0(L-1), (5.89)

b

and C; is a complex constant in the Teukolsky-Starobinsky identity [41, 86, 87],

(D) 2RV (r) = Co 2R (1) (5.90a)
A (D},)* [A2R0D ()] = Ca 2R ). (5.90b)

The complex constants C, and C_; satisfy C,C—, = €, with € being the Teukolsky-
Starobinsky constant in Eq. (5.18). Here, we have used Eq. (5.90) to reduce Eq. (5.16)

to

N 2
2R (r) = —a_zRES;”(r), (5.91a)

N 32
2 Rem(r) = C—zzR{(}?,;l)(l”), (5.91b)

so we can replace the radial functions iz]égm(r) of the Hertz potential with the
radial functions ¢2Ré?'1’1)(r) of W4 or Wy, respectively. Fixing the normalization
of iZRt(’Sil) (r), one can also set C_, = C>. In contrast, the Teukolsky-Starobinsky

constant € is normalization independent.

In this work, we compute the radial Teukolsly functions izRéﬁ;I)(r) using the

Leaver’s method in [38] and evaluate the coeflicients C., directly. Specifically, we
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use the radial Teukolsky equations to reduce the maximum number of derivatives
in Eq. (5.90) to one, apply the simplified operators on izRé&’I) (r), and evaluate
the ratio between the resulting wave functions and ¢2R221’1) along the contour € in
Eq. (5.81) (or Fig. 5.1). We find that this ratio is rather stable until very large |£]|,
corresponding to r with a large imaginary part. In this case, we simply use the ratio
at r(¢ =0) =2(1 — 2i)M as the value of Cs,.

Using the Chandrasekhar transformation in [90], we can also transform the radial
Teukolsky functions J_,th(,S;I) (r) to the RW function Zég;l) (r),i.e.,

2 .
2ROY = fio(r) [Vz(r) + (72(’” ~3M) ¥ Zzwem) Ai] Zy (),

L [EE+1) 6M
Vz(”)—(l—7)( 3 _r_3)’
AV =PAR0), fa)=r, A= T i, (5.92)

where r* is the tortoise coordinate, i.e., dr*/dr = (r*> + a®)/A(r), and Vz(r) is
determined by the potential in the RW equation. We can then directly compare
Eq. (5.88) to the results in [46, 47, 57]. Under the transformation in Eq. (5.92),
Eq. (5.88) becomes

2 .3 ; 3
r 3ivA M
r(r = )07 4 sl + = 2= 0| Om(r) = == =522, (1),

(5.93)

where we assume C_, = C». Equation (5.93) is consistent with the result in
[91] up to an overall constant, which can be compensated when evaluating the
modified Teukolsky equation. We have also tried applying the same Chandrasekhar
transformation in Eq. (5.92) to the modified Teukolsky equations, but the results do
not match the one in [46, 47, 57]. This is not surprising since J_,ZR{(,;;D (r) satisfy the
modified Teukolsky equations in dCS gravity but not the Teukolsky equations in
GR. We first need to extend the Chandrasekhar transformation in Eq. (5.92) to the
dCS case by including more terms, which we will work out in the future. On the
other hand, the source terms in Eq. (5.88) are driven by the GR Teukolsky functions
ith(%l) (r), so we can still apply the Chandrasekhar transformation in GR.

To solve the scalar field from Eq. (5.88), we can use Green’s function. Rewriting the
left-hand side of Eq. (5.88) in the tortoise coordinate r*, we get
2 .3
- ws T
[aﬁ s =0 (L — D A || @ (r)
r

r3 r—ry
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4ir—r, - - i
=& (s 8 SRV, (5.94)

where we have set 174, = —1 since the even-parity modes with 174, = 1 do not couple

to the scalar field. In this case, the solution to Eq. (5.94) along the contour € is
®fm (‘f )
OF (&) [5, OF (1S5 (&) dpr dg' + OF (&) [~ OF (£S5 (&) der dg’
(08, (£)0:0%, (£) - OF, (£)3:0F, (£)) 3¢

b

(5.95)

where f(£) and (&) mean evaluating f(r) atr = rg(€) andr = rg(&’), respectively.
Numerically, we evaluate & = +o0 at & = +&,x, respectively. The function Sg’" (&)
is the source term at the right-hand side of Eq. (5.94). The functions @fm (¢) and
@fm (&) are solutions to the left-hand side of Eq. (5.94) with asymptotic behaviors
OF (& > c0) o e @) and OL (& — —o0) o e7Wen™ () respectively. We
compute @fm (&) and ®§m (¢) by numerically integrating their asymptotic expansion
from & = &nax and € = —&nax along the contour to € = —&nax and € = &npax,
respectively. After getting @, (r) along the contour €, we then plug it back
into Eq. (5.87a). Notice, by solving O, (r), we effectively compute the piece
ng(vf’"zi);m zRé?r;l) of Af’”i);fm ZRE;S;I) [see Eq. (5.55)]. We can then compute the
inner product in Eq. (5.87a) using the solution of @, (r) and ZR{(,?r;l) (r). A similar
calculation can be also done in the ORG for ‘I’il’l) using Eq. (5.87b).

gn’o) for £ = 2, 3 and the overtones n = 0, 1,2

in this work using either the IRG or the ORG, in [92], and in [71], respectively.
Both this work and [92] use the EVP method to compute wglln’o) , while Ref. [92]
uses the RW and ZM equations of dCS gravity in [46—48, 57, 58] instead of the

modified Teukolsky equations here. Ref. [57] also uses the RW and ZM equations
(1.0)
tm

from the horizon and infinity to a middle point and find the frequency to get these

In Table 5.1, we present the results of w

but computes w via the shooting method. They evolve two independent solutions
two evolved solutions to match. We notice that all the results using the EVP method

are consistent with each other, where the relative differences in both the real and
(1,0)

o among these results are < 107 for the fundamental mode

imaginary part of w
n = 0. The relative differences between the IRG results here and the results in [92]
are < 107 for all the modes computed. Since [92] uses the RW and ZM equations,
this indicates that the modified Teukolsky equations found in [71] and this work

are consistent with the RW and ZM equations in [46—48, 57, 58] for a non-rotating
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14 Overtones MTF+EVP (IRG) MTF+EVP (ORG) RW/ZM+EVP RW/ZM-+shooting
n=0 0.030768 +0.015700; 0.030768 + 0.015700; 0.030768 +0.015700; 0.031831 + 0.015916¢
=2 n=1 0.063740 +0.051148; 0.063744 +0.051148; 0.063740 + 0.051148i -
n=2 0.146449 +0.101397i  0.146528 + 0.101362i  0.146449 + 0.101398i -
n=0 0.114273 +0.020649;  0.114265 + 0.020648; 0.114273 +0.020649; 0.133690 + 0.025464i
=3 n=1 0.144647 +0.063923i  0.145134 + 0.064434i 0.144647 + 0.063923i -
n=2 0.207858 +0.114091i  0.207176 + 0.109616; 0.207877 + 0.114103i -

Table 5.1: The QNM frequency shifts ' of a non-rotating BH in dCS gravity

{m

for £ = 2,3 and the overtones n = 0, 1,2. Due to spherical symmetry, wé}ln’o) with
the same ¢ but different m are the same. The word “MTF” is an acronym for the
modified Teukolsky formalism. The columns “MTF+EVP (IRG)” and “MTF+EVP
(ORG)” contain the results in this work. The results in the column “RW/ZM+EVP”
use the EVP method to solve for wgn’o) from the RW and ZM equations of dCS
gravity in [46—48, 57, 58], as discussed in detail in [92]. The results in the column
“RW/ZM+shooting” are retrieved from [57] directly, which uses the shooting method
to solve for wgn’o) from the RW and ZM equations. Since Ref. [57] does not calculate

(

520) for overtones, we leave these cells blank.

w

BH in dCS gravity. In our future work, we will prove this consistency analytically
by developing a modified Chandrasekhar transformation to relate the RW and ZM
equations to the modified Teukolsky equations of definite parity.

Furthermore, the results in the IRG and ORG of this work are also consistent, where

the relative differences between the results in these two gauges are < 1% for all the

tm
also observe that the relative differences among different methods increase with the

(
¢

always negative, so the source terms, which are driven by the GR QNMs, decay much

modes except £ = 3, n = 2, which has a relative difference ~ 4% in Im [cu(l’o)]. We

overtone number n. This is probably because Im [a) 2;0)] decreases with n, which is

faster along the contour € for a larger n, resulting in larger numerical inaccuracy.

Finally, comparing our results here to the ones in [57], which only contain the
fundamental mode n = 0, we notice that the relative difference in a)é’lyzo) for £ = 2,
n = 01is < 4%. However, for £ = 3, n = 0, the relative difference is as large as
~ 20%. Since we previously confirmed that our modified Teukolsky equations are
consistent with the RW and ZM equations in [57] for a non-rotating BH in dCS
gravity, this large difference is likely due to numerical inaccuracy in using either
the EVP method or the shooting method to compute the QNM frequencies. As the
amplitude of QNMs diverges at the horizon and infinity but converges to O at the
ends of the contour €, it is more possible that the shooting method used by [57] has

a larger numerical inaccuracy.
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5.5.3 Outlook for computing the QNMs of rotating BHs in dCS gravity

In the previous subsection, we computed the QNM frequency shifts for a non-rotating
BH in dCS gravity. The next natural step is to apply the same procedures to Egs. (5.69)
and (5.73), which are valid up to O (¢, !, €'). In this case, since the source terms in
Egs. (5.69) and (5.73) are not only coupled to the scalar field but also the GR QNMs
directly, the QNM spectrum of both parity will get shifted, as discussed in Sec. 5.5.1
and confirmed in [57, 58]. The calculation for the odd-parity modes follows the same
structure as the non-rotating case, where one needs to solve for the scalar field first.
The calculation for the even-parity modes is even simpler since there is no coupling
to the scalar field, and one can apply the standard EVP method for a single field in
[66, 76, 77]. In addition, besides the gravitational-led QNMs, there are additional
scalar-led modes in dCS gravity due to the coupling to the scalar field [57]. In this
case, one can reverse the procedures for the odd-parity gravitational-led modes by
first solving the modified Teukolsky equations in Egs. (5.69) and (5.73) at the scalar
QNM frequencies. Then, one feeds the solutions as the driving terms to the scalar
field equations in Egs. (5.31a) and (5.33a) and computes the QNM frequency shifts
of the scalar-led modes using the EVP method. Since this is still ongoing work, we
will present the results at O(Z!, x', €!), including the scalar-led QNMs, in the full

paper.

In [71] and this follow-up work, we only considered the case for a slowly rotating
BH in dCS gravity up to O(x'). We did this to demonstrate this new approach in
computing beyond-GR QNMs with the modified Teukolsky formalism so we can
directly compare our results to the ones in [46—48, 57, 58]. Nevertheless, this new
approach, in principle, works for BHs with a general spin in dCS gravity, including
these fast rotating ones, as demonstrated in [67, 70]. Since the source terms of the
modified Teukolsky equations in terms of the NP quantities computed in [71] work
for a general spin, and the background metric of a fast rotating BH in dCS gravity can
be computed with the method in [93], the only challenge is to implement the metric
reconstruction procedures for the full Kerr case. However, the CCK procedures
for metric reconstruction have been widely implemented for the full Kerr case in
different situations [81, 83—-85, 94-96]. Thus, we do not expect metric reconstruction
to be an obstacle preventing us from obtaining the QNMs of fast rotating BHs in

dCS gravity, as we will demonstrate in our follow-up work.



293

5.6 Appendix: Properties of the angular projection coefficients
In this appendix, we show some relations for the angular projection coefficients

(ADGm Allm ADDmy ang (ATGm ATOGM ATAG™Y that will be used to simplify

s182 s 4XsisHc 5152

the equations in Secs. 5.3 and 5.4.

Following [97], let us first show that

AL =mAll (5.96a)
Aats = MAG L, (5.96b)
In [71], we have defined that
NG = /s i dS cos 0 s, Yem s;¥eum » (5.97a)
Afiﬁi’? = /s i ds sinf s Yem s, Ytm » (5.97b)

where dS is the solid angle element, and the integration is over the entire 2-sphere.

Using that
3 3 .
0Y10(0,¢) =+/-—cosB, +1Yi0(6,¢) = £/ c—sind, (5.98)
4r 87

we can write A" and AY" . as

s181€ s1s1xls
PN L AT (5.99a)
sis1c — 3 o siLtm s;£&m 0L10 5 JYa
£fm & _
As1slils = iv ? /2 ds slilyfm S1Y€m +1Y10. (599]3)
S

Using the relation between the spin-weighted spherical harmonics Y, (6, ¢) and

the Wigner rotation matrices D¢, (¢, 6,y) in [98],

—is 26+ 1
Yem (0, p)e™7 = o Dt (4.6,7), (5.100)
we can reduce Eq. (5.99) to
e 2041 77 ~, . 1
ASIS]C = 871'2 0 dy Sz dS D—Slm D_S]m DO()’ (5.1013)
2041 77 _
ttm ¢ ¢ 1
Asisiats =5 5 /o dy /S dS D,z 1,y D=im D10 (5.101b)
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where we have added an additional integral in y and a factor of 1/(2x). This trick
uses that the integrands in Eq. (5.101) do not really depend on 7 since all the factors
of e™” cancel out after using Eq. (5.100). Now, using that [97]

Ty [aspe pu ph - 8T s cbm b
0 Y 2 s3m3z = somy ™~ symyp 1 S1+82,83Y m+my,m3

203 + tymybymy 1516287
(5.102)
where Cgf:n"f s is the Clebsch-Gordan coefficient, we get that
ttm  _ ~tm ~L(=s1)
Aslslc - ClOt’mClO[(lsl) ) (5.103a)
2 _ ¢ £(=s17F1)
A = V2000, CL (5.103b)
Using the relation in [99] that
Ciom = MClogy » (5.104)
we get Eq. (5.96).
Next, let us show that
AL o= =AE (5.105a)
Ai{:?—sl$ls = Aff??ils : (Slosb)
First, using Egs. (5.45) and (5.97), we get
Af‘ff’_’gzc = (=1)%1** ./52 dsS cos8 s, Ye,—m ,Yt,-m » (5.106a)
Af‘ff’_"m = (=1)%1*% ./52 ds sin@S,Yg,_m 52 Ytr—m - (5.106b)

Since the integrands in Eq. (5.106) are real, we can move the complex conjugate of
s Ye,—m 10 5,Ye,_m. Thus, we get

Aljsflzinszc — (_1)S1+A92A§11£22;m , (5.107a)
Aijsflszzs — (_1)““2/\2?2;’" ) (5.107b)

Using Eq. (5.96) with Eq. (5.107), we get Eq. (5.105).

Finally, let us show that

AT = (=1 Al (5.108a)
tolm  _ 124
AL G = (FD)™AGT (5.108b)
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In [71], we have defined that

Afffm = / dS cos 0 s, Y, m 3 ¥em » (5.1092)
52

Afffm = / dS sin@ Vs o ¥em - (5.109b)
52

Using Eq. (5.45), we get

Ai{;lfvzzng = (_1)m+51 /2 as COSHSIYglm SZYKZ’" ’ (5'1108')
N

Aiilgzn; = (_l)mHl _/2 as Singlef’lm SszZm ’ (5.110b)
S

which gives us Eq. (5.108) when comparing Eq. (5.110) to Eq. (5.97).

5.7 Appendix: List of radial operators

In this appendix, we provide the explicit expressions of the radial operators
{Af’”, éf’", Bfm} and { .fom, 93’1.5’", 93’5’”} in terms of the auxiliary radial functions in
[71].

First, the radial operators {Af’”, éf’", éf’"} used in the equation of ‘P(()l’l) in the IRG
[Egs. (5.69) and (5.70)] are defined as
A 1
Al =i (k0 () + K" (1), ) H VO - (k5" () + k5" (1)), (5.111a)
m

i

AL = (k) + K1), 95 v - (k5" () + K" (1),) , (5.111b)

1 = 77em
Alm = (kg'"(r) + kf'g;(r)a,) Hyl v — _iﬁgm (k{'r(r) + kf’;(r)ar) . (5.111¢)
Bim= —i (q’{m(r) +q§m(r)8,) , (5.111d)
Bim= (qgm(r) +qf;m(r)a,) , 5.111e)
By = i (q?”(r) +q§’"(r)8r) , (5.111f)
Bm = —i (c?’f’"(r) +ci§’”(r)8r) : (5.111g)
Bim = —igtn(r), (5.111h)

where H; I'is the Green’s function corresponding to the left-hand side of Eq. (5.31a),
which can be retrieved from Eq. (5.95), and the operator V tm is

Y = oM (1) + gbm ()0, — ixymALEL | gEm(r) + HOm (1) + (gf;'"(r) + hgm(r)) a,] .
(5.112)
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Notice that there is an extra factor of 1/(1 — 7z,) in several terms of Eq. (5.111)
since we have extracted a factor of 1 — 77z, in Eq. (5.54) when defining Af’". The
definition of all the radial functions k™" (r) = k™ (r, w, M), "™ (r) = "™ (r, 0, M),
and c]fm (r) = cjf’" (r,w, M) can be found in [71] and the supplementary Mathematica
notebook [88]. The radial functions gf’"(r) and hf’" (r) follow the redefinition in
Eq. (5.27).

Next, the radial operators {,sz?fm, 9?1.‘7’", 925’1.‘7’”} used in the equation of \I‘fl]’l) in the
ORG [Egs. (5.73) and (5.74)] are defined as

A =i (") +kgm(r)a,) H U™ + () +h§m(r)ar) . (5.113a)

l_ﬁt’m
I

A = (K" () 4B ()0, ) H U = —— (W () + 8" (1)) (5.113b)

1 = 7em
g = (W (r) + 518, ) Hy U - 1_iﬁ€m (K1) +65(03,) . 5.1130)
Btm = —i(q‘{m(r) +q§m(r)ar) , (5.113d)
Rim = —i(qg'"(r) +q§m(r)a,) , (5.113¢)
G = =i () + (1)) (5.113f)
éf’" = —i(ﬁ’f’"(r) +f1§’“(r)6r) , (5.113g)
B = — g (r), (5.113h)

U™ = gl (r) +8" (10, = em A [ (1) + B () + (g () + 5" (r)) 3, |
(5.114)

The definition of all the radial functions hfm (r)= hf’" (r,w, M), qu (r)= qf’” (r,w,M),
and f]fm (r) = ﬁfm(r, w, M) can be found in [71] and the supplementary Mathematica
notebook [88]. The radial functions gf’”(r) and hfm(r) follow the redefinition in
Eq. (5.27).
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Chapter 6

SPECTROSCOPY OF BUMPY BLACK HOLES: NON-ROTATING
CASE

[1] Colin Weller, Dongjun Li, and Yanbei Chen. “Spectroscopy of bumpy BHs:
non-rotating case”. In: (May 2024). arXiv: 2405.20934 [gr-qc].

6.1 Introduction

Recent observations from ground-based laser interferometers [1, 2], pulsar timing
arrays [3], and very-long-baseline interferometry [4] have spawned a new era of
testing general relativity (GR) [5, 6]. While GR has agreed with numerous tests,
modifications may emerge beyond some scale [7—10]. In particular, both GR and the
standard model of particle physics fail to explain the existence of dark matter [11],
the accelerating expansion of the universe [12—14], the present matter-antimatter
asymmetry [15], motivating bottom-up modifications to GR to provide explanation.
At a more fundamental level, GR and quantum mechanics do not reconcile beyond the
Planck scale, which has prompted many to search for a unified theory from the top-
down, such as loop quantum gravity [16, 17], string theory [18], and other quantum
structure programs [19]. Both the bottom-up and top-down efforts have resulted
in a plethora of beyond-GR (bGR) theories, such as scalar-tensor theories [20],
Einstein dilaton Gauss-Bonnet gravity [21-23], Horndeski theory [24], dynamical
Chern-Simons gravity [25, 26], f(R) gravity [27, 28], and higher-derivative gravity
without extra fields [29-31]. Given the breadth of bGR theories, it remains critical

to test their predictions, especially when gravity is strong and highly dynamic.

One avenue that may constrain bGR theories is examining the gravitational wave
(GW) signal of a perturbed, remnant black hole (BH) produced by a binary BH
merger. The GWs emitted in the ringdown phase are characterized by the so-called
quasinormal modes (QNMs) with complex frequencies. The real part of the QNM
frequencies is related to the orbital and precessional frequencies of null geodesics
near the light ring, while the imaginary part encodes the Lyapunov exponent of the
orbit [32-34]. Each QNM can be labeled by three integers, (£, m, n), where £ and m
are angular momentum quantum numbers and n denotes the overtone [35, 36]. In

GR, by detecting these QNMs, one can infer the mass and spin of the remnant BH. In
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bGR theories, these QNMs can carry even more information, such as the length scale
of bGR physics and the possible existence of other non-metric fields. Examining
the correspondence between QNM spectra and fundamental physics around BHs is

generally known as BH spectroscopy [37—40].

Using the linear perturbation theory of a single BH, one can precisely calculate its
QNMs in GR. For Schwarzschild BHs obeying spherical symmetry, one can directly
separate metric perturbations into even- and odd-parity components, which are well
described by the Regge-Wheeler and Zerilli-Moncreif equations [41-43]. These
two equations are one-dimensional Schrodinger-type wave equations in the radial
coordinate and are decoupled from each other. The resulting QNMs can be found by
imposing the gravitational perturbations to be purely outgoing at infinity and purely
ingoing at the horizon [44]. For spinning BHs with only axisymmetry, one cannot
easily decouple perturbations of different metric components, even in linear order,
which makes reducing the Einstein equations into purely radial equations much more
challenging. One alternative approach built on the Newman-Penrose (NP) formalism
[45] was developed by Teukolsky and Press [46—48], which instead focuses on
curvature perturbations represented by perturbations of the Weyl scalars Wy and ¥y.
In this case, one can also find two decoupled ordinary differential equations of ¥
and W, in the radial coordinate. Since then, QNMs in GR have been studied widely
in the literature (see Refs. [39, 49, 50] for reviews). Many semi-analytic [32, 35,
51, 52] and numerical methods [53, 54] have been developed to compute QNMs

accurately within GR.

Importantly, QNMs in GR are governed by the “no-hair” theorem, which requires
that a BH is completely determined by its mass, angular momentum, and electric
charge [55-58]. While it was shown a real scalar field cannot source scalar hair [59],
it is possible to have “hairy” solutions when GR is coupled to other fields and in
modified gravity (e.g., see [60, 61]), which has been tested using GW detections and
QNMs [62].

An equivalent statement of the no-hair theorem can be given in terms of field
multipole moments. Typically, multipole moments describe the expansion of a field
that satisfies a linear differential equation, such as Laplace’s equation. Nonetheless,
Thorne found how to use multipole moments to describe solutions of the Einstein
equations by making a post-Newtonian expansion [63]. Later, Geroch and Hansen
(GH) extended this description to the strong gravity regime [64—66], which is

equivalent to Thorne’s description when the correct approximation is taken [67].
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Similar to the multipoles discovered by Thorne, GH multipoles have two types: mass
moments M; and current moments S;. In particular, for the Kerr geometry, they

satisfy (in geometrized units),
M;+iS; = M(ia)!, a=J/M, (6.1)

where J and M are the angular momentum and mass of a BH, respectively. These
moments were only well-defined for vacuum spacetimes originally, but some recent
work has extended the original definition to include sources [68] and bGR theories
[69, 70]. Additionally, it has been shown that given all the GH multipoles for a
spacetime, the full metric can be reconstructed [71-73].

The intricate connection between a BH’s geometry and its multipole moments led
Thorne to advocate GW signals as a way to examine it [74]. Later, Ryan calculated
the GWs emitted by an extreme mass-ratio inspiral (EMRI) around an axisymmetric
central BH with arbitrary GH multipole moments [75]. Following these previous
endeavors, Refs. [76-78] further developed the program of bumpy BHs, which
deviate from the Kerr geometry by multipole moments (i.e., the “bumps”), and
computed the modifications to EMRI waveforms. However, none of these analyses

calculated the shifts in QNM frequencies due to these additional multipole moments.

On the other hand, there has been a rising interest in performing parametrized
ringdown tests [79]. Most of the previous studies either focus on non-rotating
BHs [80, 81] or make the eikonal approximation for rotating BHs [40, 82-84].
However, recent GW detections indicate that most remnant BHs are fast rotating
[85], while the eikonal approximation only works properly for QNMs with large ¢,
which are subdominant in the ringdown signal and may not even work for certain
bGR theories [40]. Some other efforts consider modifying the potential in the radial
Teukolsky equations directly [86], while the map from the QNM frequency shifts to

the geometric deformations of a BH becomes not transparent.

All these challenges in studying the multipole moments of a BH spacetime and
performing parametrized ringdown tests motivate this work. In this work, we will
apply the modified Teukolsky formalism developed in [87-89] to directly compute
the QNM frequency shifts generated by the multipole moments of the bumpy BHs
considered in [77]. This new approach of doing parametrized ringdown tests works in
general for Kerr BHs with perturbative axisymmetric deviations. It also does not rely
on any eikonal approximation. Furthermore, it allows one to map the deformations

of the BH geometry, described by multipole moments, to the QNM frequency shifts
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directly. Previous works [89-91] have applied the modified Teukolsky formalism to
compute the QNMs in specific bGR theories, while we apply it to this theory-agnostic
ringdown study. To demonstrate our approach, we will focus on the simplest case
of non-rotating bumpy BHs in this work. Although our BHs are non-rotating, the
bumps added to them are axisymmetric [77], so the procedures we implement here

work for the rotating case in principle.

The manuscript is organized as follows. In Sec. 6.2, we introduce the specific model
of bumpy BHs developed in [77], explain their motivation for testing GR, and detail
their derivation. In Sec. 6.3, we review the modified Teukolsky formalism and
implement the Chrzanowski-Cohen-Kegeles (CCK) metric reconstruction procedure
[92-96] to compute all the necessary source terms in the equation. In Sec. 6.4, we
review the eigenvalue perturbation (EVP) method in [88, 97-99] and apply it to
compute the QNM frequency shifts from the modified Teukolsky equation. We then
present the results in Sec. 6.5 and discuss future avenues in Sec. 6.6. For convenience,
we provide a flow chart in Fig. 6.1 to summarize our procedures for computing the
QNM frequency shifts of the bumpy BHs.

6.2 Bumpy BHs
Bumpy BHs were first introduced in [76] as a way to conveniently parametrize
multipole deviations away from the Kerr vacuum. In GR, the no-hair theorem

requires a Kerr solution to satisfy
M; +iS; = M(ia)', (6.2)

where (M), S;) are the mass and current multipoles of the BH, respectively. Thus,

one can form a null experiment of GR by considering deviations of the form
M; +iS; = M(ia)' + 5M; + 55 . (6.3)

In [77], Vingeland and Hughes further extended the results in [76] to rectify the
nonsmooth nature of the bumps and include spinning bumpy BHs. More specifically,

they considerred the Weyl metric [100]
ds? = - di® + W (dp2 + dzz) +e 2 p2dg? (6.4)

where (p, z) are related to the Boyer-Lindquist coordinates (7, 6) by

[ 2M
p=rsinfy/1——, z=(r—M)cosé. (6.5)
r
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‘ st in Eq. (6.19) ‘

S [Eq. (6.20a)], S50 | [Eq. (6.20b)], and 81" ' [Eq. (6.200)]

Quantities at O (¢, €%) Quantities at O (Y, €!)
w0 [Eq. (6.73)1.| | '¥S"" [Egs. (6.32) and (6.38)],
H" [Eq. (6.23)] H"Y [Eq. (6.23)]
Requires Requires

NP quantities at O (¢!, €°): h/g()v,l) [Egs. (6.29),
Egs. (6.76) and (6.78) (6.34), and (6.35)]

NP quantities at O(°, €!):
Ref. [91]

l

Master equation in Eq. (6.48)

EVP

w:'Y [Egs. (6.60) and (6.63)]

Figure 6.1: A flow chart describing the procedures and the main equations used for

computing the QNM frequency shifts w?ﬂ&l) for bumpy BHs.

The terms ¢ and vy are functions of p and z, i.e., ¥ = ¥(p,z) and y = y(p, 2).
Imposing the spacetime to be Ricci flat, one gets three equations for y and ¢:

2 2
_o0W 1oy oY

0= —— , 6.6
dp? pdp 072 (6.62)

dy AN EIAY

D _L12) (%) ] 6.6b

o F (8/9) (az (600

dy oy oY

—=2p——. 6.6

0z pap 0z (6.60)

Since Eq. (6.6a) is simply Laplace’s equation, ¥ can be conveniently chosen as
harmonic functions [77]. Reference [77] further perturbatively solved Eq. (6.6) by
expanding the bumpy BH spacetime around the BHs in GR, e.g.,

v=yo+y1, vilvo <1,
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Y=Y0+7Y1, Yi/yo < 1. (6.7)

For non-rotating BHs, ¢ and yq correspond to the Schwarzschild metric in the Weyl
coordinates with

2

| .
o = Intanh(x/2), vo=—=In (1 L ) , (6.8)
2 sinh” u

where (u, v) are prolate spheroidal coordinates (u, v) and are related to the Weyl

coordinates (p, z) by

p =Msinhusinv, (6.92)
z=Mcoshucosv. (6.9b)

Since /1 is a harmonic function when the spacetime is Ricci flat, it can be decomposed

into multipoles in Weyl coordinates, i.e.,

Y, 0(0
(p.2) = 3 By vt Tt Over) (6.10)
tw (p?+2%) 77

where cos(fwey1) = z/ \/,m, and By, is a dimensionless coupling constant that
parametrizes the magnitude of the bump with multipole {y. We can assume that
By, < 1 for our purposes. Using the coordinate transformation in Eq. (6.5), one
can transform Eq. (6.4) in the Weyl coordinates to the Boyer-Lindquist coordinates
such that

-1
ds* = — (1 - 2—M) dt? + 2172 (l - 2—M) dr?
r r

+ 72271402 4+ 12 sin? 9~ dgp?. (6.11)

To solve for the function y;, we need to use the remaining equations of motion in
Eq. (6.6). Let us focus on {y = 2 as an example, and the procedures for higher {y
are similar. Aty =2, Eq. (6.10) gives

Lw=2 _ B2M3 5 3 COSZ QWeyl -1

i) = ERE (6.12)

which in the Boyer-Lindquist coordinates becomes

_ BM3\/§ 1 3(r — M)?cos* 6
fw=2 2
,0) = — -1, 6.13
vt 6) = —4 ﬂd(r,9)3[ d(r,0)? ©.13)
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where
2 2 2 1/2
d(r,0) = (r —2Mr + M cos 9) . (6.14)

By using Eq. (6.6) and imposing that y; — 0 as r — oo, one obtains

_ M 2
Y (r,0) = Bz\/g [r Clr) +enlr)cov 6 1] :

2 d(r,6)>
ca0(r) =2(r = M)* = 5M?(r — M)? + 3M*,
cn(r) =5M?*(r - M)? = 3M*. (6.15)

Similarly, at £y = 3, one can find [77]

_ BsM* [7 1 [5(r—=M)3cos’0 3(r— M)cos6
v 0 = 2 \ﬁ [(r [cos 03— M cos ]

nd(r,0)* d(r,0)3 d(r,0)
(6.16a)
")
_ B3M5 z c0s 0 [630(1”) + 032(r) cos? 0 + C34(I’) cos* 6 + C36(l’) cos® 9]
2 n d(r,0)’ ’
(6.16b)

c30(r) = =3r(r =2M), cx(r) = 10r(r = 2M) +2M?,
cau(r) = =Tr(r =2M), c36(r) = =2M>.

In this work, we will only focus on the bumps with ¢y = 2,3 and compute the
corresponding QNM frequency shifts. As one can directly check using Egs. (6.12),
(6.15), and (6.16), the bumps at {y = 2 and ¢ = 3 are of even- and odd-parity,
respectively. As we will see later, bumps with different parity will generate QNM
spectra with different characteristic structures. Thus, studying the bumps at {w = 2,3
already allows us to investigate those characteristic features of QNM spectra in the
bumpy BH spacetime, while the procedures for computing the QNM spectra of

bumps with higher ¢y are similar.

6.3 BH Perturbations in the Modified Teukolsky Formalism

In this section, we briefly review the modified Teukolsky formalism in [87] and detail
how to implement it for the bumpy BHs considered in this work. At the end of this
section, we provide the form of the master equations governing the QNMs of these

bumpy BHs with the complete expressions provided in the supplementary notebook
[101].
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6.3.1 The modified Teukolsky equation

To compute the QNM frequency shifts driven by the bumps in [77], we choose to
apply the modified Teukolsky formalism in [87, 91, 99]. Built upon the seminal
work by Teukolsky [46], Ref. [87] has taken an effective field theory extension of the

Teukolsky formalism by using a two-parameter expansion, e.g.,
W, = w00 4 w0 gD 4 peptD (6.17)

where we have taken the Weyl scalars ¥; as an example. The coefficient { is a
dimensionless parameter that parametrizes the strength of the deviation from GR. In
our case, { = By,,, where By, are the amplitudes of the bumps in Eq. (6.10). The
coeflicient € characterizes the magnitude of GW perturbations of certain background
spacetime. In this case, the quantities at O(Z?, €”) are evaluated in some GR BH
spacetimes of Petrov-type-D. For non-rotating BHs considered in this study, the
terms ‘Pl.(o’o) are evaluated in the Schwarzschild spacetime. The terms at O(¢!, €°)
are driven by bGR modifications to the background spacetime. In this work, these
bGR modifications are bumps described by the Weyl multipole potentials (wfw, 7?")
in Sec. 6.2. The terms at O(¢°, €!) correspond to GWs in GR, while the terms at

O(¢!, €') are bGR GWs we are interested in.

Utilizing this expansion, Ref. [87] found a set of decoupled differential equations for
‘P(()l’l) and ‘Pil’l), where

0.0)g(LD) _ (LD, o(11
Hy 'y = Sgee + 8D (6.18)

In this work, we choose to focus on ‘I’(()l’l), and the equations for ‘Pil’l) can be found
in [87]. Here, H(()O’O) is the Teukolsky operator for ¥y in GR [46]. Reference [87]
has divided up the source terms into two categories. The terms in Sg(elc;l) only depend
on the corrections to the background geometry and the GWs in GR, so they are

considered purely “geometrical,” i.e.,

(L) _ o(1,1) (1,1) (L,1)
Sgeo - SO,D + SO,non—D + Sl,non-D ’ (6 19)
with
(L1 _ (1,0) gy (0,1)
SO,D = —H0 \PO , (6.20a)
(L, (0,1) \qy(1,0)
SO,non-D = —HO lPO s (6.20b)
St = glODg0) (6.20c)

1,non-D
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The other set of source terms is directly driven by the effective stress tensor due to

corrections to the Einstein-Hilbert action, i.e.,
(1,1) _ o(0,0) o(1,1) (0,1) o(1,0) (0,0) o(1,1) (0,1) o(1,0)
S =&, 8, T +E,S T =878, T =86,778,, (6.21)
where S are given by
S1= (0-2a-2B+7) Dy — (D —2&—-2p) gy + 20D 9 — 26D — kD,
(6.22a)

Sy = (0 —2B+21) Dy —(D—28+2‘§—,5)(D02—/iq)()0+20'q)11 —2kDqs .
(6.22b)

The terms @, are the NP Ricci scalars, which are projections of the Ricci tensor.

The operators Hy 1, Ep,1 are defined as

Hy=&EF -6 1F)-3¥Y,, H =&6J,-861Jy,

1 =E - —6%, & =Er- —DW,, (©29
¥, ¥,
where ¥, is an NP scalar, and we have also defined
Fi=é-4a+n, F,=A+u-4y,
Ji=D-2¢-4p, Jr=0-28-4r1,
Ei=6-a-38+a—-1, Ex=D-3c+e—p—p. (6.24)

Since the non-rotating bumpy BHs considered in this work are Ricci flat [77], and
we do not consider any modifications to the Einstein-Hilbert action, we drop the

source term SV such that Eq. (6.18) reduces to

0,0)\gy(L,1) _ o(1,1)
HOw ) = Y (6.25)

To derive Eq. (6.18), Ref. [87] has chosen a gauge following Chandrasekhar [102] by

setting
0,1) _ g(0.1) _ (L) _ (L) _
Y=Y =¥""=¥""=0. (6.26)

Similar extensions of the Teukolsky equation have also been developed by [88, 89]
without choosing the gauge in Eq. (6.26) and by [88] via projecting the Einstein
equations following the prescription by Wald in [95]. For a review of all the NP
equations and quantities used in this work as well as the Teukolsky formalism, one
can refer to [45-48, 87, 102, 103]. Before computing the QNMs as solutions of
Eq. (6.25), we must first evaluate the operators H(()O’l) and H fo’l) , which are driven
by the metric of GR GWs.
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6.3.2 Maetric reconstruction

)

To solve for the operators H(()O’1 and H 50,1) at (Y, €'), we must compute all the spin

coefficients and directional derivatives at this order. All these NP quantities depend on
the perturbed metric hfg,’]) in GR, so we need to reconstruct hftov’l) from the perturbed
Weyl scalar ‘P(()O’l), which satisfies the GR Teukolsky equation Héo’o)‘{‘(()o’l) = 0.
There are multiple approaches for metric reconstruction. For example, one can solve
the remaining NP equations systematically after deriving the Teukolsky equation
[102—104]. Another more widely used approach is the CCK or CCK-Ori procedure
[92-96]. The CCK procedure relies on the radiation gauges. Since ¥, characterizes
ingoing gravitational radiations of a perturbed BH, it is more convenient to work

with the ingoing radiation gauge (IRG), where

A = 0D = 0D = gD = 0D =0, (6.27)

) Im — Vln T Ulm mm

It was shown in [105] that this gauge can always be imposed on vacuum Petrov-type-D
spacetimes. In this case, Refs. [92-95] found that the metric perturbation solving the
linearized Einstein equation in vacuum can be expressed as a smooth second-order

differential operator acting on the so-called Hertz potential, Wy,

Wt = = L, 1,(5+a +3B = T)(6 + 4B + 37) — i, (D - p)(D +3p)
+ 1y [(D—p+p)(6+4B+3T)+ (5 —a+3B-n—17)(D+3p)| Pu
+c.c., (6.28)

where we have dropped the order-counting superscripts of terms at O(£?, €%). In
the IRG, Wy satisfies the vacuum Teukolsky equation of p‘4T£O’1) [92-96]. On a
Schwarzschild background, Eq. (6.28) simplifies to

RV = — 1,1,(6 +2B) (8 +4B) — i, (D — p)(D +3p)
+ 1,y [D(S+4B) + (5 +4B)(D +3p)| Pu +c.c.. (6.29)

For convenience, let us define

hGY = 0 Py + Oy Wi . (6.30)
To reconstruct NP quantities at O (¢ 0 €l), we start from the perturbed tetrad at
o’ 0 61). It was found in [103, 106] that in the IRG, one can pick the tetrad at
O(°, €') to be

1 1
OV =0, OV = Zppp mt O = D - Sk (631)
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To compute spin coefficients from Eq. (6.31), we can use the linearized commutation
relations. For Weyl scalars, one can directly evaluate the Riemann tensor and project
it onto the NP basis. A better approach is to use the Ricci identities [ 103, 106], which
express Weyl scalars in terms of derivatives of spin coefficients, so we can reuse the
reconstructed spin coefficients. More detailed procedures and the corresponding
results of the reconstructed NP quantities in GR can be found in [91, 103, 106].
We will directly use these results in [91, 103, 106] and not present them here for

simplicity.

After expressing all the NP quantities in terms of the Hertz potential Wy, the next step
is to calculate Wy from the perturbed Weyl scalar ‘P(()O’l). One approach, developed
by Ori in [96], is using the Teukolsky-Starobinsky identity [48, 107, 108] to invert
the equation expressing ‘P(()O’l) in terms of Wy. Decomposing the (¢, m) mode of
‘P(()O’l) and PV as

WO = R ()2 Yo (6, p)e 0" (6.32)
Prim = 2Rem (r)2Yem (0, p)e " (6.33)
Ref. [96] found that
N 2
2Ren () = = 8(r) (D) | A%(r) 2R, () | (6.34)

where A(r) = r> — 2Mr + y*>M? and

am — (r* + a®)wem . am — (r* + a®)wem
D¢y =0, +1i , D =0.-i
tm r Tl A(r) ‘m r — 1 A(I")

(6.35)

Here, (Y (0, ) = ;S (0)e™? and SRE?,;I) (r) are solutions to the angular and radial

Teukolsky equations, respectively,

+ 5 cos 0)?
(ms—) —2YemScos O+ s +2myep,

d
(sin 9—) - 7§m sin® 6§ —

sin 6 df sin 6
+ s/lfm]ssfm(g) =0, (6368.)
d d\ K?*(r)-2is(r—M)K
A(r)_sa (A(r)”la) + (r) lASE:) )K(r) +4iswepr
- s/lzm]sRE?,;”(r) =0, (6.36b)

where

7€mEXMw€ma s/lmesAfm'i'S"'lsla K(F)E(FZ-F)(ZMZ)wgm—)(Mm,
(6.37)
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with jAg, being the Teukolsky’s angular separation constant [46]. For non-rotating

BHs we are considering in this paper, Eq. (6.36) reduces to

1 d (. d (m + s cos 0)?
de 7] e wa— t=1(l 1) sSem(0) =0,
[sin@d@ (sm d@) Sl 0 +5+( Y+ s+ 1) 5Sem(6)
(6.38a)
s d d wemr (Wemr? = 2is(r — M))
s s+1 % tm tm
[A(r) dr (A(’”) dr)+ YY" + 4iswemr
= (=D s+ DRy, () =0. (6.38b)

The constant € is the Teukolsky-Starobinsky coefficient [48, 89, 90, 96, 107, 108],

2
€ = 14M22, + (8+63Bun + B3, ) — 8 [~8++ B2, (44 ,Bew) | myen

+4 |8 = 24Bum — §B}, + 5B}, +2 (=2 + ;Bw) (4 + 3,Bew) m*| v,

tm

- (8 — 124Bpy + 3382, +4 (=2 + ,Buy) mz) Yim
+2 (42 —22,Byy +3,B +8 (=11 +3,Bp) m* + 8m4) Y

—8m [3ngm +4 (—4 + mz)] ygm +4 (—7 + ¢Bey + 6m2) )/?m - Smyzm + y?m ,
(6.39)

where & = a?

—am/wey and ¢Be,, = Agn + 5. Notice that we have used the
Teukolsky-Starobinsky coefficient found in [89, 90] instead of the original one in

[48, 96, 107, 108], the latter of which was derived for real frequencies.

Finally, since we have chosen the gauge in Eq. (6.26), where ‘P](O’l) = ‘I’éo’]) =0, we
need to perform additional tetrad rotations to remove ‘Pf%’l). The required tetrad
rotations and the transformation of NP quantities under tetrad rotations are provided
in [91]. Using the procedures above, we compute the NP quantities at O (¢?, €!) for
Schwarzschild BHs and evaluate the operators H(()O’l) and H fo’l) in the “geometrical”
source term Sg(elc;l). The results can be found in the supplemental material [101], and

we present the perturbed metric h((l%l) in the NP basis here as an example,

L+ D)2 +€-2) . .
) = Ve )2(r2 )2Rgm (r)oYem (6, p)e " +c.c., (6.40a)
V2 +¢-2
ROV = YT L oM)8, — (2 + iwpr) + 4M]
V2r2(r - 2M)
2Rem (1)1 Yem (6, g)e™ (6.40b)
1 .
h,s,?,;,ll) = m [2(7‘ — ZM)(M - la)gmrz)(?r
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+(r = 2M) (6 + € = 2 + 6iwemr) = 2iwemr (M = iwpmr?)]
2Rim (r)2Yem (6, @) e~ " (6.40¢)

In the next subsection, we will compute the NP quantities at O(¢!, €”) so we can
evaluate the modified Teukolsky equation of ‘I‘(()l’l) in Eq. (6.25).

6.3.3 The modified Teukolsky equation for non-rotating bumpy BHs
To evaluate Eq. (6.25), we also need to compute the NP quantities at O(£°, €°) and
O(¢!, €°). For NP quantities at O(Z°, €°), we evaluate them on the Schwarzschild

background and use the Kinnersely tetrad,

2
[1(0.0) _ (r(ri—zM) 1,0, o) , (6.41a)
1 -2M
2H(0.0) _ (5’ _%’0’ ()) , (6.41b)
1
it (0.0) _ \/_—2 (0,0,1,icscH) , (6.41¢)
r

where all the NP quantities at O (£, €°) can be found in [46, 102]. At O(¢!, €°), let
us first linearize Eq. (6.11) since we assume the dimensionless amplitude By, of

each bump satisfies By, < 1. In this case, Eq. (6.11) becomes

M oM\~
B dxtdx” = = 2y (1 - —) dt* + (2y1 - 2¢1) (1 — —) dr?
r r
+ 722y — 241)d6? — 24 r? sin” Od > . (6.42)

Using Eq. (51) of [87], we find the following tetrad satisfies all the orthogonality

conditions,
00 = (—r i‘glM,wl ~ 71,0, o) , (6.43a)
LA(L0) _ (_%%’ (r - 2M)2£71 - 1/11)’0, 0) ’ (6.43b)
H(1L0) — (0’ 0, wl\/%:/] ’ iCS;;;rlﬂl) . (6.430)

Using this tetrad, we can compute Weyl scalars and spin coefficients at O (!, €).
These quantities are summarized in Appendix 6.7. The differential operator H(()l’o) is

provided in the supplemental material [101].

Now, we have all the ingredients to evaluate the modified Teukolsky equation in

Eq. (6.25). Due to the complication of the full equation, we choose to provide it
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in the supplemental material [101], and we present here the schematic form of the
equation for the convenience of computing the QNM frequencies. First, since all the
terms in Sg(elol) depend on the perturbed metric h 0.1) linearly via ‘P(O D , Hy ©. 1)

Hl(O 1), we can write Séelol) as
Spes) = 21O G (6.44)

where £#V(1.0) i determined by the reconstructed NP quantities found in Sec. 6.3.2
and the modifications of NP quantities due to the bumps. For convenience, we will
drop the superscript for order counting of £#”(19) Using Eqs. (6.28) and (6.34), we

can write (6.44) as
HOOWp(LD = g (0 +0, c) DY, (6.45)

where C is the complex conjugate operator, and 9 is an operator that satisfies
@‘Péo’l) = Wy, which can be determined from Eq. (6.34). Expanding ‘I’(()O’l) and
gD g

0

‘P(O H Z w(o 1)(}’, H)e—iwgmmimgﬁ , (6.46)

lp(l 1 _ Z wél 1) (r, G)e—zwgmtﬂm(ﬁ 6.47)

we get the mode decomposition of Eq. (6.45) to be
Z Hoon |0y (7, 0)] e7iemtvind

= ZPem [zw§0 (r, 9)] Siomting 40, [ 7O, 9)] iGent=im - (6.48)

where Hy ¢y, is the (£, m) mode of the Teukolsky operator Hy for ¥y in GR. P, and

Q¢m are operators depending on the coordinates (r, ) and acting on the Weyl scalar

(0.1)
lIJ0

perturbation in GR. In particular,

Pp = (i“VOAWZA))fm . O = (iﬂvocwf))fm . (6.49)

One may further decompose 2% )(r #) and 21&“ )(r,H) into spin-weighted
spheroidal harmonics

WOV (r,0) = 2ROV (128 (6) (6.502)
WiV (r.6) = 2RV (12S0m(6) (6.50b)
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where SRES;I) (r) and Sy, (0) are radial and angular Teukolsky functions for a spin
s particle in GR, respectively, and they satisfy Eq. (6.36). One thing we notice in
Eq. (6.48) is that the (£, m) and (£{,—m) modes are coupled to each other in the
source terms on the right-hand side, which means we actually need to solve these
two modes jointly. In the next section, we will show how to solve these two modes

jointly and compute the QNM frequency shifts following the prescription in [99].

64 EVP

In this section, we prescribe the procedures to calculate the QNM frequency shifts
due to those bumps using Eq. (6.48). From Eq. (6.48), we notice that the GR QNMs
are resonantly driving the modified Teukolsky equation since the homogeneous
part of Eq. (6.48) is the same as the one in GR, potentially leading to secularly
growing terms. One solution is to perform a multiple-scale analysis [109], which
was employed to study spin-precessing systems and post-Newtonian dynamics in
GR [110-112]. Another solution is the Poincaré-Lindstedt method, which leverages
shifts of the eigenfrequency to cancel off secularly growing terms. In this case,
the shift in the eigenfrequency plays a similar role as the slow timescale in the
multiple-scale analysis. Following a similar idea, Refs. [97, 98] developed the EVP
method by perturbing the QNM frequency in GR, i.e.,

Won = 05 + Lo 6.51)
In GR, the QNM frequencies a)( ) satisfy the following symmetry [35]

W) =-a . (6.52)

f—m
As shown in detail in [99], to solve Eq. (6.48) consistently, one has to assume that

the same symmetry still holds at the bGR level, i.e.,

otV = o (6.53)

Wom = ~We
In this case, all the source terms in Eq. (6.48) are either proportional to e *“¢»’ or
e~'we-mt Since the (¢, m) and (¢, —m) modes are coupled to each other, we need to

solve these two modes jointly by focusing on the linear combination [88, 91, 99],

70.1) _ g(0.1) (0.1)
Poum™ = Yoom +1m¥o s
wilel = Wil g, D (6.54)

The constant 7, is the relative coefficient between the (¢, m) and (¢, —m) modes,

which is well-defined if we fix the normalization of 2‘”4(2221) (r,0) to satisfy

SRipa)(r) = (=)"RZ) (),

fmw {—m—-o
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ssfma)(ﬂ - 9) = (_1)m+€—sS€mw(9) ,
sgé’ma)(g) = (_1)m+s—sS£’—m—d)(9) . (655)

After plugging the ansatz in Eq. (6.54) into the Teukolsky equation of ¥y in GR
[Eq. (6.38)] and the modified Teukolsky equation [Eq. (6.48)], matching the phase

of the terms, and expanding the equations over £, we get

Ho ¢m [W D, 9)] +w( )3 w0, m [29//(0 (r, 9)]

= Pon |20 (1, 0)| + 1w Qe 20,01, 0)] (6.560)
NemHoe-m [zlﬁ( 2, 9)] im0 HOf—m[ o, 9)]
= NonPren |20 (10| + Qe 200, 0)] (6.56b)

where the second term on the left-hand side of Egs. (6.56a) and (6.56b) comes
from expanding w¢, about ¢ [i.e., Eq. (6.51)] in the GR Teukolsky equation

Hotm [21&5,21’1)(1’, 0)] = 0. All the w¢,, and w¢—,, terms in Eq. (6.56) are evaluated
on the GR QNM frequencies a)gi) and a)g(z)m, respectively. Furthermore, following

[99], one can apply a parity-complex conjugate transformation 2,

PrO,¢)=f(n-0,¢+m), (6.57)

on Eq. (6.56b) such that it becomes
(=1)"f7emHo,tm [2% (7 9)] + Tem\ ) 8 Hoom [zlﬁé Dr, 9)]

o .0 (6.58)
= it Prn(x = 0) |20 (r,0)| + On(m — ) |20.%)) (. 0) |

where we have used Eqgs. (6.53), (6.55), and that ﬁHo,g_m = Hom [99]. Notice
that an additional factor of (—1)" is added to Eq. (6.58) due to Pe”? = (—1)"e"?.
Although ¢"¢ does not show up in Eq. (6.56b), it is necessary to keep track of this
factor for self-consistency in the angular part of all the terms.

(1)
tm?

makes the Teukolsky operator in GR self-adjoint, i.e.,

To solve for w one can construct an inner product, following [88, 97, 98], that

(Hoems (r,0)|@(r,0)) = (s(r,0)|Ho,emep(r,0)), (6.59)

where ¢(r,6) and ¢(r,6) are some general functions in (r,6) with the same
asymptotic behaviors as the GR QNMs. As shown in [97, 98], the inner product in

Eq. (6.59) can be defined as an integral along certain contour €, where

(g(r,9)|go(r,9)):‘/%Az(r)dr‘/sin9g(r,9)go(r,9)d0, (6.60)
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and we will show below how to construct a contour € for a bumpy BH. Since
Hotm [ztpé(,g;l) (r, 0)] = 0, if we take the inner product szlﬁg’);l) (r,0) with Egs. (6.56a)
and (6.58) and use the property in Eq. (6.59), we can remove the first term on the
left-hand side of Egs. (6.56a) and (6.58) such that this system of equations becomes

a standard eigenvalue problem

1 (Pem) (-DYQe-mCPY [ 1 _ M 1
<awH0,€m> (_1)€<Q_€m(ﬂ' - H)CP> <P£’—m(7r - 9)> Mem lm Mem ,
(6.61)
where we have defined the shorthand notation
©0) = Wi oyy. (6.62)

The matrix in Eq. (6.61) is the same as the one in Eq. (68) of [99], where one can
directly map Py, and Qg to the (£, m) mode of S¥*O,, and S“V(jw, respectively.
The additional factor of (—1)¢ in the off-diagonal terms comes from that we choose
to solve the pair of Wy ¢, and ¥y, instead of Wy s, and @T()jm in [99], where
75‘1‘(()3;;) = (=1)"¥ ¢_,,. Nonetheless, this choice and the resulting factor of (—1)¢
will not affect wglln)

where the QNM frequencies are

, as shown below. The solutions to Eq. (6.61) can be found in [99],

1 _
(1) _
w,, = = ww—l_w(<P€m + Po_pp(m - 6)>

N \/ <P,;m — Py(n - 9)>2 + 4<Q5_mé¢’><Q_5m(n - 9)é¢>) . (6.63)

and the coefficients 7., are

—+ (_1)5

Mem = W(<Ff—m(ﬂ —-0) - me>

. \/ <Pgm — Py - 9)>2 + 4<Qg_mé¢’><Q_gm(7r - e)éﬁ)) . (6.64)

Notice, the factor of (—1)¢ in Eq. (6.64) disappears if one solve the pair of ¥ ¢, and
ﬁ\Po’[m instead. As shown in [99], in the special case that nfm = +1, the modified

QNMs ‘I’g ({,1’7’11) are even- and odd-parity modes, respectively.

The contour for the bumpy BH
To evaluate the inner product in Eq. (6.60), we must choose a contour € and impose

correct boundary conditions so that the Teukolsky operator is self-adjoint. The
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Im(r)

Re(r)

w 2M+€

Figure 6.2: The contour & that wraps around the QNM wavefunction branch cut
parallel to the imaginary axis at the horizon r, = 2M. The modified contour €, is
also shown, which extends fromr =2M + etor = 2M + € + ico.

boundary conditions of the QNMs require

0,1 -5 i *
ZRE,”; )(r) ~ r I wem r* — oo,

2R£(7?7;1)(r) - A—Z(r)e—i[wgm—am/(ZMr+)]r* , s —00 ) (665)

Here, r* is the tortoise coordinate, where r* = co and r* = —co correspond to r = co
and r = r4, respectively, with r, being the outer horizon of the Kerr spacetime. For
Schwarzschild BHs, r, = 2M. Since Im(w¢,,) < 0, zRégr;l)(r) diverges at both the
horizon and the real infinity. However, a finite inner product can still be constructed
by considering a contour & in the complex plane and analytically continuing the
radial Teukolsky functions. Consider a contour with endpoints at r = a and r = b in
the complex plane. We need to ensure that the Teukolsky operator is self-adjoint.
Evaluating Eq. (6.59) with Eq. (6.60), one can first carry out the angular integral by
projecting both ¢(r, 8) and ¢(r, 0) to spin-weighted spheroidal harmonics, i.e.,

§(r,0) = > som(r)2Sem(6) (6.66)
{m
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Im (r)

10710

Figure 6.3: The absolute value of (P,,) after the angular integral in Eq. (6.60) is
shown for the (¢, m,n) = (2, 1,0) mode and the £y = 2 Weyl multipole. We use the
convention that M = 1/2 in [35] in this plot.

and similarly for ¢(r, 8). Then one can use the radial Teukolsky operator given by
Eq. (6.36b) and perform the radial integral in Eq. (6.60). After integrating by parts,

one is left with
b
N (1) [8:5em (r)@em (r) = Br@em (1) sem(P)]| - (6.67)

a
If one follows [88, 97, 98] to choose the contour € in Fig. 6.2, which surrounds
the imaginary axis at r,, the boundary terms in Eq. (6.67) vanish, so Eq. (6.59) is
satisfied. It is because we have imposed that ¢/, (r) and ¢, (r) satisfy the same
boundary conditions as 2R£(,31’1)(r), while ZRE,S;I)(r) — Qasr — ry £ € +ico, where

€ < M and € is real.

Although the contour &; works for many cases, it does not really apply to the
modified Teukolsky equations for the bumpy BHs here. The main reason is that
certain NP quantities at O (¢, €?) diverge when Re(r) < 2M due to the distance
function d(r, 6) defined in Eq. (6.14). In this case, the radial integral along the half
of the contour € inside the horizon diverges. To avoid this issue, we consider an
alternative contour %5, which starts from r = 2M + €, where € < M and € is real,

and ends at r = 2M + € + ico, as depicted in Fig. 6.2. To ensure that all the terms in
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Eq. (6.61) are well-behaved along &>, we perform the angular integral in Eq. (6.60)
of the source terms and inspect their absolute value for complex-valued » around 6.

As an example, we show in Fig. 6.3 that (Py,,) is non-singular along 6.

According to Eq. (6.67), to ensure that the Teukolsky operator is still self-adjoint, or
at least that we can remove the first term on the left-hand side of Egs. (6.56a) and
(6.58), we need to impose

(1 1) (0,1)
R r >R r
(r) o (T) 6.68)

(2 R“ 20) 6 (RO 0)

atbothr =2M + € and r = 2M + € +ico. The condition at r = 2M + € + ico is easily

satisfied since the source terms in Eqgs. (6.56a) and (6.58) vanish as r — 2M + € +ioo.
However, the condition at r = 2M + € is not naturally satisfied since the source terms

do not vanish near the horizon, resulting in nonzero zRéSr;l) (r) and 2R§}n’l) (r).

One resolution is to consider the “membrane paradigm” in [113—116]. This formalism
elucidates the physical nature of the BH horizon by modeling it as a fictitious fluid
membrane. The dynamics of the membrane are parametrized by a dissipative
stress-energy tensor that sets the fluid’s velocity, density, pressure, shear viscosity,
and bulk viscosity. For example, it was found for a Schwarzschild BH that it
has bulk viscosity { = —1/16x and shear viscosity n = 1/16x. Altering these
transport coefficients would alter the near horizon geometry and, therefore, modify
the boundary conditions of the resulting QNMs [117, 118]. For example, one can
have some nonzero reflectivity at the membrane, generating GW echos [119]. One
may then deliberately pick some fluid stress tensor such that the spacetime is a
bumpy BH for » > 2M + €, while the spacetime is still a Schwarzschild spacetime
for 2M < r < 2M + €. In this case, we can impose the condition in Eq. (6.68)

at r = 2M + € since th(,rlr;l)

satisfies the same boundary condition of a GR QNM
[i.e., Eq. (6.65)]. In this work, we do not explicitly provide a stress tensor giving
rise to Eq. (6.68) but assume its possible existence. We will strictly derive the
relation between the fluid stress tensor and the boundary condition of the QNMs at
the membrane in our future work. In general, different fluids can result in different
boundary conditions other than Eq. (6.65), for example, a nonzero reflectivity at the
membrane. This nonzero reflectivity can make additional modifications to the QNM
spectrum [119]. Since the boundary condition in Eq. (6.68) is the most natural to

use, we will stick to it for the rest of this work.
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Figure 6.4: The real (left column) and imaginary (right column) parts of the QNM
frequency shifts wzf:) generated by the £y = 2 bump (top row) and £ = 3 bump
(bottom row) are presented. For each frequency, the fundamental mode n = 0 is

shown. For simplicity, we use the same marker for “’25,1) and “)4:;1(11) for each (€, m)
mode.

6.5 Results

Using the contour %, in Sec. 6.4 and Fig. 6.2, we can now compute the QNM
frequency shifts generated by a bumpy BH. The contour &, was chosen by setting
€ =0.2M. All the O(¢°, €') quantities were computed using the Leaver’s method

[35]. The results of the QNM frequency shifts are shown in Fig. 6.4, where both the
+(1)

tm

for both the Weyl bumps ¢y = 2 and ¢y = 3, we plot all the modes (¢, m, n) with

real and imaginary parts of the QNM frequency shifts w, "’ are plotted. Specifically,
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Figure 6.5: The real and imaginary parts of the QNM frequency shifts wzg) for
n=0,¢=mupto =25 for both the £ = 2 (left panel) and £ = 3 (right panel)
Weyl multipole corrections.

¢ =2,3,m >0, and n = 0. The frequencies of the modes with m < 0 can be found
using the relation in Eq. (6.53). The QNM frequency shifts a)‘( ) of any additional

overtones we have calculated are listed in the tables in Appendix 6.8.

In Fig. 6.4, one important feature is that for each (¢, m) mode, the frequency shift is

Z(l) = —a)_(l). In contrast, there are
m tm

two independent shifts for the Weyl bump £ = 2. This is a natural consequence

degenerate for the Weyl bump ¢y = 3, i.e., w

of bumps’ parity. Notice that the metric correction h( in (6.42) for each set of

potentials (wl ,yIW) obeys
PryY = ()R, (6.69)

as one can explicitly check using Egs. (6.12), (6.15), and (6.16) for {y = 2,3. We
can then derive the # transformation of all the NP quantities at O(¢!, €°) following
[99]. In the end, we get that PH (LO) _ = (- I)KWH (1.0) , which implies

<P€m> = (_1)€W<P€—m(7r - 9)> 5
(Qe-mCP) = (-1)™(Qpm(m — O)CP). (6.70)

Using Eq. (6.63), we can derive two salient relations governing the QNM frequency

shifts wi(l) First, for the odd-parity Weyl multipoles, there is an additional symmetry

(1) _ _,y+(D)

of isospectrality breaking, where w,,, m

. Even though we use the notation +
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and — to label the frequency shifts, the resulting wavefunctions do not have definite
parity since i, # +1 [99]. Second, for the even-parity Weyl multipoles, Eq. (6.64)
implies that the resulting wavefunction has definite parity, i.e., 7, = +1[99]. These
features were also observed in [89, 90, 120] when studying the QNM frequency
shifts of higher-derivative gravity for both the parity-preserving and parity-violating
corrections to the Einstein-Hilbert action. In [99] and this work, we more directly
show the origin of these features. Nonetheless, isospectrality is broken for all the

modes we have calculated regardless of the parity of the bumps.

Furthermore, it was first shown in [32] that for a Schwarzschild BH, the real part
of the QNM frequencies is related to the orbital frequencies of null geodesics near
the light ring, while the imaginary part encodes the Lyapunov exponent of the orbit.
Specifically, when m = €, the QNM frequencies w¢,,, have the following eikonal
approximation,

Wemn = (C+1/2)Q — iy (n+1/2), (6.71)

where Q is the Keplerian frequency of a circular null geodesic, and y is the Lyapunov
exponent. For an axisymmetric spacetime without spherical symmetry, one would
naively expect that the real part of w¢y,, for fixed low values of n will depend linearly
on ¢ for modes with the same values of m /¢, which corresponds to the inclination
angle of the orbit the mode is associated with. The imaginary part of wgy,, for
low values of n are expected to stay roughly constant as ¢ increases while fixing
m/{ and n, since these values are related to the Lyapunov exponents of the orbits.
However, as shown in Fig. 6.5, the real part Re(wéjrz) does not depend on ¢ linearly,
which is inconsistent with the prediction in Eq. (6.71). Moreover, the imaginary part
Im(wg,}n)) is not constant for the mode n = 0. These inconsistencies suggest that the
relationship predicted by the eikonal approximation in Eq. (6.71) may need further
exploration for these bumpy BHs and BHs in bGR theories in general.

In general, one may not be able to use observational data to examine the QNM
frequency shifts for each Weyl bump independently. In this case, we need to sum
the contributions to wgn) from bumps with different {y. As we previously discussed,
the bumps with odd ¢y and even ¢y have different parity, so one needs to use the

recombination rule found in [120] in general, i.e.,

+(1) -() +(1) - \?
+w w - w 2
+(1) _ even,lm even,{m even,fm even,fm +(1)
+ + ( Odd’[m) ,  (6.72)

total,ém 2 2
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+(1)

where w, and wi(l)

ven,{m odd,fm
(i.e., even {y) and odd-parity (i.e., odd &) Weyl multipoles, respectively.

are the QNM frequency shifts generated by the even-parity

6.6 Conclusion and Outlook

In this work, we used the modified Teukolsky formalism in [87, 99] to compute
the QNM frequency shifts for a non-rotating BH with axisymmetric deviations
parametrized by Weyl multipoles. Since these bumpy BHs are Ricci flat in the
non-rotating case, and we did not consider any corrections to the Einstein-Hilbert
action, the only term in the modified Teukolsky equation that contributes is Séel(;l),
which only depends on the modifications to the background geometry [i.e., terms at
0(¢', €%)] and the QNMs in GR [i.e., terms at O(Z°, €')]. The terms at O (¢!, €°)
were directly evaluated using the bumpy BH metric found in [77]. To calculate the
0(Z°, €') quantities, we implemented the CCK-Ori metric reconstruction procedure
in the IRG. After obtaining the modified Teukolsky equations, we noticed that
the source terms mix the (¢, m) and (¢, —m) modes, which is one main cause for
isospectrality breaking [99]. Following [88, 99], we solved the (¢, m) and (¢, —m)
modes jointly and used the EVP method in [88, 97, 98] to compute the QNM

frequencies.

We obtained the QNM frequency shifts for the modes £ = 2,3 up to the second
overtone for both the bumps with multipole £y = 2 and {y = 3. Some qualitative
features were found. Our results showed that isospectrality is broken for both the
{w =2 and {w = 3 bumps. Specifically, we noticed that the isospectrality breaking
structure is related to the parity of the bumps. For odd-parity bumps, we found
that the two frequency shifts, due to isospectrality breaking, are opposite to each
other. These features are consistent with the ones discovered by [89, 90, 120] in
higher-derivative gravity. Furthermore, we notice that the eikonal approximation in
GR [32-34] is no longer valid here, so further investigation is needed in these bumpy
BH spacetimes. We suspect this breakdown can be related to the chaotic nature of
photon orbits near bumpy BHs, as found by Refs. [121, 122].

Since we expect to observe the GW ringdown with a much higher signal-to-noise
ratio during the fourth LVK observing run and in the future with third-generation
detectors, such as Einstein Telescope [123] and Cosmic Explorer [124], it is critical
to accurately model the GWs emitted during the ringdown phase not only in GR
but also bGR theories. Our work has made a crucial attempt in this direction by

developing a framework to study the ringdown of a BH spacetime with parametrized
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deviations, which is valid for rotating BHs in general. Through our work, one can

directly connect the multipole structure of a BH spacetime to its QNM spectra.

Our efforts can be extended in several directions. In [77], Hughes and Vigeland also
derived a spinning bumpy BH spacetime. Since the bumps in the non-rotating case
are already axisymmetric, the procedures in this work should naturally extend to
spinning bumpy BHs. One subtlety is that the bumpy spinning BH in [77] is not
Ricci flat, unlike the non-spinning case. This introduces extra source terms driven by
the Ricci tensor and not present in our current implementation. Even though these
source terms decay as r~(“*1) for the Weyl multipole £y, we still need to investigate
whether they significantly contribute to the QNM frequency shifts. Fortunately,
the modified Teukolsky formalism can still deal with these extra source terms, as
demonstrated in [89-91]. Another theory-agnostic approach could instead use the
GH multipole moments, which can parametrize Ricci-flat solutions to the Einstein
equations even for rotating BHs. A potential drawback to this strategy is that one
cannot uniquely describe a non-vacuum spacetime with multipoles [125], limiting
the ability to model more general BH environments [126]. Nonetheless, multipoles
can still be a valuable probe of possible bGR corrections and a clean way to formulate
no-hair tests of GR.

Since isospectrality breaking is likely a common feature in bGR theories [99],
understanding its physical origins and signatures on GW observables is another
important direction. In this work, we have made a direct connection from the
parity of the bumps to the isospectrality breaking structure of the QNMs. Since
the same relations also appeared in higher-derivative gravity [89, 90, 120] and
other parametrized ringdown studies of non-rotating BHs [127], it will be worth to
derive these relations from the parity properties of the action directly following [99].
Furthermore, we should also investigate how these generic isospectrality-breaking
features of QNMs impact GW waveforms. We should study whether we can extract
any characteristic features associated with isospectrality breaking from the waveforms.
These features are potentially useful for testing the class of parity-preserving or

parity-violating theories in a generic way.
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6.7 Appendix: O(¢', €°) quantities
In this section, we list the Weyl scalars and spin coefficients at O(¢', €?). The Weyl

scalars at O(¢', €") are given by

(902‘)/1 + (7‘ - 2M) (2(9, +r8r2) Y1 —COteag‘yl —2(992!//1 +2C0t9(99;l/1

0 2r(r —2M) ’
(6.73)
lP(l’O) _ 27‘(}’ - 2M) (COtQar’yl - Zaraglfll) +2(r+ M)ag‘yl + 4(7‘ - 5M)aglﬂ1
! 4N2r2(r — 2M) ’
(6.74)
—2M)3? (8¥1 — 5y1) — 2(2M +1)d,y1 +4(M + )0,
lI,§1,0):r(r )0y (8¢1 — 5v1) 12(2 +7)0ry1 +4(M +1r)0rY 6.75)
r
r |cot® (20pw1 — 30py1) — 58Fy1 + 207y | +24My) — 24My,
" 1273 ’
(10 _ =2r(r —2M)0, (cot Oy —20g¢1) — 2(r + M)0gy) + 4(5M — r) 0y,
3 8V2r3 ’
(6.76)
(o) (r=2M) [cot83p (y1 = 241) = O5y1 — (r = 2M) (20,y1 + rd}y1) + 205y |
v, = o3 :
r
(6.77)
The spin coefficients at O(¢!, €°) are given by
(10 _ 9ov1 = 2000 (6.78a)
V2(r = 2M)
0,
(1,00 _ 9671
n = —, (6.78b)
2V2r
e = %arm : (6.78¢)
510 _ —rory1 + 2y, ;—r2r8rw1 -2y , (6.78d)
—-2M)o,
200 = _(r=2M)0y1 (6.78¢)
4r
Q10 — cot6(y1 — 1) + ’ (6.786)
2V2r
1
o0 ~5071. (6.782)
—2M i = 20,01) — 2v1 +2
110 = _(r ) [r (07 . 25 Y1) = 2y1 +2¢1] ’ (6.78h)
r
B0 = _cotf (y1 —y1) + dgyn ’ 6.781)

2\/§r



L0 _ _(r=2M) (Gpy1 — 20941)

4\2r2 ’

y(l’o) _ =2My +r(r —=2M)0.¥1 +2Myry

0
T(1,0) _ Y1

2\/§r -

4r2

6.8 Appendix: QNM Frequency Shifts

In this appendix, we explicitly tabulate the QNM frequency shifts w,
the Weyl multipoles £ = 2, 3. All the results in this appendix were calculated using
the modified contour &, in Fig. 6.2. For the even-parity bump ¢y = 2, the top row of

each cell refers to w

-1
to W,

as discussed in Sec. 6.5, we only list w

+
tm

with 1z, = (=1)*!. For the odd-parity bump £y = 3, since w

+(1)
tm °

Table 6.1: £ =2,{y =2
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(6.78j)

(6.78k)

(6.781)

+(1)

m

generated by

M with nem = (—1)¢, while the bottom row of each cell refers

—-(1) _ +(1)
tm = " Wem

H ‘ m=2 m=1 m=0 H
~0 0.5356 + 1.334i | —0.9934 — 0.7472i | —0.8402 — 1.552i
n= 0.4624 +0.5751i | —1.013 — 0.8530: —-0.4508 — 1.709{
_1 —-0.2501 +1.209; | —-0.6474 — 1.133; | —0.08632 — 1.464i
n= 0.5693 + 1.013: —-0.5678 — 1.158; | —0.04923 — 1.735i
n=2 —-0.1020+ 1.114¢ | —-0.3401 — 1.208i 0.03257 — 1.560i
- 0.1645 + 1.208i —-0.3330 - 1.162: 0.08164 — 1.433i
Table 6.2: £ =2,6w =3
m=2 m=1 m=0
n= —1.048 — 0.1024: 0.9566 + 1.485i 1.176 + 1.030:
n= 0.05390 + 0.6246: | —0.3629 — 1.547i | —0.6855 — 1.265i
n= 0.08806 — 0.3659; | —0.1525 —1.440: | —0.3984 — 1.171i
Table 6.3: £ =3,6w =2
H ‘ m=3 ‘ m=2 ‘ m=1 ‘ m=0 H
-0 0.8419+1.011; | —=2.832 —2.520i | 1.108 —0.1184¢ | 2.358 +2.124i
"= 0.7574 +1.047; | —=2.518 — 1.663i | 1.034 — 0.06974i | 2.268 +2.170i
1 0.4823 +1.185{ | —1.862 —3.176i | 1.124 +0.5143; | 1.638 +2.907;
= 0.4446 +1.118; | —2.244 —2.753i | 1.093 +0.4545; | 1.602 + 2.840i
_» 0.3154 +1.023; | —1.323 —2.965i | 0.8396 + 0.6965; | 1.099 + 2.720i
n= 0.2872 +1.043; | —1.562 —2.898i | 0.8119 +0.6996i | 1.072 +2.724i
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Table 6.4: £ =3,6w =3

0.8113+0.2449i | —0.5446 —1.675i | —4.754 —4.637i | 3.775 +2.201i
0.7898 + 0.8195; | —-0.0214 — 1.425i 3.442 +6.196i | 3.341 + 3.550i
0.5539+1.071i | —0.05605 + 0.91517 | 2.324 +6.015i | 2.443 + 3.666i
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Chapter 7

INTERFEROMETER RESPONSE TO GEONTROPIC
FLUCTUATIONS

[1] Dongjun Li, Vincent S. H. Lee, Yanbei Chen, and Kathryn M. Zurek.
“Interferometer response to geontropic fluctuations”. In: Phys. Rev. D 107.2
(2023), p. 024002. por: 10.1103/PhysRevD. 107.024002. arXiv: 2209.
07543 [gr-qc].

7.1 Introduction

Traditional wisdom in effective field theory (EFT) suggests that quantum fluctuations
in the fabric of spacetime should be of the order of ~ [, = \/W ~ 1073 m,
where G, 7, ¢, and [, are the gravitational constant, reduced Planck constant, speed
of light, and Planck length respectively. Fluctuations on such small time and length

scales are experimentally undetectable.

It has, however, been recently argued in multiple different contexts that the length

scale L of the physical system itself may enter into the observable [1-6] (see Ref. [7]

AL\ 1,
()

where AL is the quantum fluctuation of L. For example, in Refs. [1, 4], L is the length

for a summary)

of interferometer arm in flat spacetime. More generally, L can be the size of a causal
diamond in dS, AdS, and flat spacetime [2, 3], where the causal diamond associated
with a volume V consists of points which have the property that all causal curves
going through the point must intersect V' [8, 9]. These works argued that the naive
EFT reasoning is corrected by long-range correlations in the metric fluctuations-such
as are known to occur in holography-which allow the UV fluctuations to accumulate
into the infrared. A physical analogue is Brownian motion (discussed in Ref. [7])
where the interactions occur at very short distances but become observable on long

timescales as the UV effects accumulate.

While the calculations presented in Refs. [1-5] are firmly grounded in standard
theoretical techniques, such as AdS/CFT, they have not yet provided important,

detailed experimental information, such as the power spectral density. This was the


https://doi.org/10.1103/PhysRevD.107.024002
https://arxiv.org/abs/2209.07543
https://arxiv.org/abs/2209.07543
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motivation behind the model of Ref. [4]: to provide a framework that reproduces
important behaviors of the UV-complete theory while also allowing to calculate
detailed signatures in the infrared. In the language of the Brownian motion model,
while the fluctuations arise from local interactions, the observable is only defined
globally. In the language of an interferometer experiment, one cannot measure
spacetime fluctuation within a portion of an interferometer arm length, but must wait
for a photon to complete a round trip before making a measurement of the global

length fluctuation across the entire arm.

In this work, we continue to develop the model proposed in Ref. [4], utilizing a
scalar field coupled to the metric to model the behavior of the spacetime fluctuations
proposed in Refs. [1-5]. We call spacetime fluctuations modeled by the scalar field
“geontropic fluctuations” since they are geometric fluctuations induced by entropic
fluctuations within a finite spatial volume, as we discuss in the next section. In
particular, we propose a model in four dimensions, where the metric appears as a

breathing mode of a sphere controlled by a scalar field ¢:
ds* = —dt* + (1 — ¢)(dr* + r?dQ?) . (7.2)

Since ¢ effectively controls the area of a spherical surface, it is thus proportional to
the entropy of a causal diamond, and may be identified with the dilaton mode studied
in Refs. [3, 5], which induces fluctuations in the spherical entangling surface shown
in Fig. 7.1 and is modeled by the metric in Eq. (7.2). In the model we consider, ¢
is a scalar field whose quantum fluctuations will be characterized by its occupation
number, which we label as oyix. The subscript denotes “pixellon” following the
proposal of Ref. [4], referring to the pixels of spacetime whose fluctuations the
scalar field is modeling. While we do not derive the form of the metric in Eq. (7.2),
we reproduce the angular correlation proposed in Ref. [1], a non-trivial result (not
typical of most metrics) which we take as further evidence that this Ansatz is a
good starting point. In addition, the power spectral density has no pathologies in the

ultraviolet or infrared, another non-trivial result.

In particular, the quantum fluctuations of the scalar, since they couple to the metric,
will give rise to fluctuations in the round-trip time for a photon to traverse from
mirror to mirror in an interferometer, as depicted in Fig. 7.1. Similar to Ref. [4],
our main goal is to compute the gauge invariant interferometer observable arising
from the metric Eq. (7.2), with ¢ being a scalar field having a high occupation

number. In contrast to Ref. [4], which calculated length fluctuations utilizing the
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Feynman-Vernon influence functional in a single interferometer arm, we will use only
linearized gravity and the QFT of a scalar field with a given occupation number. We
will thus be able to extend the previous work in Ref. [4], calculating both the power
spectral density and angular correlations in the interferometer arms in a manifestly
gauge invariant way, checking previous claims made in Ref. [1], as well as making
new predictions. Note that while the model is not yet uniquely derived from first
principles in the ultraviolet (utilizing for example shockwave geometry [6], i.e., the
gravitational field of fast-moving particles with negligible rest mass [10]), we will

argue below that it is nevertheless well-motivated from first principles.

More specifically, we consider an interferometer with two arms of equal length L,
i.e., with spherical symmetry, and separated by angle 6, as depicted in Fig. 7.1. We
assume that the first arm as the reference beam points in the direction ny, and the
second arm as the signal beam points in the direction n,. We will find that the

observable takes the form:
oT (t1,n1)0T (t2,n7) 112, L L
= dry dr
412 412 0 0

where 67 (¢, n) denotes the fluctuation of time delay of light beam sent at time ¢ — L

d3p O-pix(p)
(2ﬂ)3 2(1)([)) T(i”], FZ,P,AX) s

(7.3)

along the direction n, and p = (w,p), Ax = (At, Ax) are four-vectors. The main
object of interest in this paper is ¥ (71, r2, p, Ax), which encapsulates the response

of the interferometer gravitationally coupled to the scalar field ¢.

The rest of the paper is organized around deriving Eq. (7.3). In Sec. 7.2, we review the
pixellon scalar field model, with an occupation number opix motivated in particular
by [4], but also by work demonstrating that the effect of interest is a breathing mode
of the horizon [3, 5]. We then couple this scalar field to the Einstein-Hilbert action
and derive its equation of motion. In Sec. 7.3, we perform a linearized gravity
calculation and derive the observable. In particular, we compute the interferometer
response function ¥ (ry, r2, p, Ax) from our specific model. In Sec. 7.4, we compute
the relevant power spectral density and angular correlation from Eq. (7.3). We then
discuss various existing experimental constraints. Finally, in Sec. 7.5, we conclude.
Throughout the paper we will work in units 7 = ¢ = kg = 1 while keeping the

gravitational constant G = 112,/(871) explicit.
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Mirror 1

Figure 7.1: Setup of the interferometer.

7.2 Scalar Field Quantum Fluctuations in a Causal Diamond

The main goal of this section is to motivate the form of the scalar occupation number,
Opix» that will be coupled to the metric. Our discussion here is mostly based on
Ref. [4], though, as mentioned previously, it is also broadly consistent with the
dilaton model presented in Ref. [3, 5]. We first review the pixellon model developed
in Refs. [1-6] but use the notation in this work, and the rest of this section directly

applies the pixellon model to the specific metric in Eq. (7.2).

The effect of interest, as presented in Refs. [1, 2] is based on fluctuations in the

modular Hamiltonian K
K = / T 4dB” (7.4)
B

where B is some spatial region with a stress tensor 7,,, dB" is the volume element of
B (with dBY pointing in the time direction), and { I‘é is the conformal Killing vector of
the boost symmetry of X, the entangling surface between B and its complement B [2,
8]. One can map B to Rindler space, so X is also a Rindler horizon. In the context
of AdS/CFT, where T}, is the stress tensor of the boundary CFT, both the vacuum
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expectation value and the fluctuations of the modular Hamiltonian are known to obey

an area law in vacuum [2, 11, 12]

_ar?y = AR
(K) = (AK") = G (7.5)

where A(Y) is the area of X. One tempting interpretation of this relation is that
(K) = N counts the number of gravitational bits, or pixels, in the system, which is
further motivated by the fact that the entanglement entropy Sep = (K) is known to
hold in a CFT. The fluctuations of those N bits then satisfy “root-N"’ statistics:

AKI_ 1
® VN "o

where |AK| = \/(AK?) represents the amplitude of the modular fluctuation.

While the precise relation (K) = (AK?) is demonstrated only in the context of
AdS/CFT, one can place a Randall-Sundrum brane in the (5-d) bulk of AdS, inducing
gravity on the (flat 4-d) RS brane, and show that Eq. (7.5) holds on the 4-d brane
[3]. The measuring apparatus can then be placed on the flat 4-d brane. Further,
as shown in [3, 13, 14], gravity is approximately conformal near the horizon. For
an interferometer, the light beams are probing the near-horizon geometry of the
spherical entangling surface ¥ bounding it (shown in Fig. 7.1), so Ref. [3] argued
that the correlator of stress tensor takes the same form as any CFT. Thus, (AK?)
follows Eq. (7.5), i.e.,

dr dr'r v’
@) ~ [ vy
((r=r)?+(y-y)H*
drdr'rv A A
(r—r)6 62 112] ’

~ A (7.7)
where y denotes the transverse directions (corresponding to the coordinates on ),
and G ~ 6% corresponds to a UV cut-off in the theory at a distance scale § ~ [ -
In our case, r — r’ ~ ¢ corresponds to the distance to the (unperturbed) spherical
entangling surface X in our setup shown in Fig. 7.1. A similar relation holds for (K).
More generally, as found in [15], an area law for entanglement entropy does not hold
only for a CFT but also any massless scalar QFT, which also motivates the scalar

model of geontropic fluctuations in [4] and this work.

The idea of Ref. [4] was thus to model the gravitational effects of modular fluctuations
with a massless scalar field, dubbed a “pixellon.” Since pixellons are bosonic scalars,

their creation and annihilation operators (a,a’) satisfy the usual commutation
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relation

[ap..apy| = @6 (B~ p2) (7.8)

We are interested in modeling the impact of the (fluctuating) effective stress tensor in

Eq. (7.13). We will do this by allowing for a non-zero occupation number opix (p),

Tr (ppisctp, p: ) = (203 (1)S (p1 — p2) (7.9)

such that

Tr (ppinlaps ap,}) = 270 [1+2035 (0] 6P (o1 =p2) . (7.10)

The occupation number should be consistent with the modular energy fluctuation,

Eq. (7.6), as we will check explicitly at the end of this section.

The pixellon couples to the metric and sources the stress tensor at second order in

perturbations. In general, we can consider a metric of the form
2
Suv =Muy +€hyy + € Hyy + .., (7.11)

where € is a dimensionless parameter that denotes the order in perturbation theory.

The vacuum Einstein Equation (EE) is, parametrically!,
2 2 (w2 2
Gy = € [V2h],,, + € ([V2H],, - BTu) + .. =0, (7.12)

where the precise form of the equations of motion (e.g., numerical prefactors in the
time and spatial derivatives) will depend on the precise form of the metric that we

consider below, and where the effective stress tensor is given by

1
Tyy ~ z [(Vvi)?],, - (7.13)

At leading order in perturbation theory, the metric perturbation A, satisfies the
vacuum EE having a form
[V?h], =0. (7.14)

3%
However, at second order, the effective stress tensor of 4, will source a non-zero

metric perturbation H,,,, i.e.,

[V?H] , =T, . (7.15)

uv

IThis argument was formulated in private communication with E. Verlinde in the work leading to
Ref. [2].
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One can compute (K) from (7,,), but as shown in [2], (K) does not gravitate
and should be subtracted in the metric equation of motion (similar to a tadpole
diagram in QFT). Thus, the vacuum expectation value of this stress tensor vanishes,
(Ty) = 0, consistent with Eqs. (7.13)-(7.14). In contrast, it is expected to have
nonzero fluctuations (AK?) ~ (TopT,y) # 0, which gravitate and lead to physical
observables.

Although (AK?) is directly related to the vacuum two-point function of H Ly OF
four-point function of #,,, the physical observable can be directly computed from
the two-point function of 4, with a nontrivial density-of-states opix. That is, we are
using the language of linearized gravity in this work, while our result captures the
nonlinearity in Eq. (7.15) and higher orders via oyix. To compute the fluctuations,
we quantize the metric perturbations via the scalar field ¢, which, to second order in
perturbation theory, leads to a nonzero (AK?), as shown at the end of this section.
The major goal of this work is to compute the effects of such quantized metric

perturbations on the interferometer depicted in Fig. 7.1.

More specifically, following Ref. [4], we model these energy fluctuations, in the
volume of spacetime interrogated with an interferometer, with a thermal density
matrix ppix, as shown in Egs. (7.9)-(7.10). The motivation for this choice is based
on formal work [8] showing that the reduced density matrix py of the system V
bounded by a sphere S¢~! or its causal diamond 9 can be mapped to the thermal
density matrix pg of the hyperbolic spacetime R X H 4=1which foliates AdS 4,1, in
the asymptotic limit. A similar argument relating the vacuum state of any QFT in a

causal diamond to a thermal density matrix can be found in [16].

Thus, following [4], we are motivated to define a thermal density matrix ppix of

pixellons using the definition in [17],
1 d3p T
Ppix = Z exp -8 W(€p — Wapap | (7.16)
1
Z-= l:l m ) (7.17)

where €, is the energy of pixellons with momentum p, and y is the chemical potential

counting background degrees of freedom associated with (K) [4].

Furthermore, as in Ref. [4], we identify the energy per degree-of-freedom as

AK
Blep— 1) = Buo(p) ~ % . (7.18)
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In four dimensions, according to Eq. (7.5),

AK] 11,

Ky YN L’

suggesting that the energy fluctuation per degree-of-freedom is set by a ratio of UV

(7.19)

and IR length scales. Since b« 1, we approximate the occupation number o (p) by

L
1 1
o P) = T~ o) (7.20)
More specifically, we identify the IR length scale 1/L ~ w(p), so we take
a
O-pix(p) = lpw—(p) > (7.21)

where a is the dimensionless number to be measured in an experiment, or fixed
in a UV-complete theory. Here a = 1/(2n) corresponds to an inverse temperature

B =2rlp, giving a result most closely mirroring Refs. [1, 2, 4] in amplitude.

Note that o7ix (p) is not Lorentz invariant, but this is to be expected because the
measurement of interest via a causal diamond picks out a frame. This is also not
contradictory to our statement that we have computed a gauge invariant observable.
It is because Lorentz transformations of opix(p) are global transformations of
background Minkowski spacetime. After the interferometer picks a frame, the
interferometer response is independent of how we describe metric perturbations,
1.e., independent of local coordinate transformations at scale of metric perturbations,

which is what gauge invariance usually means in linearized gravity.

We now apply this pixellon model to the metric in Eq. (7.2) and derive the dispersion
relation of ¢. We start from the linearized Einstein Hilbert action or Fierz-Pauli

action [18]

1
Skp = 5 /d4x V=8 h,uv (G#V[huv] - KT#V)
K

1
T / d*x =g Iy (7O — OB (7.22)
K
— 2VAV R+ 2V, VAR — 2kTH) + O(RY),
where k = 8nG. The Fierz-Pauli action can be derived by expanding the full metric
guv about the Minkowski metric 17, guv = 1y +hy,, and keeping the terms quadratic
in h,, in the Einstein Hilbert action [18, 19]. Here, h,, is the metric perturbation

associated with the pixellon ¢. The terms linear in £, are discarded because they

can be written as a total derivative [19].
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Instead of a functional of a general 4, Spp in our model is a functional of the metric

in Eq. (7.2) and thus a functional of ¢, so the pixellon’s action Spix[¢] is

Spin[0] = Sep[ A [g]],  hh dxtdx” = dsp (7.23)
which after plugging in Eq. (7.2) becomes
Spix[#] = i / d*x N=g ¢ [V* = 307] ¢ + cLin[ 9],
L] = —hE (g1 T (7.24)

Then the equation of motion (EOM) of ¢ is derived by varying Lix with respect to
o.

(07 - 2v?) ¢ = §_5£;1;[¢] SR % (7.25)

Following the logic of Egs. (7.12)-(7.13), to leading order in ¢, the right-hand side
of Eq. (7.25) vanishes. Although Eq. (7.25) is source-free, one may find that the
effective stress tensor contains linear term in ¢, which is a tadpole due to imposing
the form of metric in Eq. (7.2) and can be subtracted off. Eq. (7.25) also implies that

for the metric in Eq. (7.2), ¢ needs to have the dispersion relation

1
w=cslpl, ¢ = \/; (7.26)

using the expansion ¢ = / (d3p d(p)e "HHPX Ttis clear that ¢ is a sound mode with

2r)3
the sound speed cg = \/g . This sound mode can be related to the hydrodynamical
sound mode in fluid gravity and the butterfly velocity of out-of-time-correlators,
(e.g., see Refs. [20, 21]), which we will explore in our future work. From Eq. (7.24),

we also notice that to canonically normalize ¢, we can define ¢ such that
¢ =kd=1,6. (7.27)

As a consistency check, one can use the metric in Eq. (7.2) and the occupation number
in Eq. (7.21) to confirm that (AK?) has the same scaling in Eq. (7.5). Although
the physical observable is driven by the two-point function of ¢ as we will discuss
in Sec. 7.3, (AK?) is driven by the four-point function of ¢. One can see this by
noting that K* ~ (7},,)? according to Eq. (7.4), while T}, ~ é [(V(b)z]w according
to Eq. (7.13). In Sec. 7.3, we find, utilizing the Ansatz Eq. (7.21) for the density of
states, (¢?) ~ %’ [see Eq. (7.39)]. Thus, if we identify spatial gradients with the IR

length scale 1/L, we obtain (AK?) ~ lL—; ~ %, as expected.
p
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7.3 Time Delay in Pixellon Model

The major goal of this work is to compute an interferometer response to fluctuations
in the pixellon model. Instead of using the Feynman-Vernon influence functional
approach to compute the mirror’s motion, e.g., in [4, 19, 22], we compute the time

delay of a light beam traveling a round trip directly.

In general, for a metric in the form
ds? = —(1 = Hy)dt* + (1 + Ho)dr? + 2H, dtdr + - - - , (7.28)

we need to consider three effects: the shift in the clock rate, mirror motion, and light
propagation. As discussed in detail in Appendix 7.6, the shift in the clock’s rate only
depends on Hj, the mirror motion in the radial direction is affected by Hp ;, and the

light propagation is determined by all three components Hj 1 ».

In Appendix 7.7, we further show that if we take all of these three effects into
consideration and sum up the resulting time delay for both outbound and inbound
light, the total time delay T of a round trip is gauge invariant, so 7 is a physical
quantity to measure. In this section, we compute the shift of 7 due to geontropic
fluctuations and its correlation function using the metric of the pixellon model in
Eq. (7.2). To calculate time delay in a generic metric like Eq. (7.28), one can refer to
Appendix 7.6.

For the metric in Eq. (7.2), the only nonzero component in the ¢ — r sector of the
metric is H;, so we only need to consider light propagation. Then for a light beam
sent at time ¢t — L along the direction n, its total time delay 7' (¢, n) of a round trip is

completely determined by the pixellon field ¢, e.g.,

2
x=(t-L+r,m), x'=(+L~-r,rn). (7.29)

L
T(rm) =20+ / dr [6(x) + ()]
0

We have chosen the start time to be at # — L such that the time coordinate of x and x’

are symmetric about ¢.

Since ¢ satisfies the massless free scalar wave equation with the sound speed ¢y = %
[i.e., Egs. (7.25) and (7.26)], the quantization for ¢(x) should be
d’p 1 . ¢
() =1y [ B (ape” + e ) (7.30)
") @n)3 o) VT P
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where [, is to make ¢(x) canonically normalized, as discussed in Eq. (7.27). Creation
and annihilation operators ap, aIT, satisfy the commutation relation in Eq. (7.8) with

a thermal density matrix ppix defined in Egs. (7.16) and (7.21).

Let us define 67 (¢, n) to be the correction to the total time delay 7'(z,n). We write

the auto-correlation of 67 (z,n) as

ST (t1,1n1)5T (2,
C(Ar.6) = (t1,m1)67T (12, m2) ’
412
At=t—ty, O=cos ' (n; -m), (7.31)

and using Eq. (7.29), we obtain

1 L L
C(AL0) = /0 dry /0 dry(($(a) + $(x)) (p(x2) + 6(x2))),  (7.32)

where (Q) is a shorthand notation for
(0) = Tr(ppinO) . (7.33)

We have assumed that C(At, 6) only depends on At, the difference of the time when
the two beams are sent, and 6, the angular separation of two arms. We will see that

this assumption is true.

Besides the correlation function in Eq. (7.31), a more physical correlation function
is to first subtract the time delay of the first arm 7'(¢, n;) from the time delay of the
second arm 7'(¢, ny), where two beams are sent at the same time ¢, and then correlate

this difference of time delay at different beam-sent time:

_ [T (01,0)T (12,0)
crian = (TOD700),
T(t,0) =T(t,my) —T(t,my) =6T(¢t,mp) — 6T (t,mny), (7.34)
such that
Cq(At,0) =2 [C(A1,0) — C(A1,0)] . (7.35)

Here, we treat the first arm as the reference beam and the second arm as the signal
beam. Since the relation between C(At,0) and Cy(At, ) is directly given by
Eq. (7.35), we will focus on C(At, 8) in our calculations below. To compute C(At, 8)
in Eq. (7.32), we need to first compute the correlation function of ¢. Using Eq. (7.30),
we obtain

d’p

1
(27)3 V2w(p)

P(x) +p(x) =1,

—iwt+ip- T iwt—ip-
2cos [w(L —r)] (ape WP 4+ ape'” sz) .

(7.36)
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Then we have

((¢(x1) + o(x))) (¢(x2) + p(x3)))

_412/ d3P1 / d3P2 1
" @n? ) (27 \fawi(p)wa(p2)
cos [w1(L = r1)] cos [wa(L = r3)] [<aplcﬁ Ve (@b -PIXIAPIX) L o |

P2
(7.37)
since the other

.{.

where we have only kept the term proportional to az,l ap, and ap, ap,

terms are zero.

To evaluate Eq. (7.37), we need to calculate (a;am) and (aplaIu). The former is
given directly by Eq. (7.9), <a£1‘1p2> =Tr (ppixazlam) = (2ﬂ)30'pix(p1)6(3)(p1 -p2).
Using both Eq. (7.9) and the commutation relation in Eq. (7.8), we find the latter to
be

(ap,ab,) = (21)*[1 + o (p1)16 (p1 = p2)

~ (21)3 i (p1)SP (p1 - P2) (7.38)

where we have used opix(p) > 1 at the last line. Then,

((px1) +d(x))) (P(x2) + ¢(x3)))
2 d3p O-pix(p)
PJ (2n)3 2w(p)

cos [w(L —r1)] cos [w(L = rp)] [e AP A 4 c e ],
(7.39)
where we have defined Ax = x| — X». Notice that Eq. (7.37) is a complex function in
general, so we usually need to symmetrize it over X; 2. Due to our approximation in
Eq. (7.38), Eq. (7.39) is a real function, so the one after symmetrization over X 7 is
the same as Eq. (7.39). For simplicity, we will drop the term c.c. and always assume

that a complex conjugate is taken.

Finally, plugging Eq. (7.39) into Eq. (7.32), we obtain

12 L L d3 Opi ( )
- P P Zoi P
C(At,0) = 4L2/0 drl/O dr2/ (27)3 2w(p) (7.40)

cos [w(L —r1)] cos [w(L — ry)]e WAHP-AX

This is our main result, and we will work on applying it to existing interferometer

configurations next.
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7.4 Observational Signatures and Constraints
After plugging opix (p) in Eq. (7.21), Eq. (7.40) is reduced to

CW"’)‘ / "”/ ‘”2/ (2n)3 2<p> (7.41)

cos [w(L —r1)] cos [w(L —rp)]e —iwAI+p-AX

In the next two subsections, we will study the power spectral density and angular

correlation of Eq. (7.41) in more detail.

7.4.1 Power spectral density
We first study the power spectral density implied by Eq. (7.41). Carrying out the
angular part of the momentum integral in Eq. (7.41), we have

Cangy = — 4 /Ld /Ld /md| |
,0) = r r
3272¢212 )y : 0 2 0 P

cos [w(L —r1)] cos [w(L — ry)]e @A / d9 sin 9e'PlIAx|cos?
0

S [ [ [
- r r w
167‘(2C%L2 0 ! 0 2 0

sin [wWD(r1,72,6)/cs] _ionr

wD(ry,12,0) ’
(7.42)

cos [w(L = ry)] cos [w(L = 17)]

where we have defined

D(r1.r2.0) = |AX] = \Jr2 412 = 2rirycos . (7.43)

The additional factor of % in Eq. (7.42) comes from using the dispersion relation
in Eq. (7.26). C7(At,0) is directly given by plugging Eq. (7.42) into Eq. (7.35).
One thing to notice here is that C(0, 0) has a log divergence when integrating w to
infinity. A similar log divergence also shows up in C(0, 0) of [1] [see Eq. (7.57)] if
we sum all the (¢, m) modes without a cutoff in €. Nonetheless, the log divergence
in both cases can be regulated by noticing that there is a natural UV cutoff {;,x in
the number of observable £ modes of Cs(0, ), beyond which light is diffracted
significantly and thus cannot probe these ¢ > i« fluctuations. The UV cutoff £yax
can also be translated to a UV cutoff wpax of frequency, which is usually much
higher than the experimental cutoff wya.x < 10rad GHz of the photodetector 2. Thus,
when showing Cy(At, 6) for Az = 0 in Fig. 7.2, we have imposed a UV cutoff
wmax = 10rad GHz. Since wpx enters into Eq. (7.42) via the combination wmax L,

’This experimental cutoff is gotten from private communication with Lee McCuller.
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Figure 7.2: Equal-time correlation function C4(0, ) [i.e., Eq. (7.34)] of the pixellon
model without IR cutoff in Eq. (7.41) (blue) and with an IR cutoff in Eq. (7.60) (red),

8” L . An UV cutoff wy,x = 10rad GHz and

where both curves are normalized by
arm length L = 5mis used as demonstratlon

we have used an arm length L = 5 m as demonstration. Notice the signal is maximal

when the interferometer arms are back-to-back.
Performing a Fourier transform of C (At, 6) with respect to Az, we obtain the two-sided
power spectral density C(w, 6) to be

C(w,0) = /Oodt e C (1, 6)

sin [wD(r1,r2,0)/cs] (7.44)
d d '
SMZLz/ rl/ T 0D (1,2, 6)

cos [w(L —rp)] cos [w(L —ry)] .

To evaluate the power spectral density of Cy(At,6), we can put Eq. (7.44) into
Eq. (7.35) such that its power spectral density Cy(w, 6) is

Cr(w,0) =2[C(w,0) - C(w, 0)] . (7.45)

In Fig. 7.3, we have plotted Eq. (7.45) over wL for several different separation angles

0 of the interferometer.
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In the limit w — 0, Egs. (7.44) and (7.45) reduce to

- B al, i
C(w,0) = + O(w°L?), (7.46)
8mey
- l
Cor(w,0) = —P_ 2 L2(1 = cos 0) + O(w*L%) . (7.47)
487ncd

N

A major feature of C(w, ) at low frequencies is that it is flat in frequency, corre-
sponding to the spectrum of white noise. This feature is consistent with the “random
walk intuition” of holographic effects in [7], as well as the random walk models in
[23, 24]. On the other hand, although C(w, ) is independent of w at low frequency,
Cr(w, 0) is quadratic in w. It is because, as one can directly observe from Eq. (7.46),
the leading order term of C(w, 6) at low frequency is angle-independent. Thus,
when subtracting the time delay of the first arm from the second arm, this leading
order term cancels out, and the next order term, which is quadratic in w and has a

nontrivial angular dependence, contributes to Cr-(w, ).

In Eqgs. (7.46)-(7.47), there are also additional factors of C—lv from the expansion of
sin [wD(ry, r2, 0)/cg] in Eq. (7.44). Since the leading ordér term in the expansion
of sin [wD(r1,r2,0)/c,] is linear in its argument, it contributes an additional factor
of i to C (w, @) in Eq. (7.46). On the other hand, as we explained above, this
leading order term is angle-independent, so the next order term, which is cubic in its

argument, contributes an additional factor of c% to Cr(w, 6) in Eq. (7.47).

One last observation from Eqs. (7.46)-(7.47) is that both C(w, 8) and C(w, 0) are
o
the 2D Laplacian on the sphere to regulate the angular correlation function as we

regular in low frequency. In [1], an IR regulator at the scale of ~ — was added to
will discuss in Sec. 7.4.2. To perform an analogous calculation and take into account
other IR effects, such as information loss due to soft graviton loss, we will apply the
procedures in this section to the pixellon model with an IR cutoff at the same scale
asin [1] in Sec. 7.4.3.

7.4.2 Angular correlation
We now study the angular correlation implied by Eq. (7.41). It will be convenient to
first decompose Eq. (7.41) into spherical harmonics and spherical Bessel functions.

Using

P =320+ 1)je(lplr)Pe(cos ), 6=p-F, (7.48)
=0
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Figure 7.3: Power spectral density Cy(w, 6) [i.e., Eq. (7.45)] of the pixellon model
without IR cutoff in Eq. (7.44) (left) and with an IR cutoff in Eq. (7.61) (right), where

2
all the curves are normalized by — 8“

and the addition theorem

Pi(p-n

5 Z Yo ()Y (), (7.49)

we obtain

PO =y 16n%if (=) % (Iplrn) e (IpIr2)
t1,my,6,my (7.50)
YO ()Y (B)Y 4 (my) Y 2" (mg)

Using f dQ YOm=(p)yyem (p) = §6%6™™2 we can integrate out all the angular

dependence of p, so

e L2 Z/ drl/ dr2/ dw cos [w(L —ry)] cos [w(L —r)]

Jje(wri/eg) je(wra /)Y (91, 91)Y ™ (92, pp)e ™A |

C(At,0) =

(7.51)
where we have an additional factor of from replacing p with w using Eq. (7.26).

If we define the amplitude of each (¢, m) mode of the integrand to be

—lwAt
9

A (At,w,r1,12) = cos [w(L —ry)] cos [w(L —ra)] je(wri/cs) je(wra/cs)e
(7.52)
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Eq. (7.51) can be more compactly written as

can o) = Z/Ld /Ld /md
,0) = r r w
ancdil2 & do Tl T (7.53)

A (AL, 0, 71, 72) Y (91, 1) Y™ (94, ¢3) .

Let us first look at the equal-time correlator by setting At = 0. The amplitude c¢,,
of each (£, m) mode of C(0, 0) is then given by integrating Az, (0, w, r1,r2) over w
and r » as indicated by Eq. (7.53), i.e.,

= ll / dr / dr / dw A (0 ry,t ) (7 54)
C w , W, N . .
{m ELZ 1 2 tm 1,72

Since these integrals are hard to evaluate analytically, we have plotted the numerical

result in Fig. 7.4. In Fig. 7.4, we have only plotted the modes starting from ¢ = 1
since the ¢ = 0 mode, which is angle-independent, is cancelled out in Cy(At, 6) as

explained in the previous section.

In Fig. 7.4, we have also shown the amplitude of each (¢, m) mode found in Ref. [1].
They argued that the angular part of C(0, 8) should be described by the Green’s
function G(¥1, ¥») of the 2D Laplacian on the sphere with an additional IR regulator

at the scale of L, i.e.,

2’
(_Vlgl +1/LY)G(F, ) = 6P (F1,F)

1
P (¥1,F) = —50(c0s01 = cos 0:)5(¢1 = ¢), (7.55)

where ¥; are coordinates on the sphere of radius L. G(¥, ¥,) is scale invariant if we

extract the overall factor of # by defining #; = %, SO
(=Vi + DG(t1. 1) = 6@ (#1. 1) . (7.56)

After decomposing G(f, f2) into spherical harmonics, one obtains

Yo (9, )Y (92, ¢2)
C(0,6 . 7.57
(0,6) o g‘ e+ +1 (7.57)

Excellent agreement between the pixellon model and the expectation of Ref. [1] is

observed.

As mentioned in Sec. 7.4.1, both C(w, #) and Cy(w, 6) in this work are regular
when w — 0, even without an IR regulator, e.g., Egs. (7.46)-(7.47). However, it will
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still be interesting to study the pixellon model with an IR cutoff due to IR effects
from the physical size of the interferometer. We will consider the case with an IR
cutoff in Sec. 7.4.3, but in this section, we first consider only the model without an
IR cutoff. Thus, when comparing Eq. (7.54) to Ref. [1], we drop the additional 1 in
the denominator of Eq. (7.57), which appears due to the insertion of an IR regulator.
In this case, the amplitude of each (£, m) mode becomes é’(€—1+1)‘ In Fig. 7.4, one
can observe that the angular correlation in this work is very close to the one in [1]
without the IR regulator. Note that one also observes the same angular dependence
in the shockwave geometry (e.g., see Refs. [6, 10, 25, 26]), a connection we would

like to study further in our future work.

One might also be interested in the amplitude ¢, (w) of each (£, m) mode of the
power spectral density C(w, 6). Performing a Fourier transform of C(At,6) in

Eq. (7.53) and thus a Fourier transform of A, (At, w, ry,r) in Eq. (7.52), we obtain

al, /L /L
Com(w) = dr dry A (0, w,r1,12) . 7.58
g()2c§L20 A 2 Arm( 1,72) (7.58)

We have plotted ¢/, (w) starting from ¢ = 1 in Fig. 7.5. A normalization factor of
£(€+ 1) is multiplied to each curve such that each curve represents the relative power

spectra density with respect to the total amplitude cgy,.

To determine an analytical representation of the amplitude of each (¢, m) mode,
one can also look at Ag,;, (0, w, r1, ;) at the end points r; = rp = L. If we integrate
A (0,0, L, L) over w, we find the amplitude of each (£, m) mode at end points to

be
Cy

202¢+1)°
which is the major contribution to ¢y, plotted in Fig. 7.4. Although Eq. (7.59)

L / dw Apm (0, w, L, L) = (7.59)
0

decreases more slowly than Eq. (7.57) over ¢, we have additional suppression due
to, for example, the factors of cos [a)(L - rl,z)] in Eq. (7.52) when integrating
Am (0, w, r1,r2) over w and ry 2, so the total amplitude in Eq. (7.54) is very close to
Eq. (7.57) without the IR regulator.

7.4.3 IR cutoff

In this section, we apply the calculations in the previous two sections to the pixellon
model with an IR cutoff. As discussed above, although both C(w, 6) and Cy(w, 6)
are regular in the IR, we still expect an explicit IR cut-off to enter the calculation

because of the finite size of the interferometer. We will also find that adding an IR
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Figure 7.4: The amplitude of each (£, m) mode of the equal-time correlation function
C(0, 8) decomposed into spherical harmonics. The blue and green lines correspond
to the amplitude in [1] [i.e., Eq. (7.57)] without and with an IR regulator, respectively.
The red and orange lines correspond to cy, [i.e., Eq. (7.54)] of the pixellon model
without IR cutoff in Eq. (7.52) and with an IR cutoff in Eq. (7.64), respectively. We
have normalized the amplitude of each mode by the amplitude of the mode £ = 1.

cut-off gives a better agreement with the angular correlation of Eq. (7.57). For this

reason, we place an IR cutoff at a scale ~ similar to [1], into Eq. (7.41), e.g.,

7

C(At,0) = 3L 2/ drl/ dra / (2m)3 w2(p)+ (7.60)

cos [w(L = r1)] cos [w(L — ry)]e " @AHPAX

Following the same procedure in Sec. 7.4.1, we find that the power spectral density
C‘(w, 0) in Eq. (7.44) is modulated by an additional factor in w and L, i.e.,
2

~ w
Cw,0) > (a)2+ -

2

C(w,0), (7.61)

while C7(w, 0) is still given by Eq. (7.45). C+(0,6) and Cy(w, #) with this IR

cutoff are shown in Figs. 7.2 and 7.3, respectively.
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Figure 7.5: The amplitude ¢, (w) [i.e., Eq. (7.58)] of each (£, m) mode of the power
spectral density C(w, #) decomposed into spherical harmonics. The left and right
panels are for the pixellon model without IR cutoff in Eq. (7.52) and with an IR

cutoff in Eq. (7.64), respectively. We have dropped the overall factor ;é@’ in both
plots and normalized each curve by €(£ + 1).

One major effect of the IR cutoff is that the amplitude of C(w, ) is suppressed at
low frequency due to the modulation factor in Eq. (7.61), as one can directly observe
in Fig. 7.3. For the same reason, the overall amplitude of Cq-(At, 0) in the case with
an IR cutoff is smaller than the one without IR cutoff as depicted in Fig. 7.2. As
frequency increases, the modulation factor goes to 1, so the amplitude of C’(w, 0)
in these two cases becomes nearly identical. In addition, as the separation angle
0 decreases, the difference between these two cases also becomes smaller since
interferometers with smaller 8 are more sensitive to higher ¢ modes, which have

higher characteristic frequency, and thus are less sensitive to the IR cutoff.

One can also determine the suppression factor due to the IR cutoftf as w — 0 by

expanding Eq. (7.61), e.g.,

- al,

C(w,0) = —=w’L> +O0(w'LY), (7.62)
8mcy
. I
Cr(,60) = —L—w*L*(1 - cos 6) + O(w°L?) . (7.63)
48mcy

The IR behaviors of both C(w, 8) and Cr(w, 8) above are very different from the
case without an IR cutoff in Eq. (7.46)-(7.47) due to the additional factor of w?L?
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contributed by the modulation factor in Eq. (7.61). For this reason, one has to be
cautious when constraining our model using detectors with peak sensitivity at low

frequency, such as LIGO, as discussed in Sec. 7.4.4.

For the angular correlation, after decomposing Eq. (7.60) into spherical harmonics,
we find that the amplitudes ¢, and ¢y, (w) of each (¢,m) mode of C(0,#) and
C(w, 0) are given by Egs. (7.54) and (7.58), respectively, but A¢,, (At, w, r1, 1) is
modulated by the same factor in Eq. (7.61), i.e.,

2
e Agm(Al‘, a),l’l,l’z) . (7.64)
W+

A (AL, 0, 11,12) — (
L2

We show both ¢y, and ¢, (w) with the IR cutoff in Figs. 7.4 and 7.5, respectively.

Since the overall amplitude of C(w, 0) is suppressed at low frequency, the amplitude
Cem(w) of different (€, m) modes is also suppressed as shown in Fig. 7.5. In Fig. 7.4,
one can also observe that the amplitude c,, falls off more slowly with ¢ in the case
with an IR cutof since low £ modes are more sensitive to this IR cutoff and hence are
more suppressed. As noted previously, our model with the IR cutoff better agrees
with the results in [1], though one should remain cautious until our model has been
fully mapped to a UV-complete theory.

7.4.4 Existing constraints and future projections

In an effort to detect high frequency gravitational waves and quantum gravity signa-
tures, several laboratory-sized interferometer experiments have been implemented to
accurately detect tiny spacetime perturbations. The constraints from these experi-
ments are often reported as upper limits on the one-sided noise strain W of the
photon round-trip time, obtained by analysing interference patterns. For stationary
signals, the strain is defined as [27, 28]

[Sgln)(f — \/ZZM <AL£T) ALT(O)> e 2mift dr , (7.65)

which has units of Hz~'/2. This is related to Eq. (7.44) by Eq. (7.45), i.e.,

VSi(F) =2Cr (w,6), (7.66)

where w = 27 f and 6 is the angle between the two interferometer arms, which is
taken to be /2 for Holometer, GEO-600 and LIGO, and 7/3 for LISA to account

for its triangular configuration. Here we only focus on two of the three arms of LISA
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as a demonstration. Our power spectrum in Eq. (7.44) can be parameterized more

conventionally by defining

S| ¥

a a, (7.67)

leading to the peak strain /Sy, (fpeak) ~ v2al,/(41) = Va(2.62 x 10723) Hz~'/2 3,
Here @ ~ 1 gives the amplitude of the effect computed in [1, 2], and should be
considered the natural benchmark 4.

We now compare our predicted strain to the experimental constraints from Holome-
ter [27], GEO-600 [29], LIGO [30], and the projected sensitivity from LISA [31].
Since the four interferometers have different arm lengths, the predicted strain from
our models will also differ between these experiments. The result assuming o = 1
with or without the IR cutoft using Eqs. (7.44), (7.45), (7.61), (7.66), and (7.67) is
plotted in Fig. 7.6. Due to the better peak sensitivity of our predicted strain (i.e., at
wL ~ 1 as shown in Fig. 7.3), the tightest experimental limit comes from LIGO and
Holometer measurements, which at 30 significance, are roughly @ < 3 and @ < 0.7
(with IR cutoff), and @ < 0.1 and @ < 0.6 (w/o IR cutoft), respectively. On the other
hand, our model is out of reach for GEO-600 and LISA.

Caltech and Fermilab are commissioning a joint theoretical and experimental initiative
called Gravity from Quantum Entanglement of Space-Time (GQuEST) [32, 33],
dedicated to probing the VZ effect proposed in Ref. [1]. This includes the construction
of a tabletop optical Michelson interferometer with arm-length L = 5 m, with a novel
read-out scheme with single photons rather than the usual interference effect. The
advantage of this scheme is that sensitivity beats the standard quantum limit, with
signal-to-noise ratio increasing linearly with integration time, rather than the usual
square-root dependence. The experiment is projected to be able to constrain @ < 1
after 1000 s of background-free integration time, corresponding to a dark count rate
of 1073 Hz. We expect the constraint on « to tighten linearly with lower dark count

rate and longer integration time.

Some previous works on quantifying spacetime fluctuations (motivated by theories
other than the VZ effect) argued that the predicted strain should not be directly
compared against experimental constraints such as GEO-600 and LIGO [34], since

transitional interferometer experiments often utilize Fabry-Perot cavities (e.g., LIGO

3This is related to the one-sided displacement spectrum by Sz (f) = 2L>C(f), which is peaked
at SL(fpea.k) = alpLz/(Sﬂz)'

4Since a = 1 corresponds to a = ¢2/(2n), the finite propagation speed c; has led us to make a
corrected prescription of 8 =1, /a = an,,/cg in Egs. (7.20) and (7.21).
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Figure 7.6: Strain comparison between model predictions (blue and green) and
experimental / projection constraints (red). The model curves are computed using
Egs. (7.44), (7.45), (7.61), (7.66) and (7.67) assuming « = 1, while the experimental
curves are extracted from Refs. [27, 29-31]. The LIGO data shown here are obtained
by the Livingston detector, but we note that the Hanford detector yields similar
constraints.

uses Fabry-Perot cavities within each arm, where the average light storage equals
to 35.6 light round trips [35]) to boost the signal-to-noise ratio from astrophysical
gravitational waves, while it is unclear whether quantum gravity signals, which
are fundamental to spacetime itself, will benefit from additional light-crossings.
In Appendix 7.8, we show that spacetime fluctuations based on Eq. (7.2) do

accumulate over a Fabry-Perot cavity, thus justifying our direct strain comparison
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with gravitational experiments.

7.5 Conclusions

In this paper we have investigated fluctuations in the time-of-arrival of a photon
in an interferometer, due a scalar field coupled to the metric as in Eq. (7.2) with
an occupation number given by Eq. (7.21). This simple scalar field is designed to
model the behavior of vacuum fluctuations of the modular energy (e.g., Ref. [2])

from shockwave geometries [6].

We showed that the interferometer observable had a power spectral density quadrati-
cally suppressed o w? or oc w*, depending on the IR regulator, at low frequency, and
an angular correlation between the interferometer arms consistent with that proposed

in Ref. [1], as expected from shockwave geometries.

In future work, we plan to more explicitly demonstrate the connection between
shockwave geometries and interferometer observables, completing the bridge between

the model presented here and the UV-complete theory.

7.6 Appendix: Time Delay in General Metric
In this appendix, we derive the time delay of a generic metric in Eq. (7.28). There
are three effects, from the clock rate, the mirror motion, and the light propagation.

Only when summing all three do we obtain the gauge invariant observable.

We start by computing the clock’s rate. Since g;; = —(1 — Hp), to the leading order,
the proper time differs from the coordinate time by

—=1--H). (7.68)

Thus, for a clock with radial position r when there is no metric fluctuation, the

difference 07 between the proper time and the coordinate time from ¢ = ¢; tot = 15 is

1o
o0t(ty,tr,7) = —5/ dt’ Hy(t',r) . (7.69)

13

To account for the mirror’s motion, we consider the geodesic equation of the mirror
0= d’x* L dx® dxP  d*x*
Cdr2 Bdr dr ~ dr2

+ T+ T+ (7.70)

. . . i . 2 .
Since the velocity of the mirror v' <« 1, to the leading order, % ~ —I7,. Using
1

Fgﬁ = z?]/“’(aahﬁv + Qghw - avha/ﬁ), we get

1 1
I}, = Oihyy — Earhzz = 0/H, - §3r7’(o, (7.71)
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so for a mirror at radius r when there is no metric fluctuation, its radial position ry

at coordinate time ¢ is

t t
1
rv(t,r) = / dr’ / dr” [Eaﬂ‘(o(t”,r) -0 H (", r)] . (7.72)
For the light propagation, the geodesic equation of outgoing light is
dro™ 1 1 .
~1+=(Ho+Ho+2H;) =1+ =H", (7.73)
dr 2 2
and for ingoing light,
dr® 1 |
~—-1-=(Ho+Hr —2H;)=-1--H". (7.74)
dr 2 2

In total, the proper time 7°" the light beam takes to reach the mirror is

L+ry(L,L)
T ~ / dr
0+rM(0,O)

1
1+ Eﬂom(r, r)| +67(0,L,0)

L (7.75)
~L+ry(L,L)—ru(0,0)+67(0,L,0) + 3 / dr H*"(r,7) .
0

Similarly, for the ingoing light beam,

. 0+rp(2L.0) 1.
™ z/ dr [—1 - —H"(2L -r,r)
Lrp(L.L) 2

+07(L,2L,0)

1 [k :
~L+ry(L,L)—ru(2L,0)+67(L,2L,0) + 5 / dr H"(2L —r,r).
0
(7.76)
Then the total time delay 7 is given by summing up Eqgs. (7.75) and (7.76), T =
Tout + Tin.

7.7 Appendix: Gauge Invariance of Time Delay

In this appendix, we show that the total time delay T = T°" + T'", where T°" and
T™ are defined in Egs. (7.75) and (7.76), of the light beam traveling a round trip is a
gauge invariant quantity. Since the ¢ — r sector of any metric, e.g., Eq. (7.28), will
only be affected by the gauge transformations of coordinate ¢ or r, we will show that

T is invariant under these two types of gauge transformations.

7.7.1 Gauge transformations of coordinate t
First, let’s consider gauge transformations x* — x* + &#, where only &; # 0, so the

metric becomes

ds? = —(1 = Ho +28,&)dt* + (1 + Ha)dr? + 2(Hy — d,&)dedr +--- . (1.77)
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, % — dr 4 %8@, the difference between the proper time and

Since Ay is modified T
the coordinate time becomes

57’(1‘1, i, r) - 57’(1‘1, i, r) + f;(tz, r) - f,(tl, 7‘) . (7.78)

The geodesics equations of light beam are modified into

A e Lo Z296, - 20,8 | (7.79)
dr 2

W7 1= Y Z20.6 420,¢) (7.80)
dr 2 rotl '

For mirror’s motion, let’s define

or* = ry(L, L) — ry(0,0), (7.81)
or" = rm(L, L) — rm(2L,0) . (7.82)

Since I}, — T}, = 0,0, + 0,0;¢, = T, remains unchanged, éry* — dry}* and

§rix — orit. In total,

L
T — T+ &(L,0) — £(0,0) — / dr (0:&; + 0,:&;) |i=r
0

= TOUt + é:l(L’ 0) - gl(La L) P

(7.83)

L
Tin—)Tin I2L,O - tL,O d 8, [—6t[ t=2L—r
+6/(2L.0) — & >+/0 r (O — B1E) i -

=T~ &(L,0) +&(L, L),
so the total time delay of a round trip 7 — T under the gauge transformation of

coordinate ¢.

7.7.2 Gauge transformations of coordinate r
Next, let’s consider gauge transformations x* — x* + &* with &, # 0 only. The

metric then becomes
ds* = —(1 = Ho)de* + (1 + Ho — 28,&,)dr? + 2(H, — 8:&)dedr +--- . (7.85)

The relation between the proper time and the coordinate time remains unchanged.

The ingoing and outgoing light’s geodesics are modified to be

I L Z 26,6 —20,6) (7.86)
dr ~ 7 rSr tSr) .
dr 1

~ o1 = = (H™ = 20,6, +20,£,) | .
& 2(7{ O& +20,&r) (7.87)
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r r r 2
I}, now becomes I'}, — I, — 07&,, so

51’1(\)/11lt - 5r§/}lt+§r(La L) —fr(0,0), (7.88)
orit — 51t 4 &,(L, L) — &(2L,0) . (7.89)
Then, in total,
L
T — T 4+ £,(L, L) — ,(0,0) — / dr (0y&r + 0i&r) li=r =T, (7.90)
0

L
" - T" +&,(L, L) — &(2L,0) - / dr (0, — 0i&)) liar—r = T™,  (7.91)
0

so T also remains invariant under the gauge transformation of coordinate r. Thus,

we have shown that 7" is a gauge invariant quantity.

7.8 Appendix: Phase Accumulation in Fabry-Perot Cavity
In this appendix, we show that the spacetime fluctuations in Eq. (7.2) accumulate
in a Fabry-Perot cavity, so it is reasonable to compare our predicted strain to the

experiments utilizing Fabry-Perot cavities, such as GEO-600 and LIGO, in Sec. 7.5.

A Fabry-Perot Michelson interferometer can be viewed as a linear device that measures
the differential single-round-trip phase, A® = ®; — ®, between the two arms —
regardless of whether this phase arises from gravitational waves, displacement of
mirrors, or space-time fluctuations. This A® is linearly transferred to the output field
z, with noise N added:

2(f) = M(HAD(f) + N(f) . (7.92)

In particular, M(f) contains the build-up (or suppression) of signal due to the

Fabry-Perot cavity.

We now convert the strain-referred noise spectrum S, published by LIGO to a
spectrum for 7. In obtaining S (below 5 kHz, as shown in Fig. 7.6), LIGO used a
long-wave-length approximation, and assumed that the wave has a + polarization
(stretching along the x and squeezing along the y direction), and propagating along z
— perpendicular to the detector plane (e.g., adopted by Chapter 27.6 of [36]). In this
case, in the Local Lorentz frame of the beam splitter, the first and second mirrors are

going to be displaced by +Lh/2, leading to phase shifts of
@1,2 = ia)()Lh/C (793)

and
AD® =2woLh/c. (7.94)
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In this way, the Ad-referred spectrum is related to Sy published by LIGO via

2wolL
VSao = “’CO VSh. (7.95)

We note that at higher frequencies, and/or for interferometers with longer arms, the

conversion from /£ to ® becomes less trivial. In our case, we have
AD(t) = woloT (¢t,ny) — 6T (t,ny)] = woT (¢,0) . (7.96)
We therefore have VSap = woVSs and thus

VS7 = %L«/S_h : (7.97)

This allows us to straightforwardly relate our observable defined in Eqgs. (7.34) and
(7.45) to the quantity Sy constrained by LIGO. In LIGO, S}, is usually reported as a
one-sided spectrum, so we need another factor of 2 when converting the two-sided

spectrum Cg- in Eq. (7.45) to the one-sided spectrum Sy, i.e.,

Sy = \/E/ (ZTL) - \/2(} (cu,@ - g) (7.98)

which is consistent with the conversion in Eq. (7.66).
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Chapter 8

QUANTUM GRAVITY BACKGROUND IN NEXT-GENERATION
GRAVITATIONAL WAVE DETECTORS

[1] Mathew W. Bub, Yanbei Chen, Yufeng Du, Dongjun Li, Yiwen Zhang,
and Kathryn M. Zurek. “Quantum gravity background in next-generation
gravitational wave detectors”. In: Phys. Rev. D 108.6 (2023), p. 064038. por:
10.1103/PhysRevD. 108.064038. arXiv: 2305.11224 [gr-qc].

8.1 Introduction

Bridging the gap between theory and experiment in the study of quantum gravity
is at the forefront of research in physics. Although the effects of quantum gravity
are ordinarily expected to appear on unobservably small scales of order the Planck
length, [, = \/W ~ 1073* m, recent works [1—7] have shown that this naive
effective field theory (EFT) reasoning may not capture the complete physical picture.
Instead, Refs. [1, 2] showed, using standard holographic techniques, that spacetime
fluctuations accumulate from the UV into the IR to produce an effect that scales with
the size L of the physical system. In particular, in flat spacetime, the trajectories of
photons in an interferometer of length L enclose a finite spacetime region known as a
causal diamond.! The interferometer only probes the finite degrees of freedom inside
the causal diamond, which are entangled with degrees of freedom outside the causal
diamond bounding the interferometer, leading to nonzero entropic fluctuations. The
region of spacetime that can be probed by the interferometer arms, emanating radially
from an origin located at the beamsplitter, is separated by a spherical entangling
surface, i.e., the surface X in Fig. 8.1. The geometric fluctuations induced by entropic
fluctuations within the causal diamond, or “geontropic fluctuations,” manifest as
uncertainty in the arm length of the interferometer, as measured by the photon travel

time, with a variance that scales as
(AL*) ~ I, L. (8.1)

Additionally, these fluctuations exhibit long-range transverse correlations which

enable observation. This result has proven to be theoretically robust, having been

IThe causal diamond 9 of a spatial ball B is defined such that for all points p € D, every timelike
curve passing through p must intersect B [8, 9].
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Mirror 2

Figure 8.1: The spherical entangling surface of an interferometer with arms of equal
length L and separated by angle #. The faint mirrors and light beams indicate that
one can rotate the interferometer about its origin, so the boundary of the spatial
volume that can be probed by such rotations defines the spherical entangling surface
>,

confirmed with several distinct theoretical approaches in Refs. [3—7], such that the
geontropic fluctuations are observed in flat Minkowski, dS, and AdS spacetimes. For

a summary of all of these works, see Ref. [10].

More recently, Ref. [11], building upon the work of Ref. [3], developed a model
of these geontropic fluctuations in terms of bosonic degrees of freedom coupled
to the metric. The model is designed to capture the most prominent features of
the theory developed in Refs. [1, 2, 4—7], while being local and allowing for the
explicit computation of the gauge-invariant interferometer observable. It features
a scalar field ¢, the “pixellon”, a breathing mode corresponding to spacetime
fluctuations of the (spherically symmetric) volume of spacetime under observation.
This model allows for the calculation of the power spectral density (PSD) of geontropic
fluctuations in spherically-symmetric configurations, in particular for traditional
L-shaped interferometers such as LIGO [12] and LISA [13].

Ref. [11] also compared the PSD of the pixellon model to the strain sensitivities of sev-
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eral current and future gravitational wave (GW) detectors, namely LIGO/Virgo [12],
Holometer [14], GEO600 [15], and LISA [13]. These experiments either produced
modest constraints on the pixellon model (in the cases of LIGO and Holometer) or
were not sensitive to the model (in the cases of GEO600 and LISA). There are several

general reasons for this. For large instruments such as LISA, we expect a reduced

signal as the geontropic strain scales parametrically as & = % ~ \/% . On the other
hand, existing terrestrial experiments typically have poorer strain sensitivities near
the relatively high frequency wpeak ~ % at which the pixellon signal achieves its
peak. In this paper, we build upon this previous work and survey the landscape of
next-generation GW detectors, characterizing their sensitivity to geontropic fluctua-
tions as modeled by the pixellon. We also consider these experiments in the context
of the upcoming GQUEST experiment [16], which explicitly seeks to measure the
geontropic signal. Note that in this paper we assume the pixellon is a good physically
equivalent description of the geontropic fluctuations predicted by the VZ effect [1,
2,4-7, 10]. As discussed above, while it has been shown that the pixellon model
reproduces important features of the VZ effect (such as the angular correlations),
the physical equivalence in all aspects of the interferometer observable has not been
shown, and is the subject of ongoing, first-principles calculations. We plan to update
observational signatures as the theoretical modeling captures more aspects of the

first-principles calculations.

With this caveat in mind, the paper is organized as follows. In Sec. 8.2, we briefly
summarize the pixellon model of Refs. [3, 11]. In Sec. 8.3, we review a variety of
proposed GW detectors following Ref. [17], and discuss their potential sensitivity to
the geontropic signal. In Sec. 8.4, we extend the calculation of the pixellon PSD in
Ref. [11] to more general interferometer-like experiments, particularly for those with
geometries other than the traditional L-shape, and for optically-levitated sensors. In
Sec. 8.5, we then apply the results to specific experiments and compare the geontropic
signal to the expected strain sensitivities of these experiments. Finally, in Sec. 8.6,

we collect our results and discuss their implications for the future of GW observation.

In anticipation of our main result, in Fig. 8.2, we plot the predicted pixellon signal
alongside the strain sensitivities of two prominent next-generation GW detectors:
Cosmic Explorer (CE) [18, 19] and the Einstein Telescope (ET) [20]. From these
plots, we find a typical geontropic signal exceeds the strain sensitivities of these
detectors by two orders of magnitude over a wide range of frequencies. As such,

the signal represents a large stochastic background which, if present, would imply
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a reevaluation of the future of GW astronomy. Moreover, we will show that of the
experiments considered in this paper, only CE and ET will have better sensitivity to
the geontropic signal than GQuUEST, which is a nearer-term apparatus than CE and
ET.

Cosmic Explorer
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Figure 8.2: Pixellon strain (dashed and dotted lines) overlaid with the strain sensitivi-
ties for CE [19] and ET [20] (solid lines). For CE, we have included both designs
with arm lengths L = 20 km (orange lines) and L = 40 km (blue lines). The dotted
lines give the pixellon strain from Eq. (8.35) computed without an IR cutoff, and the
dashed lines give the same quantity including the IR cutoff from Eq. (8.28). The
pixellon strain is computed with the benchmark value @ = 1.
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8.2 Pixellon Model

In this section, we review the pixellon model proposed in Refs. [3, 11] to model the
geontropic fluctuations of the spherical entangling surface bounding an interferometer,
which is also a specialization of the dilaton model studied in Refs. [4, 5] to causal
diamonds in 4-d flat spacetime. Before proceeding, we emphasize that while we
expect the pixellon model to reproduce a number of the salient features of the effect
proposed in Refs. [1, 2, 4, 6], the physical equivalence between the model and the
complete theory remains to be shown. Demonstrating this physical equivalence will
be crucial for claiming a decisive test of the VZ effect. More specifically, Ref. [11]
considered a breathing mode of the metric associated with the spacetime volume

probed by the interferometer,
ds* = —dt* + (1 — ¢)(dr* + r2dQ?), (8.2)

where ¢ is a bosonic scalar field,

dp 1

I =r _ -
") @n)? \wlp)

and satisfies the dispersion relation of a sound mode,

d(x) = (apeip'x + age_ip'x) , (8.3)

1
w=cslpl, c¢5= 3 (8.4)

The dispersion relation in Eq. (8.4) and the normalization factor /,, in Eq. (8.3) were
derived from plugging the metric in Eq. (8.2) into the linearized Einstein-Hilbert
action and varying the action with respect to ¢ [11]. The resulting equation, which
gives rise to Eq. (8.4), is not a vacuum linearized Einstein equation but rather
includes an additional constraint due to the form of the metric in Eq. (8.2) and the
corresponding nonlinear field interactions. Although we have used the language of
linearized gravity, the nonlinear interactions are captured by the nonzero occupation
number opix in Eq. (8.12) [11]. The creation and annihilation operators (aIT,, ap)

satisfy the standard commutation relation,
|ap., abu| = @126 (01 - p2) 8.5)

Instead of being a vacuum state, ¢ is thermal with a nontrivial thermal density matrix
Ppix [3, T1]:

1 d?
Ppix = z exp [_ﬁ/ ﬁ(fp - ﬂ)agap > (8.6)
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1
Z = l:[ T (8.7)

where €p is the energy of the pixellon mode of momentum p, and u is the chemical
potential counting the background degrees of freedom. In this case, the pixellon

modes ¢ have an occupation number given by the standard bosonic statistics, i.e.,

Tr (ppixa;glapz) = (zﬂ)30'pix(P1)5(3)(P1 -p2),
1

eBleo—w) _ 17 (8.8)

O'pix(p) =
To further simplify the occupation number o7ix (p), Refs. [3, 11] used that in flat

spacetime, the modular Hamiltonian K inside a causal diamond satisfies [1, 4]

A()

(Ky ~ (AK?) ~ —=
Iy

, (8.9)

and similar results in AdS were found in Refs. [2, 21, 22]. Since the number of

gravitational degrees of freedom N inside the causal diamond is given by
N =(K), (8.10)

the energy fluctuation per degree of freedom is given by [3, 11]

NN
g; ) . Z” (8.11)

B(ep — p) = Bw(p) ~

If one uses Eq. (8.11), identifies w(p) ~ % and expands opix(p) in Eq. (8.8) to

) .1
leading order in -+, one finds

a

—_—, 8.12
L,o(p) (812

Opix (p) =

where a is a dimensionless number, to be fixed by experiment. In Eq. (8.11), 8 ~ [,
corresponds to the local temperature of the near-horizon region probed by the light
beams. Comparing the pixellon model here to Refs. [1-3] and incorporating ¢ as
a sound mode [i.e., Eq. (8.4)], Ref. [11] fixed a = cf/(27r), which corresponds to
B =2nrl,/c2. Defining

S| ¥

[0

a, (8.13)

we obtain the theory-motivated benchmark for detection a ~ 1.

In Ref. [11], the pixellon model was used to compute the auto-correlation function of

length fluctuations of a single Michelson interferometer with length L and separation
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angle 6. It was found that the peak of the signal is at wL ~ 1 with an overall
amplitude \/m ~ \/lp_L Moreover, the angular correlations from the pixellon
model match well with the predictions of Refs. [1, 6] from shockwave geometry.
The peak frequency wpeax ~ % is consistent with both the identification w(p) ~ %
made by Eq. (8.12) and the pixellon mode being a breathing mode controlling
the size of the spherical entangling surface bounding the interferometer. From
this typical frequency and the strain’s amplitude, one can directly see that for a
general detector probing a causal diamond of size L, we need a strain sensitivity
VSi(f) $ Jwpeak(AL2) ~ fl, ~ 1072 Hz"'/2 near the frequency wpeak ~ 1,
where Sj;(f) is the one-sided noise strain defined in Eq. (8.34). Most current
interferometers, especially those aiming for GW detection, do not have such good
strain sensitivity near the free spectral range, which is a higher frequency than is
probed by many interferometers. Thus, we would first like to investigate whether other
types of high-frequency GW detectors, besides the next-generation interferometers,

can potentially detect geontropic signals.

8.3 High-Frequency GW Detectors

This section follows the review in Ref. [17] to investigate a broad class of high-
frequency GW detectors with various operating principles. To understand how the
detection of geontropic fluctuations fits in this landscape, we first discuss the proposed
scientific goals of these high-frequency GW detectors. Most current proposals intend
to probe astrophysical objects in unexplored limits, or test quantum gravity near
highly curved spacetime. In contrast, the effect considered in Refs. [1-7, 10, 11] and
this work fills the gap of examining quantum gravity in flat spacetime. Moreover,
the necessary sensitivity and frequency range are within the same regime as other
science cases, so utilizing these detectors for geontropic signals is natural. In the
second half of this section, we examine these detectors’ suitabilities for measuring
geontropic fluctuations and argue that interferometer-like experiments are the most

optimal.

8.3.1 Sources of high-frequency GWs

Since the successful detection of GWs by the LIGO-Virgo collaboration [23], there
have been continuous efforts to improve the sensitivity of GW detectors at higher
frequencies. One direct motivation for this is to study extreme astrophysical objects
in limits or environments which cannot be reached by current GW detectors. For

example, the merger of sub-solar mass primordial BHs of 10~°—-10~! M, can emit
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GWs with frequencies of 10-10° kHz [17]. For neutron stars (NSs), the remnant hot,
high-density matter after their merger can generate GWs at either ~ 1-4 kHz [24] for
a BH remnant or > 6 kHz [25, 26] for an NS remnant [27]. These high-frequency
GWs provide opportunities to study different phases of matter predicted by quantum
chromodynamics in a high-density finite-temperature environment [28]. At larger
scales, high-frequency GW detectors will assist in learning about GWs emitted
by the thermal plasma of the early universe [29] (1-100 GHz), the stochastic GW
background generated by primordial BHs [30] (10-10'° THz), cosmic strings [31]

(1-10° kHz), and other events at cosmological scales [17].

One vital application of these high-frequency GW detectors is to explore quantum
gravity, the central focus of this work. Standard tests of quantum gravity using
GWs focus on examining the properties of quantum BHs against their classical
counterparts. For example, GW detections have been used to test the no-hair theorem
[32], stating that any classical stationary BH (a solution to the Einstein-Maxwell
equation) is characterized only by its mass, charge, and angular momentum [33].
Still, quantum gravity might dress BHs with hair [34, 35]. The spectrum of GWs
can also serve as a test of the horizon’s existence [36, 37], where quantum gravity
can modify the structure of the near-horizon geometry [38], either drastically via
a “firewall” hiding all quantum effects [39], or smoothly with the quantum effects

extending over some distance around the BH [40].

Unlike these standard tests, the series of works in Refs. [1-7, 10, 11] instead focus
on perturbations of the near-horizon geometry of causal diamonds in flat spacetime
due to quantum gravity, which the pixellon models as an effective description.
As introduced in Secs. 8.1 and 8.2 and shown in detail in Sec. 8.5.1, the length
fluctuations induced by the pixellon in an L-shaped interferometer of length L have
a size of \/{AL2) ~ \/lp_L and a peak frequency at wL ~ 1, corresponding to a PSD
with an amplitude of ~ \/@ . For an interferometer, or, more generally, a causal
diamond with characteristic size L ~ 10 m—10 km, we need a strain sensitivity of
~ 1072 Hz~'/? at the peak frequencies of % ~kHz-MHz, which is within the target
sensitivity of many high-frequency GW detectors. Thus, these high-frequency GW
detectors planned for various purposes can also be used to test quantum gravity in

flat spacetime, which motivates our following investigation.
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8.3.2 Detectors for high-frequency GWs

8.3.2.1 Interferometers

The most natural GW detectors to consider are the next-generation interferometers,
such as CE [18, 19], ET [41], and NEMO [27], for which the pixellon model was
designed to describe the geontropic fluctuations. Although CE and ET are not
usually considered high-frequency detectors but instead broadband detectors, they
can access frequencies of a few kHz, which are near their free spectral range. For
a single interferometer, the causal diamond is naturally defined by the light beams
traveling between the mirrors, with its size equal to the interferometer’s arm length.
Perturbations to the spherical entangling surface bounding the interferometer are
then controlled by the pixellon mode. Although the metric in Eq. (8.2) is not
spherically symmetric due to the nontrivial angular dependence of ¢(x), its spatial
part is conformal to the metric of a 3-ball, adapting to the spherical symmetry of an

interferometer.

The pixellon model and the procedure to compute length fluctuations can be extended
to alternative configurations of Michelson interferometers, such as the triangular
configuration of ET. In Ref. [11], the PSD and the angular correlations of a single
L-shaped interferometer with an arbitrary separation angle were computed. In
Sec. 8.4, we further show that the previous results can be extended to multiple
interferometers if we consistently correlate pixellons in different causal diamonds.
The cross-correlations of different interferometers can then be studied, becoming
a smoking gun signature of geontropic signals. Another advantage of studying
cross-correlations between detectors is that the cross spectrum of a correlated noise
background between different detectors can be detected at a level much lower than

their individual independent noise spectra [42].

One fundamental barrier for an interferometer to reach the high-frequency regime
is the quantum shot noise of lasers (or the high uncertainty of the laser’s phase
quadrature). The most direct solution to this limitation is to increase the laser power
Pam, since the PSD of the quantum noise at high frequencies is proportional to
P;r;/lz [43], which is the approach adopted by NEMO [27]. However, increasing laser
power is technically challenging, with issues such as the parametric instability of
the mirrors’ motion due to energy transfer from the light beams [44] or the thermal

deformation of the mirrors [18, 45].

Besides increasing laser power, one can also inject squeezed vacuum into the dark

port of the interferometer, leading to a reduced phase uncertainty at the cost of
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sacrificing the sensitivity at low frequencies [18]. Nonetheless, the degradation in
the low-frequency sensitivity due to quantum radiation pressure noise can be avoided
by frequency-dependent squeezing [46—48]. In addition, Refs. [49, 50] recently
proposed that one can connect a quantum parametric amplifier to the interferometer
to stabilize the “white-light cavity” design in Ref. [51], such that the sensitivity at
kHz frequencies can be increased without sacrificing the bandwidth.

In addition, for detecting a stochastic background like the geontropic signal, which is
spatially correlated for two physically overlapping interferometers, a cross-correlation
method can be established for each individual detector to dig under shot noise [52].
This allows us to achieve a better sensitivity than each detector’s noise budget for

detecting gravitational waves.

Another way to circumvent quantum shot noise is using photon counting instead of the
standard homodyne readout [53]. Such a readout will be implemented in a proposed
5 m tabletop interferometer being commissioned by Caltech and Fermilab under the
Gravity from the Quantum Entanglement of Space-Time (GQuEST) collaboration
[16], which will explicitly target geontropic fluctuations. By employing photon
counting and thereby beating the standard quantum limit, GQuUEST will be able to
place constraints on « substantially more efficiently in terms of integration time than
it would with only a homodyne readout. For a detailed examination of the advantages
of photon counting, see Ref. [53]. As GQUEST is a tabletop-sized experiment, it will
also be capable of probing the angular correlations of the geontropic fluctuations by
adjusting its arm angle. Moreover, it is conceived to be a nearer-term instrument than
third generation GW detectors such as CE and ET. As such, should the geontropic
signal be detected with GQUEST, this information can be incorporated into the design
and planning of future GW detectors, whose strain sensitivities to astrophysical

signals might be limited by a geontropic background.

8.3.2.2 Optically-levitated sensors

Besides interferometers, there are other high-frequency GW detectors that operate
like an interferometer, such as the optically-levitated sensor described in Refs. [54,
55]. The optically-levitated sensor functions by trapping a dielectric sphere or
microdisk in an anti-node of an optical cavity (see Fig. 8.7) [54]. One can also
build a Michelson interferometer from optically-levitated sensors by inserting the
sensors in each arm’s cavity (see Fig. 8.8) [55]. As illustrated in Sec. 8.5.3, one

optically-levitated sensor can be effectively treated as two aligned interferometer
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arms, where the longer arm has the same length ¢, as the cavity. The shorter
arm has length x;, the distance to a chosen anti-node of the trapping field. The
optically-levitated sensor measures the differential distance change 6¢,, — dx;, the
correlations of which are similar to an interferometer of length L = £, — x;, but not
identical since the two arms have to be treated separately. Moreover, as depicted
in Fig. 8.8, there are two causal diamonds enclosing the shorter and longer arms,
respectively. In Sec. 8.4, we show how to consistently correlate these multiple causal

diamonds.

Levitated sensors achieve their gain in sensitivity by making the test masses respond
resonantly to gravitational waves whose frequencies match the test masses’ natural
oscillation frequency in the trapping potential. In the devices considered by Refs. [54,
55], sensitivities are mainly constrained by the thermal noise due to heating of the
sensor by the scattering light [55]. The development of techniques to reduce the
thermal noise of an optically-trapped object in many other contexts thus allows a
better strain sensitivity for the optically-levitated sensor at high frequencies compared
to an interferometer [54]. It was further found in Ref. [55] that by using stacked disks
as the sensor, the thermal noise due to photon recoiling can be further reduced. In
addition, the high-frequency performance of the levitated sensor is further enhanced
by its tunability. Indeed, the experiment achieves its peak strain sensitivity when the
trapped object is resonantly excited at the trapping frequency, which is widely tunable
via laser intensity [55]. In Sec. 8.5.3, we will compare the PSD of length fluctuations
measured by the optically-levitated sensor to its predicted strain sensitivity from
Ref. [55].

8.3.2.3 Inverse-Gertsenshtein effect and other experiments

Apart from interferometer-like experiments, there are other high-frequency GW
detectors with different working principles. One major class of such experiments uses
the inverse-Gertsenshtein effect, which converts gravitons to electromagnetic (EM)
waves [56]. For most of these experiments, strong static magnetic fields of several
Tesla are used to convert gravitons into photons [17]. Many of these experiments
have been designed to detect ultralight axion dark matter, which can also couple to the
EM fields, such as the ones using microwave cavities (e.g., ADMX [57], HAYSTAC
[58], and SQMS [59]) or pickup circuits (e.g., ABRACADABRA [60] and SHAFT
[61]) to receive the signal. Refs. [62—64] found that some of these experiments might
be sensitive to high-frequency GWs, especially when the geometry of the detector
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reflects the spin-2 nature of gravitons. For example, Ref. [64] found that a figure-8
pickup circuit has a much larger sensitivity than a circular loop. For microwave
cavities, if the resonant cavity modes have the same spatial profile as the effective
current generated by the inverse-Gertsenshtein effect, there is also a boost of the
signal [63].

The pixellon model considered in Refs. [3, 11] and this work can be, in principle,
used to compute the inverse-Gertsenshtein effect since geontropic fluctuations
manifest themselves as metric fluctuations, i.e., Eq. (8.2). As recently shown in
Ref. [63], for usual gravitational waves, if one incorporates all physical effects (such
as circuits’ motion due to coordinate transformation), one can find gauge invariant
observables such as current density. However, one fundamental question is whether
the pixellon model is appropriate for describing this type of experiment, especially
those using microwave cavities. The pixellon model was designed to effectively
describe gravitational perturbations of the spherical entangling surface bounding
the interferometer, the bifurcate horizon of the causal diamond defined by the light
beams. Within the cavity, there is no freely propagating photon, so the detector
doesn’t probe the near-horizon geometry of any causal diamond. In this case, the
pixellon model might not be a good effective description, and geontropic fluctuations
might be negligible since they are driven by near-horizon dynamics [4]. Note that the
photon counting technique in Ref. [53] also detects the excess photons generated by
gravitational perturbations. However, this readout is still embedded in a Michelson

interferometer, so there is a well-defined causal diamond.

Besides the experiments above, other types of high-frequency GW detectors are
discussed in Ref. [17], such as the bulk acoustic wave devices [65], which operate
like a resonant mass bar [66] and measure the vibration of piezoelectric materials due
to passing GWs. Similarly, GWs can also deform microwave cavities, which couple
different resonant cavity modes and can be detected [67]. There are also experiments
utilizing the coupling between GWs and electron spin, where the collective electron
spin excitations or magnons of ferromagnetic crystals due to GWs are measured [68,
69]. Since no causal diamond is being probed in all of these experiments, geontropic
signals might be minimal. For this reason, for the rest of this work, we focus on these

interferometer-like experiments and calculate their sensitivity to the pixellon model.
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(b) Two light beams. The beam of length L; is
sent from x; at 1 — L along the direction n;
and reflected by the end mirror. Similarly, the
beam of length L, is sent from x; at , — Lp
along the direction n; and then gets reflected.

sent from x; at r = —L to X, and then reflected
by the end mirror.

(c) A web of light beams tiling the entire space-
time.

Figure 8.3: Plots of spherical entangling surfaces or spatial slices of the causal
diamonds bounding different configurations of light beams. The dashed circles
represent entangling surfaces, each of which is associated with a pixellon model.
The spatial region inside the entangling surface is shaded. For all the figures above,
we have projected the spherical entangling surface to the plane of the light beams.

8.4 Extension of the pixellon model to multiple interferometers
In this section, we extend the calculation in Ref. [11] of the auto-correlation of a single

interferometer’s length fluctuations to the cross-correlation of two interferometer-like

detectors, which may have different arm lengths and origins.

As shown in Ref. [11], for the metric in Eq. (8.2), the only nonzero component in the
t — r sector of the metric is 4,,, so we only need to consider light propagation when
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computing length fluctuations. For a light beam sent at time # — L from the origin x

along the direction n, the total time delay 7'(¢z,n) of a round trip is given by?

L
T(t,x,n) =2L — % /0 dr [¢(x) + ¢(x)],

x=(t-L+r,x+rn), X' = +L-r,x+rn). (8.14)

Notice that although Eq. (8.14) has an explicit dependence on the origin x, the
auto-correlation function of 7 or its fluctuations doesn’t depend on x, as shown in
Ref. [11] and Eq. (8.32). This indicates that geontropic fluctuations are physical,
since they don’t depend on the choice of coordinates.

Next, let us consider two light beams sent at times #; — L and #; — L, from positions

x; and x; along directions n; and ny, respectively, as depicted in Fig. 8.3b. We also

assume the lengths of the two beams without any geontropic fluctuations to be L

and L, respectively. Then the correlation function of the length fluctuations 67" of

these two beams is

oT (11, X1, m)07 (12, X2, M2)
4L1L,

C(AI,AX,D1’2)5< >,AIEI1—IZ,AXEX1—X2,

(8.15)

where we have defined 67 (¢, x,n) = T'(¢,x,n)—2L with T(z, x, n) given in Eq. (8.14).
Here, we have assumed that the origins of the light beams enter the cross-correlation
function only via their difference Ax, so it is independent of the choice of coordinates.

We will see this assumption is true in Eq. (8.27).

Since these two light beams are enclosed by two different causal diamonds as shown
in Fig. 8.3b, their length fluctuations are separately described by two pixellon models
with the metric in Eq. (8.2) centered at x; and X, respectively. To distinguish these
two pixellon models, we assign ¢ (x) and ¢, (x) to the first and the second beams,
respectively. Within each pixellon model, the length fluctuations are still described
by Eq. (8.14), so

1 L Ly
C(At, AX,nl’z) = 16L1L2£ dl”]/o‘ d}’2 (8 16)

((o1(x1) + d1(x))) (#2(x2) + P2(x5)))

which is in a similar form as Eq. (32) of Ref. [11]. For convenience, let us define

C(x1,x2) = ((¢1(x1) + d1(x])) (P2(x2) + P2(x)))) . (8.17)

2We have corrected a typo in Ref. [11], where the sign before the integral should be minus.
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To evaluate C(x1, x2), we first need to compute (¢ (x1)p2(x2)), where x| and x; are in
two different causal diamonds. From Egs. (8.3) and (8.4), we notice that both ¢; and
¢, satisfy the wave equation, as constrained by the linearized Einstein-Hilbert action
[11]. Thus, ¢; has translational symmetry, i.e., ¢;(y) = e 77", (x) classically,
and similarly for ¢,. This implies that although the metric in Eq. (8.2) effectively
describes the length fluctuations of a finite-size interferometer, nothing prevents us
from propagating the pixellon field ¢(x) to places outside the interferometer. This is
also consistent with the fact that ¢ has modes with long wavelengths, as imposed by

Eq. (8.12). Thus, ¢ is well-defined in the causal diamond of ¢;, and vice versa.

To derive a precise relation between ¢ and ¢;, let us consider a single light beam
sent from x; at t = —L to Xy, as depicted in Fig. 8.3a. To compute the round-trip
time delay, one can either use the pixellon model centered at x; with the pixellon ¢,
or the one centered at x, with the pixellon ¢,. For the former case, we set the origin
of the coordinates at x; and align the x-axis with the outgoing light beam, so the

shift of the round-trip time delay 67 is given by Eq. (8.14),

1 rL
6T, = —5/ dr [¢p1(x)+1(x")] , xi=(-L+r,rX), x; =(L-r,rx), (8.18)
0
where the first and second terms correspond to the time delay of the outgoing and
ingoing light beams, respectively.

For the latter case, we set the origin at x, and align the x-axis with the ingoing light
beam. Notice the ingoing beam here is the outgoing beam for the pixellon model at

X1, and vice versa. Then, 675 is given by

1 0
0T, = -3 /L dr [¢2(x) + p2(x))] , x2 = (r,1rX), x5 = (-r,rX), (8.19)

where the first and second terms correspond to the time delay of the ingoing and
outgoing light beams, respectively. One can further make a change of variables

7 = r + L and shift the coordinates, x — X + LX, such that

L
0T, = —%/ dr [¢2(x) + ¢2(x)] , x2 = (=L +r,rX), xj = (L —r,rX), (8.20)
0

where we have replaced the symbol 7 with r at the end. Since 671 = 67>, Eqgs. (8.18)
and (8.20) indicate that ¢ = ¢».

This relation between ¢ > does not hold only for these two causal diamonds, but

rather the entire spacetime. One can easily see this by tiling the entire spacetime
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with light beams of the same length L as depicted in Fig. 8.3c. One can repeat the
same argument above for every segment of this web of null rays to relate the pixellon
models centered at any two adjacent endpoints. Since all of these null rays are
connected, one can easily show a universal ¢ across the entire spacetime within the

pixellon model. Thus, there is no need to distinguish ¢ in different causal diamonds.

On the other hand, this does not indicate that we can avoid using separate pixellon
models for different light beams. The metric in Eq. (8.2) is designed to effectively
describe the geontropic fluctuations of any causal diamond located at the origin of
the local coordinates picked out by the metric. Thus, the light beams not propagating
in the radial direction in these local coordinates cannot be described by the associated
pixellon model. Furthermore, the argument of gauge invariance of the calculations in
Ref. [11] does not hold for these non-radial light beams, since the angular directions
of the metric were ignored in the proof. Nonetheless, one can always find another
causal diamond in which the originally non-radial light beam becomes radial, e.g.,
the causal diamond located at the endpoints of this beam. For example, in Fig. 8.3c,
the beams L and L; can be described by the pixellon model centered at x;, but not
the beam L3, although it is in the same causal diamond of the beams L ;. Instead,
one should compute the length fluctuations of the beam L3 using the pixellon models

at X, or xs.

One might also worry, in this case, whether the length fluctuations at x| have multiple
inconsistent descriptions dependent on the causal diamond we choose, particularly
with respect to their angular correlations. For example, since the dominant modes of
pixellons are low-/ modes [11], the pixellon model at X, constrains the fluctuations
at x; to be mostly along n. However, if one uses the pixellon model at x3, the
fluctuations at x; are mainly along n’. This is not a contradiction in the pixellon
model since light beams in different directions are probing different “polarizations”
of pixellons, which control different local entangling surfaces. If one goes to the
causal diamond at x;, the pixellon model consistently predicts that most fluctuations
are along the radial direction, so fluctuations along both n and n” can potentially be
excited. When the light beam is sent along one of these directions, the spherical

symmetry is broken by exciting fluctuations mainly in this specific direction.

In this case, to compute the correlation of any two beams as depicted in Fig. 8.3b,
we use the metric in Eq. (8.2) centered at x; for beam L; and the one at x; for beam

L,, but do not distinguish ¢ in these two metrics. Thus, Eq. (8.17) becomes

C(x1,x2) = ((¢(x1) + ¢(x1)) ($(x2) + $(x3))) . (8.21)
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Using Eq. (8.3), we get

C(x1,x2)

&p1 [ dIpa 1

(2m)* J (27)° \Jaw, (p1)wa(py)

[(aplaT >e—i[w1t1—wzzz—p1~(xl+r1n1)+Pz'(X2+r2H2)] +c.c ]
23 R

_ 472
=4l

cos[wi(Ly —ry)] cos[wa(Ly —12)]

2 d3p O-pix(p)
PJ (2n)? 2w(p)

cos[w(Ly —r1)] cos[w(Ly — 17)] [e'i“’At+ip'5X +c.c.|,
(8.22)

where we have defined
oxX = Ax + ring —ranp. (823)

Plugging the occupation number in Eq. (8.12), the correlation function of the length

fluctuations is given by

al, [h L dp 1
C(AI, AX, n172) = dry dry EI)
8LiL> Jo 0 (27)3 w*(p) (8.24)

cos [w(Lj = r1)] cos [w(Ly — rp)]e  @A+Pox

where we have dropped the c.c. term and hereafter assume for simplicity that the

complex conjugate is included implicitly.

Eq. (8.24) is very similar to Eq. (41) of Ref. [11], except that 6x also contains the
difference between the origins of the two light beams. Evaluating the angular part of

the momentum integral, we have

alp L L> [e]
C(At,Ax,n = dr / dr / dw cos[w(L; —r
(81, M) = S [ [Tan | [w(Ly = )]

cos [w(Ly = r2)] sinc [@D(r1 2, AX,my2) /cs] e

(8.25)
with
D(ri2,AX,n; ) = |6X]. (8.26)
The PSD C(w, AX, n| ,) is then given by
~ al Ly Ly
C(w, AX,nl’z) = g / dry / dry cos [a)(Ll - 7'1)]
8rcyN Jo 0 (8.27)

cos [w(Ly — rp)] sinc [cul)(rl,z, AX, nl,g)/cs] ,

where we have absorbed the normalization L L, into N. We make this redefinition for

convenience since in certain experiments discussed later, PSDs similar to Eq. (8.27)
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appear but with N # L;L,. Ref. [11] also considered inserting an IR cutoff
w?(p) = w*(p) + wlzR in Eq. (8.24), similar to Ref. [1], due to the interferometer’s
finite size and a better agreement of the resulting angular correlation with the
prediction in Ref. [1]. In this case, the PSD becomes

2

— 2 C(w.Axnpp). (8.28)

C(w, Ax,n; ) —
w? + wp,

In the case that the two arms have the same length L, Ref. [11] fixed wr = % which

gave a better agreement with the angular correlations predicted in Refs. [1, 6].

One direct application of the results above is to compute the cross-correlation of
length fluctuations across two different interferometers. Let the origins of two
interferometers be at x; j7, respectively. For the interferometer at x;, let its two
arms be along the directions n; » with length L;. Similarly, let the two arms of the
interferometer at x;; be along the directions n3 4 with length L;;. Define 7 (x,¢) to
be the difference of length fluctuations of two arms within a single interferometer at
position X, the light beams of which are sent at time ¢. Then the cross-correlation of

the time difference across two arms is

! t
Cq(At,AX,ny ) = <77(X1, 1711 (x2, 2)> ,

Ti(x1,t1) = 6T (t1, X7, mp) — 6T (¢, X7, 1my) ,
Tr1(X11,t2) = 6T (t17, X7, M) — 8T (277, X7, 13) , (8.29)

where n; = (n,my), n;; = (n3, ng), and AX = x; — X7 such that

Cr(w,Ax,ny ;) = C(w, Ax,ny 3)+C(w, AX, 1y 4)—C(w, Ax,ny 4)—C(w, AX,ny3) .

(8.30)
The equation above generally contains complicated geometric factors, and the integral
within Eq. (8.25) cannot be easily evaluated for a generic geometry. Thus, we consider

several specific configurations in the next section.

8.5 Interferometer-like experiments

In this section, we apply the results of Sec. 8.4 to several types of interferometer-like
experiments: a single L-shaped interferometer (e.g., LIGO [12], CE [18, 19], NEMO
[27]), the equilateral triangle configuration of multiple interferometers (e.g., LISA
[13], ET [20]), and optically-levitated sensors [54, 55].
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Figure 8.4: Pixellon strain (dashed and dotted lines) overlaid with the strain sensitivi-
ties for LIGO [12] and NEMO [70] (solid lines). The LIGO data was obtained from
the Livingston detector, and the NEMO data omits suspension thermal noise. The
dotted lines give the pixellon strain from Eq. (8.35) computed without an IR cutoff,
and the dashed lines give the same quantity including the IR cutoff from Eq. (8.28).
We again compute the pixellon strain with @ = 1.

50 100

8.5.1 Single L-shaped interferometer

Ref. [11] calculated the auto-correlation of length fluctuations in an L-shaped
interferometer due to geontropic fluctuations. In this case, we have x; = x;; and
n; = nyy, so we can set the origin of the coordinates to coincide with the beam splitter
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of the interferometer. Furthermore, we can align the x—y plane with the plane of the
interferometer and choose the x-axis to be along the first arm of the interferometer.
Then the whole configuration is determined by the separation angle 8 between two
arms. In this case, the first two terms are the same in Eq. (8.30) and similarly for the

last two terms, so Eq. (8.30) reduces to
Cr(w,0) =2C(w,0) -2C(w, ), (8.31)

which is consistent with Eq. (45) of Ref. [11]. The spectrum C(w, ) is given by
Eq. (8.27) after setting L = L, = L, where L is the length of the interferometer, i.e.,

. al L L
C(w,0) = f / dry / dry sinc [wD(ry,17,0)/cs]
8mcgL? Jo 0 (8.32)
cos [w(L —ry)] cos [w(L —ry)],
where the distance factor D is now completely determined by ry, r», and 6,
D(r1,r2,0) = \/rlz +12 = 2r1rycos 6, (8.33)

To compare against the strain sensitivity of real experiments, one needs to first
convert Eq. (8.32) to the one-sided noise strain S defined by Refs. [14, 71]

VSu(f) = \/2/_00 <ALL(T) ALT(O)> e 2miftdr (8.34)

which has units of Hz~!/2. In many of these interferometers, Fabry-Pérot cavities
are used to increase the sensitivity, in which light travels multiple round trips. By
converting the strain sensitivity to the phase sensitivity, Ref. [11] showed that the
geontropic signal does accumulate in Fabry-Pérot cavities since the output is linear
in the phase shift of the light. Thus, it is legitimate to compare our PSD to the strain
sensitivity of these experiments. From Eqgs. (8.29) and (8.34), Ref. [11] found that

VSh(F) =267 (w,0). (8.35)

Nonetheless, the signal’s shape is determined by the geometry of one light-crossing.
For example, we expect that the signal peak is at wL ~ 1, where L is the length of the

interferometer instead of the total distance traveled across multiple light-crossings.

Using Eqgs. (8.31)—(8.32), Ref. [11] computed the PSD of the pixellon model in
several L-shaped interferometers (Holometer [14], GEO-600 [15], and LIGO [12])
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and one set of interferometers in LISA [13], and compared the signal to their strain
sensitivities. It was found that GEO-600 and LISA are unlikely to detect geontropic
fluctuations due to their relatively low peak sensitivity (at wL ~ 1), while LIGO and
Holometer respectively constrain the a-parameter to be @ < 3 and @ < 0.7 (with
an IR cutoff), and @ < 0.1 and @ < 0.6 (without an IR cutoff) at 30~ significance.
Note that the LIGO sensitivity data that we have used here and in Ref. [11] is that
from Ref. [12] with the quantum shot noise removed (i.e., the gray curve in Fig. 2
of Ref. [12]) by the quantum-correlation technique in Ref. [52]. Nonetheless, this
technique only removes the expectation value of the shot noise but not its variance
[72], limiting the extent to which we can dig under the shot noise. More specifically,
with a frequency band of I' and an integration time of 7', we expect the noise
suppression factor to be ~ (I'T)!'/* in amplitude — or until the next underlying noise
is revealed. In the particular case of LIGO, that underlying noise includes coating
and suspension thermal noise at low frequencies, and laser noise at high frequencies.
Further studying these underlying noise sources in LIGO can in principle put more

stringent upper limits on the geontropic noise.

Besides the GW detectors above, there are other future L-shaped interferometers
to be considered but not included in Ref. [11]. The most important ones are the
third-generation GW detectors: CE [18, 19] and ET [20]. CE is a ground-based
broadband GW detector using dual-recycled Fabry-Pérot Michelson interferometers
with perpendicular arms. CE will have two sites with several potential designs: a
20 km interferometer paired with a 40 km interferometer, or a pair of 20 km or 40 km
interferometers. As largely a scale-up of Advanced LIGO [18], CE will operate at
room temperature with a fused-silica coating of mirrors to reduce thermal noise, and
degenerate optical parametric amplifiers injecting squeezed light with low phase

uncertainty to reduce quantum noise (shot noise) at high frequency [73].

ET is an equilateral triangle configuration of three independent nested detectors, each
of which contains two dual-recycled Fabry-Pérot Michelson interferometers with
arms of length 10 km (plotted in Fig. 8.5) for low- and high-frequency detections,
respectively. ET will be built underground to reduce seismic noise. Cryogenic
systems are used to reduce thermal noise by cooling the optical systems to 10-20 K
at low frequency, while squeezed light (frequency-dependent) is also inserted to

reduce quantum noise at high frequency [41].

As briefly discussed in Sec. 8.1 and shown in Fig. 8.2, for the benchmark value

a = 1, the PSD of the geontropic signal overwhelms the strain sensitivity of CE and
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ET by about two orders of magnitude for f ~ 1 kHz. For CE, we have considered
both the interferometers of length 20 km and 40 km. For ET, we have computed the
auto-correlation of a single interferometer within the entire configuration. A study

of the cross-correlation of different interferometers is carried out in Sec. 8.5.2.

Besides ET and CE, another next-generation GW detector is NEMO [27], a Michelson
interferometer with perpendicular Fabry-Pérot arms of length 4 km. Although
with less sensitivity than the full third-generation detectors in general, NEMO is
important for testing technological developments to be used in the third-generation
detectors while making interesting scientific discoveries, such as understanding the
compositions of NSs. Due to its interest in binary NS mergers, NEMO specializes
in high-frequency events with its optimal sensitivity at f ~ 1-4 kHz [27]. As
plotted in Fig. 8.4, within the optimal sensitivity of NEMO, the geontropic signal
exceeds the strain sensitivity by about one order of magnitude. Thus, the geontropic
signal must be constrained before these next-generation GW detectors can detect
other high-frequency events. For future detectors, we have compared the geontropic
signal with their design sensitivities, without considering removal of shot noise via
the quantum-correlation approach — even though at high frequencies, where the
constraints for geontropic noise are the best, these detectors are limited by shot noise.
It can be anticipated that at these frequencies, these detectors’ shot noise dominates
over other types of noise by a significant factor. In this way, these detectors are

capable of putting much more stringent bounds on the geontropic o parameter.

8.5.2 Equilateral triangle configurations

In this subsection, we consider configurations of multiple interferometers with certain
geometries. For GW detections, these different geometries are helpful in retrieving
the polarization of GWs. One important configuration is the equilateral triangle
configuration of three interferometer arms, such as LISA [13], or three partially
overlapping independent detectors, such as ET [20], as shown in Fig. 8.5. For LISA,
the signals of different arms can be time shifted and linearly combined to form virtual
Michelson interferometers [74, 75]. Nonetheless, as found in Ref. [11] and discussed
in Sec. 8.5.1, LISA is not promising for detecting geontropic signals, so we will

focus on the specific configuration of ET.

In Sec. 8.5.1, we computed the auto-correlation of a single interferometer within ET.
Although the single-detector quantum-correlation technique discussed in Sec. 8.5.1

allows us to dig under the shot noise, we are still limited by non-quantum noises. On
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Figure 8.5: Setup of ET. The red, blue, and purple rays correspond to the three
detectors in ET, where we have only shown one of the two interferometers within
each detector. We choose not to plot the mirrors at the endpoints of the light beams
for simplicity.

the other hand, geontropic fluctuations modeled by the pixellon are correlated across
different ET detectors. For those uncorrelated non-quantum noises, cross-correlating
multiple ET detectors allows us to dig under them with a suppression factor of
~ (I'T)Y*. This motivates the calculation of the cross-correlation of different

detectors within interferometer configurations such as ET.

Let us consider one set of two interferometers across different detectors within ET,
e.g., the red and blue detectors in Fig. 8.5, and pick the origin of coordinates at the
origin of the red detector x;. Let us also pick the x—y plane to be the plane of the

interferometers, with the x-axis along n;. In this case,

1 3
X]:O, X]]:Lﬁ, n; :ﬁ, n = —X + £§’,
2 2
1 3
My =X = ook gy. (8.36)

Here, we have assumed that the arms along the same line completely overlap with
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Figure 8.6: The PSD Cy-(w) of the cross-correlation function of two sets of interfer-
ometers within a triangular configuration like ET [Eq. (8.38), solid lines], together
with the corresponding auto-correlation Cy(w, 6 = %) of a single interferometer
within this configuration [Eq. (8.31), dashed lines].

each other (i.e., the arms along n; and n3). In reality, there is a finite separation
between these arms, which can be dealt with via the general procedure in Sec. 8.4.

Then one can compute D(r; ;, AX, n; ;) for all the combinations in Eq. (8.30), i.e.,

Di3(r1,r2) =|ri+r—LJ,

1
Da(r172) = VL =1 =12)? +3(r1 = r2)?,

Diy(ry,m2) = %\/(2L —2r1 —rp)%+3r3,
D (r1,12) = Dialri,r2) - (8.37)
Here, we have defined D;;(r1, r2) such that r; is the integration variable along the
arm with direction n;, and r» is the integration variable along the arm with direction
n;. Plugging Eq. (8.37) into Eq. (8.30), we get
~ al L L
Cr(w) = b / dri / dry cos [w(L —ry)] cos [w(L —rp)]
8nciL Jo 0
{sinc [wD13(r1,72)/cs] + sinc [wDr4(r1,12)/cs]

=2sinc [wD4(r1,72)/csl} s

(8.38)

the result of which is plotted in Fig. 8.6.

Besides the equilateral triangle configuration of ET, one can compute the response

of other geometries of interferometers to the pixellon model following the procedure
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in Sec. 8.4. For example, one can consider two or multiple interferometers with
the same length located at the same origin but rotated from each other by certain
angles as depicted in Ref. [74]. There are even more complicated geometries, such
as the twin 3-d interferometers that will be built at Cardiff University [76]. The
authors in Ref. [76] claimed that the angular correlations of geontropic fluctuations,
as discussed in detail in Refs. [1, 3, 6, 11], especially the transverse correlations
due to the low-£ modes, can be probed by this geometry. While, in principle, the
geontropic signal can be computed for such a complicated interferometer geometry,
the pixellon model may not adequately encapsulate the underlying physics of the
VZ effect. Further, first-principles calculations of geontropic fluctuations assume a
simple causal diamond radiating outward from a beam splitter. One major feature
of the twin 3-d interferometers in Ref. [76] is that the interferometer arms are
bent at mirrors MM and MMg (see Fig. 1 of Ref. [76]), so the causal diamond
of the whole apparatus is distorted. The bent-arm configuration explicitly breaks
spherical symmetry, which the previous calculations [3, 11] relied on. Specifically,
the pixellon metric in Eq. (8.2) captures metric fluctuations only along interferometer
arms that extend radially outward from a beam splitter. One can decompose the
bent interferometer arms into segments of straight arms, and, assuming the pixellon
model pertains to such a causal diamond, attempt to apply the pixellon model to
each segment by choosing local coordinates centered at the beam splitter, MMy,
and MM, respectively. However, the major obstacle for this procedure is that
at MM, (or MM3) there does not exist a closed causal diamond, because light
continues to traverse past MM, (or MMp) until it reaches EM 4 (or EMp) or the
beam splitter. Since the calculations in Refs. [3, 11] require a closed causal diamond
such that the observable computed is manifestly gauge invariant, one first needs
to ascertain whether the procedures in Ref. [11] for computing gauge-invariant
quantities are still valid when piecing together these non-closed causal diamonds.
Due to these complications, we do not attempt to apply the pixellon model to the
Cardiff experiment, as we believe that an accurate prediction for such bent-arm
configurations will require a more direct, first-principles calculation requiring better
theoretical control than current technology allows. In the next subsection, we focus

on another interferometer-like experiment, the optically-levitated sensor.

8.5.3 Optically-levitated sensor
In this subsection, we study the response of the optically-levitated sensor in Refs. [54,

55] to geontropic fluctuations described by the pixellon model. To understand the
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Figure 8.7: Schematic diagram of the optically-levitated sensor as described in
Refs. [54, 55]. A dielectric sphere or microdisk is trapped in an anti-node of an
optical cavity (solid orange). A second laser (dashed blue) is used to cool the sensor
and read out its position. Transverse motion is cooled by additional lasers (not
shown).

working principle of the optically-levitated sensor, let us first consider its response
to GWs following Ref. [54], working in the local Lorentz frame with origin at the
input mirror. Let the unperturbed distance between the optical cavity mirrors be ¢,,,,
and the unperturbed distance from the input mirror to the sensor in its trap minimum
be x;. Under a passing GW perpendicular to the cavity with strain /4, the proper
distances to the mirror and sensor are both shifted,

1 1
6)(5 = Ehxs . 6£m = Ehgm . (839)

The new position of the trap minimum can be found from the condition

y ’ 1
kt(gm - xmin) = kt(gm - xmin) = (I’l + E) T, (840)

where 7 is an integer, and k; is the wavenumber of the trapping laser. The shift of
the trap minimum is then given by oxmin = ¢;, — {,, = 6(,,. Here, we have assumed
that the trapping laser has a constant frequency inside the cavity. Thus, the sensor is

displaced from its trap minimum by an amount given in Ref. [54] as
1
AX = 6x5 — 6Xmin = Eh(xs —ln) +O(h?). (8.41)

This displacement will result in an oscillatory driving force on the sensor. If the GW
frequency matches the trapping frequency wy of the sensor, the driving force will
resonantly excite the sensor. The corresponding oscillations can then be measured.
When x, < £, the effect of the GW is maximized.
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Figure 8.8: Two levitated sensors inserted into the Fabry-Pérot cavities of a Michelson
interferometer, as described in Ref. [55]. The entangling surfaces corresponding to
the two arms of length x; and ¢, are marked by the blue and green shaded circles,
respectively. Note that this diagram ignores the distances between the beam splitter
and the input mirrors of the two cavities.

For the pixellon model, the response of the optically-levitated sensor can be calculated

similarly. In our case, dx; and 6¢,, are given by

Sxy = _i / N (o) + ()] (8.42)
0
1 [
st == [ drio)+o01. (843

where

x=(ty—xs+r,rm), x = (ty+x3—r,rn),
(8.44)
y=(tg=Ctp+r,m), y =+, —r,rn),

and the start times of each beam are chosen to be 7, — x; and 7, — £,,. Note the

additional factor of % as compared to Eq. (8.14), since the lengths ¢,, and x; are

one-half of the corresponding round-trip time delays when there are no geontropic
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fluctuations. Within a single arm, since there is only a single beam measuring the

position of the sensor, we can choose
Ly=t+xg, tr=t+{, (8.45)

such that the start times of the beam probing the sensor and the end mirror are the
same. Notice that, in general, two independent pixellon models should be used for
the shorter and longer arms. Nevertheless, since both spherical entangling surfaces
are located at the same origin, as depicted in Fig. 8.8, and the pixellon fields ¢ are
universal across these two causal diamonds as discussed in Sec. 8.4, the forms of
Egs. (8.42) and (8.43) are very similar. This is consistent with the fact that the metric
in Eq. (8.2) is spatially conformal.

The displacement of the levitated sensor from its trap minimum is then given by

Xg Um
ax= g [Cariew o)y [Cartom e, @40

Note that Eq. (8.46) is similar, but not identical to, the round-trip time of a photon

traveling from position x; to £, i.e.,

1 [
Mlpe, =7 [ dr60)+607)]. s

y=({t—"C,+r,rn), y =(t+¢{,—r,rn).
Using Eq. (8.47) instead of Eq. (8.46) would give a PSD identical to Eq. (8.32) with
length L = ¢, — x;.
We can then define the correlation function of AX as
AX(t1,m)AX(t2,n2) >
(fm - xs)z ’

where the unit vectors n; parameterize the orientations of the two levitated sensor

C*(At,0) = < (8.48)

arms, and the angle 6 between them is given by cos(6) = n; - np. The difference
between the beam start times is Az = ¢; — #,. Note that the normalization of CA¥X
assumes that the characteristic length of the system is ¢,, — x;, as per the above
discussion. Using Eq. (8.46), we find that

C(At, 0)

1 Xs Xg Xs lm
= d dry C(xq, — d dry C(x1,
16(fm—xs)2[/o f’1/0 ry C(x1,x2) /o r1/0 r2 C(x1,y2)

fm Xg fm fm
—/ dr1/ dry C(y1,x2) +/ drl/ dry C(yl,yz)] , (8.49)
0 0 0 0
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where C(x, y) is defined in Eq. (8.21). The first and last terms above are correlations
between the arms with the same length (either L = x5 or L = £,,). In contrast, the
second and third terms correlate arms with different lengths, i.e., the arm of L = x;
with the arm of L = ¢,,.

Following a similar calculation as the one to obtain Eq. (8.27), we find the two-sided
PSD C*(w, 6) as

C*(w,0) = [C‘Ax(w,xl,xz) +C™(w, y1, y2) — ZC'AX(a),xl,yz)] , (8.50)

where the first two terms are given by Eq. (8.27) with N = (¢, —x5)>and D(ry, 72, 60) =

1
the arms of length L = x; and L = {,,, carries an additional geometrical factor of

\/ r? + r% — 2ryry cos(6). The last term, which corresponds to the correlation between

cos [w(&y, — xg)] due to the difference in the sizes of the causal diamonds, i.e.,

X O
COX (4, xy, yp) = —— 200 / dr, / drs cos [w(x, - 1]
87(0? (gm - xs)z 0 0

cos [w(€y, — r2)] cos [w(€y — x5)] sinc [wD(ry,72,0)/cs] -
(8.51)
We can also define C’(f.x(w, 0) as in Eq. (8.31) via

CH¥(w,0) =2 [C*(w,0) - C*(w,0)] . (8.52)

In the limit x; — 0, only the second term in Eq. (8.50) is nonzero, corresponding
to the length fluctuations of an interferometer of size L = ¢,,. Thus, the levitated
sensor can be treated as an ordinary interferometer when x; is sufficiently small.
This is confirmed by Fig. 8.9a, where we plot the interferometer PSD from Eq. (8.32)
against the levitated sensor PSD from Eq. (8.50), setting x5 = £,,/50 and neglecting
the IR cutoff for the purpose of demonstration. The interferometer PSD is given by
the dashed lines, whereas the levitated sensor PSD is given by the solid lines. We
can see that, as expected, the PSDs of these two different types of experiments are
very similar in the limit of small x;. In Fig. 8.9b, we show a similar comparison
but instead pessimistically set xg = ¢,,,/10. For this larger value of xg, the PSD for
the levitated sensor becomes somewhat larger in magnitude compared to that of the

ordinary interferometer, but retains a similar shape. In the limit of w — 0, we have
N al
CH(w,0) = 48—’”50)2(5," +x5)2(1 — cos ) + O(w*). (8.53)
7 S

From the scaling C‘#X (w, 0) o (£ +x5)%, one can see that the signal increases as x;

increases, which is a result of treating the system as two sets of causal diamonds.
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However, we expect the above treatment to break down beyond the limit of x; < ¢,,.
We emphasize that this calculation is not intended to be fully rigorous, but rather
seeks to provide a heuristic description of the pixellon model in a levitated sensor
experiment. Nevertheless, we continue to expect that the levitated sensor will behave

similarly to an L-shaped interferometer in the limit of small x;.

Next, let us compare the PSD found above to the predicted strain sensitivity
of optically-levitated sensor experiments. The thermal-noise-limited minimum
detectable strain of the optically-levitated sensor at temperature 7cy 1S given by
Refs. [54, 55] as

H(wo), (8.54)

Miimit =

4 kpTemygh 14 Y + Ry
M Niy

w(z)fm

where wy is the trapping frequency, y, is the gas-damping coefficient, y;. is the
scattered photon-recoil heating rate, b is the bandwidth, M is the mass of the sensor,
and N; = kpTcm/hwy is the mean initial phonon occupation number. The cavity
response function is H(w) = \/ 1+ (2F /7)2 sin®(wl,, /c), where F is the finesse of
the cavity. Detailed expressions for all of these quantities can be found in Refs. [54,
55].

The peak frequency response of the experiment occurs at the trapping frequency wy,
at which oscillations of the levitated sensor are resonantly enhanced. The trapping
frequency can be widely tuned via the laser intensity [55]. Thus, the sensitivity curve
for the levitated sensor can be obtained by continuously varying the locus of the

sensitivity curve for each fixed value of wy, as given by Eq. (8.54).

In Fig. 8.10, we plot the strain sensitivity of the levitated sensor experiment from
Ref. [55] (with a sensor consisting of a stack of dielectric disks) against the PSD of
the pixellon model from Eqgs. (8.50)—(8.52). In Fig. 8.10b, we additionally include
an IR cutoff wigr = 1/L as in Eq. (8.28), where we take the characteristic length
of the system to be L = £, — x;. This choice comes from the comparison of the
displacement AX with the length fluctuations of an interferometer of size ¢, — x,,
as discussed with relation to Eq. (8.47). Note that Ref. [55] uses a 300 kHz upper
bound for their sensitivity curves, citing limitations of power absorption by the
suspended sensor. From these plots, we observe that the levitated sensor would only
be competitive for detecting the geontropic signal at £,, > 100 m. At the time of
writing, a 1 m prototype of this experiment is under construction, and a 100 m device

is at the concept stage [17, 55]. That these proposed levitated sensor experiments
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Figure 8.9: Pixellon PSD C’7A~X (w, 0) as it would appear in an optically-levitated
sensor [Eq. (8.52), solid lines] shown alongside the PSD of an ordinary L-shaped
interferometer Cy(w, ) [Eq. (8.31), dashed lines]. We take the length of the L-
shaped interferometer to be L = ¢,, — x;. All PSDs are computed without an IR

cutoff.

are not competitive for constraining the pixellon model is expected: their reach in
frequency is such that wf,, < 1, whereas the pixellon signal is expected to peak

at wl,, ~ 1. Finally, let us note that, although the levitated sensors do not move
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Figure 8.10: The pixellon strain (dashed lines) overlaid with the predicted strain
sensitivity for a stacked-disk levitated sensor (solid lines), as given by Fig. 3 of
Ref. [55]. The color coding corresponds to the size ¢, of the levitated sensor. The
pixellon strain is computed from Eq. (8.52), and we set x; = £,,/10 throughout.

along geodesics, but instead have amplified non-geodesic movements, the same
amplification factors are applied to motion induced by the noisy thermal force. In
this way, because the device is limited by thermal noise [17, 55], comparing the
displacement (8.46) and the thermal strain (8.54), as if there were no trapping, still
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leads to the correct thermal-noise-limited sensitivity.

8.6 Conclusions

We have considered the effect of the geontropic signal, from the VZ effect proposed
in Refs. [1, 2, 4-6], specifically as modeled in Refs. [3, 11], on next-generation
terrestrial GW detectors. We have found that if GQUEST observes spacetime
fluctuations from the pixellon, Cosmic Explorer and the Einstein Telescope will have
a large background to astrophysical sources from vacuum fluctuations in quantum
gravity with which to contend. On the other hand, LISA and other lower-frequency
devices are insensitive to this signal. Note that in making these predictions we
have assumed the physical equivalence of the pixellon model with the VZ effect
for interferometer observables, the proof of which is still the subject of ongoing
first-principles calculations. Even so, given how large the geontropic signal is
expected to be in future GW observatories, our results may inform optimal designs

for GW observatories, whether searching for quantum or classical sources of GWs.
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