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Using gravitational wave observations to search for deviations from general relativity (GR) in the strong-
gravity regime has become an important research direction. One aspect of the strong gravity modifications
to GR is parity violation. Chern Simons (CS) gravity is one of the most frequently studied parity-violating
models of strong gravity. CS gravity is indistinguishable from GR for all conformally flat space-times and
for space-times that possess a maximally symmetric two-dimensional subspace. Also, it is known that the
Kerr black hole is not a solution for CS gravity. At the same time, the only rotating solution available in the
literature for dynamical CS (DCS) gravity is the slow-rotating case most accurately known to quadratic
order in spin. In this work, for the slow-rotating case (accurate to first order in spin), we derive the linear
perturbation equations governing the metric and the DCS field accurate to linear order in spin and quadratic
order in the CS coupling parameter (a) and obtain the quasinormal mode (QNM) frequencies. After
confirming the recent results of Wagle ef al. arXiv:2103.09913, we find an additional contribution to the
eigenfrequency correction at the leading perturbative order of . Unlike Wagle et al., we also find
corrections to frequencies in the polar sector. We compute these extra corrections by evaluating the
expectation values of the perturbative potential on unperturbed QNM wave functions along a contour
deformed into the complex-r plane. For a = 0.1M?, we obtain the ratio of the imaginary parts of the DCS
correction to the GR correction in the first QNM frequency (in the polar sector) to be 0.263 implying
significant change. For the (2, 2) mode, the DCS corrections make imaginary part of the first QNM of the
fundamental mode less negative, thereby decreasing the decay rate. Our results, along with future
gravitational wave observations, can be used as a test for DCS gravity and to further constrain the CS

coupling parameters.
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I. INTRODUCTION

When two compact objects (black holes or neutron stars)
coalesce to form a black hole, the space-time geometry
close to the remnant black hole is highly distorted and
radiates gravitational waves until it settles down to an
equilibrium configuration [1-4]. The gravitational wave
signal has three distinct phases. During the inspiral phase,
the two objects spiral in towards each other in a quasicir-
cular orbit, emitting GWs with increasing frequency with
respect to time. The merger phase is when the two objects
plunge towards each other and form a remnant compact
object. In the ring-down phase, the remnant relaxes towards
a stationary state and radiates all the perturbations away [5].

Gravitational waves (GWs) emitted during the ring-
down phase are quasinormal modes (QNMs) and offer
valuable insight into the nature of the objects emitting them
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[5-7]. The frequency and damping of these oscillations
depend only on the parameters characterizing the black hole
and are completely independent of the particular initial
configuration that caused the excitation of such vibrations
[3]. In general relativity (GR), gravitational waves have two
tensor polarization modes [8]. In generic metric theories of
gravity, up to four additional polarizations can appear and
may imply new effects [9].

The spectrum of QNM predicted by GR comprises of
two isospectral towers of modes that are, respectively, even
and odd under parity [4,5]. Besides extra polarization
modes, alternative gravity theories can introduce three
different effects on QNMs [9]: first, to modify the spectrum
of even and odd modes while preserving isospectrality.
Second, to break isospectrality (which do not emit GWs
with equal energy in the two polarization states). Third, to
mix the even and odd modes so that the eigenmodes do not
have definite parity.

Since the first discovery in 2015, a number of compact
binary mergers have been detected from the data collected
by Advanced LIGO and Advanced VIRGO [10-12].

© 2021 American Physical Society
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These detections confirmed GR’s predictions within their
statistical uncertainty and enriched our understanding of the
Universe by providing the first direct evidence of massive
stellar-mass black holes and black holes colliding to form a
single, larger black hole.

Although, the current LIGO-VIRGO detectors have only
achieved signal-to-noise ratio around 5 in the ring-down
phase [13], tests of GR involving QNMs have already been
carried out. In particular, QNM overtones have been shown
to offer initial tests of the “no-hair” theorem [14—16]. The
future GW detectors (e.g., the Cosmic Explorer [17,18])
may detect GW signal-to-noise ratio (SNR) in the quasi-
normal mode regime SNR > 50 [19], hence, will help to
probe the QNM structure accurately and might provide more
stringent test of GR in the strong gravity regime [9,20,21].

Naturally, there has been an intense theoretical activity to
obtain unique gravitational wave signatures that distinguish
GR and modified gravity theories. There are many different
ways to modify GR in the strong gravity regime, and each
model has different observational signatures. A universal
feature of any strong-gravity corrections to GR is intro-
ducing higher derivative Ricci scalar, Ricci tensor, and
Riemann tensor terms in action [22—-27]. The main physical
motivations for these modifications of gravity consist of a
possibility of a more realistic representation of the gravi-
tational fields near curvature singularities and to create
some first-order approximation for the models of quantum
gravity [28].

Will listed four basic criteria for the viability of a
consistent gravity theory [29,30]: first, it must be complete.
The theory should be able to analyze from first principles
the outcome of any experiment. Second, it must be self-
consistent. Predictions should be unique and independent
of the calculation method. Third, it must be relativistic: the
theory should reduce to special relativity when gravity is
turned off. Fourth, it must have the correct Newtonian limit.
In the weak gravitational fields and slow motion, it should
reproduce Newton’s laws.

Chern-Simons (CS) modification to GR satisfies all the
four criteria listed above [27,31]. Chern-Simons modified
gravity is a four-dimensional extension of GR that captures
leading-order gravitational parity violation arising from the
Pontryagin density *RR. The Pontryagin density is propor-
tional to the wedge product R A R and a pseudoscalar field
d. CS theories are of two types: first is referred to as
canonical CS [31]. In this case, 9 is a constant and with no
kinetic and potential term. The second is referred to as
dynamical CS (DCS). In this case, 9 is a fully dynamical
field [32].

For spherically symmetric space-times, the Pontryagin
density vanishes, leading to standard GR with a scalar field
potential. Owing to the no-hair theorem, for a spherically
symmetric background, the only stable solution possible is
that of the Schwarzschild. Hence, Schwarzschild space-
time is a solution of both kinds of CS theories [31]. In the

case of axisymmetric solutions, the Pontryagin density does
not vanish, and hence, axisymmetric solutions are non-
trivial to construct in CS theories [33]. So far in the
literature, no closed form fast-spinning Kerr-like analytic
solution exists in either kind of CS theories. However, it is
possible to construct axisymmetric solutions from spheri-
cally symmetric solutions perturbatively in spin [34-37].
Numerical solutions are obtained in Ref. [33]. More
complex forms of CS coupling has also been considered,
e.g., when the CS field 9 couples quadratically to the
Pontryagin density [38,39].

In the last few years, there is a lot of interest in studying
the perturbations about Schwarzschild and slowly rotating
black holes in DCS gravity [40-44]. Interest has focused on
two aspects: first, is to confirm/infirm the isospectrality
relation in DCS gravity [9,45]. In Ref. [40], the
authors have shown that the isospectrality between odd
and even parity perturbations is broken for a perturbed
Schwarzschild black hole and slowly rotating in DCS
gravity in a gauge-invariant manner. Second direction of
interest is to obtain the QNM frequencies corresponding to
the odd and even parity perturbations. In a recent work [43],
Wagle et al. computed the QNM frequencies for the slowly
rotating black hole solution of DCS gravity derived in
Ref. [34]. The authors derived the perturbation equations
accurate to linear order in spin and linear-order coupling
parameter « for even, odd, and the pseudoscalar field (9).
They then employed numerical techniques to integrate the
perturbation equations simultaneously to calculate the
QNM frequencies. They found that the axial sector
QNM frequencies were corrected at order o> when com-
pared to the QNM frequencies for a slowly rotating Kerr
background, while there were no corrections to the polar
sector QNM frequencies from the GR case. The authors
claimed that to get the QNM frequencies accurate to O(a?),
one needs to consider perturbation equations accurate to
O(a) only and not to O(a?).

In this work, we compute the QNM frequencies for the
same slowly rotating solution of DCS gravity [34]. There
are a few key differences between the approach in this work
and in Ref. [43]. Here, we derive the perturbation equations
accurate to quadratic order in a (and linear order in spin).
Unlike what is claimed by the authors in [43], we find that
the O(a?) terms in the perturbation equations bring an
additional correction to the QNM frequency correction at
the leading perturbative order of a>. We get QNM fre-
quency corrections even for the polar sector, unlike the
results of [43]. Another point of difference in our work is
the procedure we use to calculate the QNM frequencies. We
use an analytical technique to compute the QNM frequen-
cies. Specifically, we use a procedure similar to that used in
nondegenerate perturbation theory for Schrodinger equa-
tions. We treat the terms independent of spin (correspond-
ing to the Schwarzschild background) as the zeroth-order
terms in perturbation theory, while the terms proportional to
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spin (which include both GR and DCS terms) are treated as
a perturbing potential. The QNM frequency corrections are
calculated by evaluating the expectation value of this
perturbing potential between unperturbed QNM eigenfunc-
tions (mode functions for Schwarzschild background). We
do so by analytically continuing the unperturbed eigen-
functions to the complex-r plane and computing an integral
along a suitably chosen contour deformed into the com-
plex-r plane. For a = 0.1M?, we find the ratio of the
imaginary parts of the DCS correction to the purely GR
correction in the first QNM frequency (in the polar sector)
to be 0.263 implying significant change. Also, for my > 0,
the DCS corrections make the magnitude of the imaginary
part of the first QNM of the fundamental mode smaller,
thereby decreasing the decay rate.

The paper is organized as follows: in Sec. II, we give
some essential details of DCS gravity and introduce the
slowly rotating black hole solution that we will study in
subsequent sections. In Sec. III, we perturb the black hole
background and compute the perturbation equations rel-
evant to calculation of the QNM frequencies. In Sec. IV, we
first do a Fermi estimate analysis to highlight that O(a?)
terms in perturbation equations do contribute to the O(a?)
corrections in QNM frequencies. We then go on to
elaborate on our procedure of calculating the QNM
frequency corrections, describing the perturbative scheme,
defining the relevant inner product and choosing a contour
for integration. We finally display our results, explicitly
tabulating the corrections to QNM frequencies. Section V
contains a brief summary of the entire paper and discusses
some directions of future work. The Appendixes A, B, C,
and D contain details of some of the discussions in
Secs. II-IV.

We use (—,+,+,+) signature for the 4D space-time
metric [8]. We use the geometric units G = ¢ =1 and
k = 1/(16x). We use the notations used in [43,46,47] for
convenient comparison. Our convention for the Levi Civita
tensor is €' = +1/ \/—9. This leads to an overall sign
difference in the Chern-Simons field in our work compared
to Ref. [34].

II. SLOW ROTATING BLACK HOLE
SOLUTION IN DCS GRAVITY

CS modified gravity is a parity-violating modification to
Einstein’s gravity and was first postulated by Jackiw, and Pi
[31]. The electromagnetic, strong, and gravitational inter-
actions respect parity. So parity is a good symmetry for
these interactions and is said to be conserved by them.
However, weak interaction does not respect parity. It is still
unknown how parity violation arises from a unified field
theory, including gravity. In principle, the parity violation
in general relativity leads to leptogenesis by transmitting
itself into Baryon-Lepton violation through primordial
gravity waves [27,48]. Thus, CS gravity can potentially
solve a few long-standing problems in particle physics and

cosmology [27]. This section provides a quick review of
DCS gravity and the slowly rotating black hole solution in
this theory [34].

A. DCS gravity
The DCS action is given by

S = Sgu + Scs + S + Smas (1)

where Sgy is the standard Einstein-Hilbert action:

Sy = K/Vd“x\/—_gR, (2)
$0= [ i (90)(V8) + 2V(8). ()

Scs :% / d*x/=g9'RR, (4)
v

and S, refers to the contribution from any other matter
present in the space-time: thus, DCS gravity contains an
extra pseudoscalar field 9 whose action is identical to the
canonical scalar field (3). The parity-violating term in
action (Scg) contains *RR, which is called the Pontryagin
density and is given by

“RR 1= "R R 104 (5)

where the dual Riemann tensor is defined as
* d 1 def
Rllbc = 56'6 € Rabef7 (6)

with €%/ being the Levi Civita tensor and & being a
function of space-time. The above DCS action reduces to
GR for 9 = constant.

Variation of the total action (1), with respect to the metric
and scalar field, leads to the following equations of motion,
respectively,

a 1
G —Cyp=—T,, 7
ab+K ab 2K ab ( )
dv «a
09 = f———"RR 8
pO8 = 0~ L RR, (8)
where
2 sLmat 59
T = Tgh + T = - ( + ) 9)
V=9 \89u  69up

where L are the respective Lagrangian densities and
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10, = B| (VB (99) = 5 00s (VD) (9°9) = g,V (9) |
(10)

In this work, we assume all other matter fields are absent,
and hence, set T, = 0. We also set the pseudoscalar field
potential to zero (V(8) = 0) [34]. The C tensor in (7) is

defined as
Ccab .= vcecde(aveRh)d 4 'Ucd*Rd(ah)C. (1 1)

The braces in (11) imply symmetrization of the indices.
Also
V, = Va19, Vyp = VaVbS = V(avb)& (12)
As mentioned earlier, the static spherically symmetric
Schwarzschild solution of GR is also a solution of the CS
theory because the Pontryagin density vanishes for the
Schwarzschild geometry [31]. On the other hand, the
rotating Kerr solution of GR is not a solution of the CS
theory. A rotating black hole solution with arbitrary angular
momentum is unknown for the CS theory. However, Yunes
and Pretorius proposed a slow rotating solution [34]. We
will discuss the salient features of this solution in the
following subsection.

B. Slowly rotating black hole solution

Since the DCS equations of motion (7), (8) are highly
coupled and nonlinear, obtaining exact solutions are hard
and one has to resort to approximations. In Ref. [34], the
authors solved Egs. (7) and (8) perturbatively to linear order
in the spin parameter a and quadratic order in the CS
coupling parameter @ and obtained the following slow-
rotating solution:

12M+27M2
7 r 1072

_ 5% a
dszzdséR—l-ZﬁK’A (1 +

)sinzédtdzp, (13)
where ds3y is the slow-rotating Kerr line element (up to
linear order in a):

4Masin26dtd N dr? LA, (14)
- Cdidg+——+r ,

f(r)

where f(r) = 1-2M/r. The background DCS field in the
slow rotating solution is given by

dsip =—f(r)di?

(Vo)1

~ —

5 aa cos @ 2M
8pM 12

18M?
+57). (15)

The above black hole solution has two properties that
will be useful for computing QNM frequencies: first, the
horizon of the above solution is the same as that in GR.

Second, since the correction in metric is 7~#; at infinity, it is
the same as slowly rotating Kerr. Hence, Arnowitt-Deser-
Misner (ADM) mass and ADM angular momentum are the
same as in GR. Note that the overall negative sign in
Eq. (15) is different from [34] due to the Levi Civita
convention in this paper. As mentioned above, Ref. [34]
used a perturbation approach to obtain the above solution.
As we will see below, the above expression for 9 accurate to
O(a) is sufficient to obtain the QNM frequencies accurate
to O(a?). In all the analytical calculations, the DCS
parameter /3 is arbitrary. However, in obtaining the numeri-
cal result in Sec. IV B, we set = 1.

In the next section, we set up the formal expressions to
obtain the quasinormal mode frequencies corresponding to
this black hole solution and highlight the differences in our
approach Ref. [43].

III. LINEAR PERTURBATION ABOUT THE
SLOWLY ROTATING BLACK HOLE SOLUTION

In this section, we obtain the linear perturbations about
the slowly rotating background black hole space-time
described in Sec. II B. (For easy comparison, we use the
notations used in Refs. [43,46,47].) The first-order pertur-
bations about the black hole background are given by

9w = g/w + 659,41/7 9=29 + €69. (16)

Based on their transformation under parity—under
the simultaneous transformations of 6 — 7 —6 and
@ — 7w+ ¢—the metric perturbations can be further
divided into odd (axial) and even (polar) parity perturba-
tions as

89,1, 7.0.9) = S0 (1.7.0.9) + 365" (1.7.0.99). (17)

It is easy to see that, under parity, the even and odd
perturbations transform as  Sgoe — (—1)"*'5¢50¢ and
Sger™ — (=1)'8g5ve". We work in the Regge-Wheeler
gauge in which the metric perturbations can be written
as (assuming harmonic time dependence):

0 0 hg"(r)Sg"(6.9) hy"(r)Sy" (6. 9)
st | ¥ O ISP 0.0) HI(ISPO.0) |
e * ok 0 0
ko k * 0
(18)
and
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Hf)’”(r)Ylm(G, (P) Hllm(r)Ylm(a §D)

1
Sgiien = * HY"(r)Y 1, (6. )
* *
* *

where Y, (0, @) are the spherical harmonics:

1
S, ) = ———0,Y,,(0,9),
6( §0) sin® @ lm( (ﬂ)
Séﬂm(97 (p) = sin eangm(gv (p)v (20)

and * in the matrix elements denote symmetric compo-
nents. Note that in Egs. (18) and (19), there is an implicit
summation over m and [: [ > 0 and |m| < . The perturba-
tion in the pseudofield is decomposed into spherical
harmonics as

R )
89(t,r,0,p) = Rin(r) Y (0, p)e™". (21)
r

A. Angular decomposition in Regge-Wheeler gauge

The angular decomposition of the 10 metric perturbation
equations in the Regge-Wheeler gauge for a Schwarzschild
background in GR was first shown by Kojima [46]. The
analysis has been extended to slowly rotating black hole
|

Im

0 0
0 0 .
e—lmt’ (19)
rK" (r)Y 1, (6. @) 0
* r?sin? K™ (r) Y, (0, @)

solutions in GR [47]. In this subsection, we show a similar
decomposition can be carried out for the 11 (ten metric 6g,,
and one scalar field 9) perturbation equations for the slow
rotating black hole background up to a®. These 11
equations can be divided into three groups.

Group 1: From Eq. (8) and the ¢, tr, rr, and sum of 60
and @@ components of (7), we get

Z{(AEQ + A(I) Cos 9) Ylm + Bgrlra sin eaﬂylm + Cgllrfa(lem}

Im
Lm

=0(I =0to4), (22)

where As, As, Bs, and Cs are the linear combinations of H, 05
H,,H,, K, hy, h;, R and depend only on r and w. (Note that
t dependence goes away because of the harmonic time
dependence.)

Group 2: From the 10, r0, tg, r¢ components of (7),
we have

. 3,Y 1 ) .
Z{ () + @) c0s0)0gY = [B,) + By cos 6] 4 (sin0Y,,,) + £/ X + ) (sin ewm} =0, (23)

Im Im

I,m

Im

- 0,Y 1m ) .
Z{Lﬂg,{f +ﬂ§,i,) c0s0]0yY,, + [a(l) + &) cos 0] s?n; + é’%l)(sm 0Y 1) ‘H((J)sz - fﬁ,{f(sm 9W1m)} =0, (24)

1
where le = 28(/,(89 — cot 6) Ylm7 Wlm = (85 — cot 969 - —2683,) Ylm~ (25)
it

In both Eqgs. (23), and (24), J can be 0 or 1. Note that as, as, s, Bs, ns, s, {s, and &s are linear combinations of H,, H1,
H,, K, hy, hy, R and depend only on r and w. (Here again, ¢ dependence goes away because of the harmonic time

dependence.)

Group 3: From the f¢ and the subtraction of 06 and ¢¢ components of (7), we get

l,m

sin’6
l,m

. le ~
Z{flmaé’ylm + glm(a(pylm/ sin 9) + Sim <m> + Sim (

. X, \ -
Z{glmaﬂYlm — fim(0,Y 1/ sin @) — tlm< L ) — T

X, cos@ Wi . (W, cos0
— tm | — tim| ——— ) p =0, (26
sin20 > i (sin 9> i < sin 6 (26)

X, cosd Wi, . (W;,cosf
— — —— | =0. 27
sin?0) ) L (sin 6) + Sim < sin @ ) } 27)

Here again, ss, 3s, s, 7S, fs, and gs are some linear combinations of H,, H,;, H,, K, hy, h;, R and depend only

on r and w.
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Before we proceed with the rest of the calculations, we
want to highlight the differences between GR and DCS
gravity for the above angular decomposition. For DCS
gravity, the structure of Egs. (22), (23), and (24) are the
same as in GR. The first difference is the appearance of the
51, and 7;,, terms in Egs. (26) and (27). These terms do not
occur for a slowly rotating Kerr background. The second
difference is that in DCS gravity, we have an extra
pseudoscalar field equation that is not present in GR.
The structure of the scalar field equation is such that it can
be grouped with the first set of metric equations (22).

Note that the above angular decomposition leads to
equations in terms of {Hy, H|, H,, K, ho, h;,R} and the
angular functions summed over all values of / and m. To
eliminate the angular dependencies, we need to use the
orthogonality properties of spherical harmonics to get
equations purely in terms of the radial functions
{Hy,H,H>,K, hy, hy, R} for individual (Im) modes. For
instance, we can multiply the perturbation equations (22)
by Y;, and integrate over the solid angle to eliminate the
angular functions. Detailed procedure to eliminate the
angular dependencies for GR case involves a series of
steps which is discussed in Ref. [47]. Appendix B contains
the detailed procedure to account for the extra terms 5,,, and
T, terms in Egs. (26) and (27) for the DCS gravity case.
Following the elimination procedures in [47] and
Appendix B leads to 11 equations of the form

My, +maM,, + a(qM_y ,, + g1 M 1,,) =0, (28)

where the Ms, Ms, and Ms are some linear combinations of
Hy, Hy, H,, K, hgy, h;, R (with the same /m indices) and
depend only on r and w. Note that the prefactors of o'
(i =0, 1, 2) have been suppressed in Eq. (28).

B. Decoupled perturbation equations
To obtain the QNM frequencies, we need to further
simplify Eqs. (28). This simplification is possible by
looking at the symmetry properties of the axial and polar
perturbation variables in Eqgs. (28). In Ref. [43], the authors
argued that under simultaneous transformations

yl,m - :l:yl,—m’
a— —a, (29)

xl,m - :Fxl,—m s

m— —m,

Eq. (28) remains invariant. Note that x;,, and y;,, represent
the axial and polar perturbation variables, respectively, with
indices (I, m). Under the above transformations, the boun-
dary conditions for QNMs of slowly rotating BHs in DCS
are also invariant. The QNM frequencies in the slow
rotation limit must also remain invariant and hence should
be of the form

w = wy + maw; + aw, + O(a*>) with @, =0. (30)
This argument holds irrespective of the order of a.

The immediate consequence of the above symmetry
argument is that the quasinormal mode (QNM) frequencies
are not affected by mode couplings (of / to [ & 1) at leading
order in spin (see Ref. [43] for details). The crux of the
argument is that the coupling terms in (28) can only
contribute to w, part of the frequency correction in (30).
And since w, should be zero because equations in (28) and
its boundary conditions don’t change under the simulta-
neous transformations (29), there is no effect of the
coupling terms on QNM frequencies. The coupling terms
cannot source @; correction because the coupling terms in
(28) are just the Schwarzschild functions and therefore are
independent of m, considering terms only to linear order in
spin in Eq. (28). Hence, we neglect the mode coupling
terms of M in Eq. (28) in the rest of our analysis. If we do
not have the M terms, and if we explicitly write the a
dependence of the terms, then (28) leads to seven equations
of the form

Py 2P =0, (I=1107) (31)

three equations of the form

A L a8 L 2" —0,  (J=1103), (32)

and one equation of the form
Sim + aAlm + (nglm =0, (33)

where the Ps are linear combinations of the polar functions
H,, H,, H,, K, and their derivatives. The As are linear
combinations of the axial functions h,, h; and their
derivatives, and the Ss are linear combinations of the scalar
field function R and its derivatives. In the above equations,
we have suppressed the spin (a) dependence of terms. From
the above expressions, we find that the polar sector (31) is
independent of the pseudoscalar field, whereas the axial
sector (32) is coupled to the pseudoscalar field (33). This is
also a feature for spherically symmetric space-times [40].

While the above Egs. (31), (32), and (33) do not have
mode-coupling terms, they are not in a form that can be
related to the two polarization modes of the gravitational
waves and scalar field. In other words, we need to combine
the seven equations in (31) to a single differential equation
that is analogous to Zerilli equation [2] in the case of
Schwarzschild space-time. Similarly, we need to combine
the three equations in (32) to a single differential equation
that is analogous to Regge-Wheeler equation [1] in the
case of Schwarzschild space-time. However, unlike
Schwarzschild background in GR, the axial modes here
are coupled to the scalar field. Since the Regge-Wheeler
and Zerilli equations are of Schrodinger form, we will refer
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to the final polar, axial, and scalar equations for the slowly
rotating case as Schrodinger-like equations [4].

The procedure to get the Schrodinger-like equations
starting from (31), (32), and (33) is a tedious one involving
several steps. The flowchart (Fig. 1) describes the entire
procedure. In the rest of this subsection, we give a bird’s
eye view of the procedure without going into the
details.

We start with the simplest of the three—Schrodinger-like
equation for the pseudoscalar field. Equation (33) is the
equation for the scalar field which also contains the axial
perturbations variables that are governed by Eq. (32). Note
that, to get an equation accurate to O(a?) in Eq. (33), we
can neglect the O(a?) terms in (32). This is because any
term at O(a?) in Eq. (32), when substituted back in
Eq. (33), will contribute at O(a?). Therefore we solve
the system of Egs. (32) for some relations between h, hy,
and R accurate to linear order in @ and substitute them in
(33). This leads to Schrodinger-like equation for the
pseudoscalar field perturbation R, [cf. Eq. (35) in
Sec. I C].

[ Step 1: To get the DCS field equation ]

Consider the axial equa-
tion set (32) till O(a?)

We solve for hg in terms of
h1, R and their derivatives.

We substitute the obtained hg in Eq.
(33) to get an equation of O(a?) in
terms of hy, R and their derivatives.

i

We expand the obtained equation
to linear order in y and quadratic

order in . Redefine h; in terms of
the Regge-Wheeler function (38)

We obtain the Schroedinger-
like DCS field equation (35)

FIG. 1.

We now focus on the polar (31) and axial sectors (32).
The many-step procedure of computing the Schrodinger-
like equations for the polar and the axial sectors for the
slowly rotating Kerr case is discussed in Ref. [47]. In this
work, we refer to this procedure as standard GR procedure.
While Wagle et al. [43] considered perturbation equations
accurate to the first order in «, in this work, we derive the
equations accurate to O(a?). O(a?) correction terms in the
perturbation equations, have higher-order derivative terms
that are absent in the equations accurate to first order in a.
Hence, we cannot directly use the standard GR procedure
in this case. The modification to the procedure is explained
as step 2 in the flowchart (Fig. 1).

C. Schrodinger-like equations for the pseudoscalar
field and axial and polar sectors

Following the procedure discussed in the flowchart
(Fig. 1), we obtain the Schrodinger-like equations for
the pseudoscalar field perturbation, the axial sector, and
the polar sector. We rewrite the equations in dimensionless
variables y, a:

Step 2: To get the axial
and polar sector equations

i

Consider the axial set of 3 equations (32)
and the polar set of 7 equations (31). They
contain higher order derivative terms at or-

der o2. These have to be approximated
by terms at one perturbative order lower.

I

We solve equation set (32) and (31) till O(«)
to get the required higher order derivative
terms in terms of lower order derivative terms.

i

We substitute these expressions for the
higher order derivative terms back in the
original equation sets (32) and (31) to get

axial and polar equation sets till O(a?)

with no higher order derivative terms.

We employ the standard GR procedure, sub-
stituting for 0, R at each step from (35)

=

We obtain the axial (36) and the polar
(37) sector Schroedinger-like equations.

Flow chart provides detailed procedure to obtain the Schrodinger-like equations.
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)(IM,

- a

The linear-order perturbation equation for the pseudoscalar field, accurate up to O(&?), is

2

M - ~
f(r)zarrle + 7f(r)arle + azmel (r)arle + [a)Z - ngrp()d(”?)(? az)]le

= =af (r){lg(r) + xmh(r)]¥EY + xmj(r)0, ¥} (35)

The linear-order perturbation equation, accurate up to O(&?), for the axial sector is

Im

Im

2M ~ -
S0, P + =5 ()0, + @m0, VY + [0 = VAP 7. )WY

= —af(r){[v(r) + ymn(r)|Ryy + xmp(r)0, Ry }. (36)

The linear-order perturbation equation, accurate up to O(&?), for the polar sector is

2M
F(r)?2 0,5, +— f(r)0,¥F, + @ ymP(r)0, ¥, + @ = Vo (r.y. @) 7, = 0. (37)

Im

where the Regge-Wheeler function (PRV) describing axial perturbations and Zerilli-Moncrief function (P, ) describing the

polar perturbation are

PRW :M <1 +2mM;(
.

Im P

with

2r2wK"™(r) + 2i(2M — r)H!™ (1)

3 )hllm; lPlZm -

C2mMA(=2(P 4 1= 2)2Mr? + (P 4+ 1= 2)rP (P + |+ 2r°w? — 2) — 24M?r + 48M° + 12M ' w?)

o(Pri—nrremy L), (38)

c(r)

and the potentials are
Vered(ro o) = Vig(r.x) +@Ta(r. ), (40)
VAmd(r v a?) = Vii(r x) + @ymAy(r),  (41)
vPmed (v a?) = VE(r,x) + @ ymPy(r).  (42)

The exact form of the above potential functions and all
the coefficient functions that occur in (35), (36), and (37)
are given in Appendix A. Equations (35)—(37) and (40)—
(42) are accurate to quadratic order in « and contain O(a?)
terms that were not included in Ref. [43]. The Schrodinger-
like form of the equations becomes apparent only if we
express them in terms of the tortoise coordinate (r.):
r, =r+2Mlog(r/2M —1).

IV. EVALUATING THE QNM FREQUENCIES

In this section, we evaluate the QNM frequencies for the
three sectors analytically. Specifically, we use a procedure
similar to that used in nondegenerate perturbation theory in
quantum mechanics. It is important to highlight that only
the technique is similar while the calculation is purely

I+ D)rto((P+1-2)r+6M)* '

(39)

classical. We treat the terms independent of spin (corre-
sponding to the Schwarzschild background) as the zeroth-
order terms in perturbation theory. In contrast, the terms
proportional to spin (including GR and DCS terms) are
treated as a perturbing potential.

Wagle et al. [43] performed a Fermi estimation analysis
to determine the dependence of the QNM frequency on the
CS coupling parameter. To compare and contrast the results
and highlight that some relevant perturbative terms are not
present in Ref. [43], we repeat the Fermi estimate analysis
for the equations derived in Sec. III C in Appendix D.

From Appendix D we see that the results are different
from those in Ref. [43]. Our analysis reveals an additional
contribution [(A, — G4) term] to the frequency correction
compared to that in Ref. [43]. Thus, even using Fermi
estimate, it is clear that the analysis in Ref. [43] has not
included certain terms that contribute to the correction in @
at 0(a?).

A. Perturbation scheme, inner product, and contour

In the rest of this section, we discuss the analytical
procedure we use to compute the corrections to the QNM
frequencies. We employ a perturbation scheme in the spin
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parameter y with the Schwarzschild case being the zeroth-
order solution. We compute the Schwarzschild QNM
eigenmodes and frequencies using the well-known con-
tinued fractions analysis by Leaver [49].

Since the polar sector is uncoupled, we first discuss the
polar sector (37). Setting p = —iw, Eq. (37) can be
rewritten as

OFY + y VP = p2¥, (43)
where
A d?
0" = ar Ven- (44)
(7P Pmod P =2 d
VE= (V™ = Vi) + @ mPl(”)Ev (45)
and Vgch is the Zerilli potential which is obtained by setting
x =0 in VEmod,

As mentioned above, our aim is to solve (43) perturba-
tively and y keeps track of the higher and higher-order
corrections to the Schwarzschild case. Following the
standard nondegenerate perturbation theory, we expand
Y and p in powers of y:

Y =90 4 p) 1 29@) ...

We now substitute these expansions back in (43), expand
and collect terms at each order of y, and set coefficients at
each order of y to zero. We get at zeroth order:

OFp(0) — (p(o))ijw) (47)
and at the first order:
0P + VP = 2,0 ,(p0) 4 (p(0>)2lp(1> (48)

To proceed further, we need to define an inner product

7 :.F — C such that the operator O is self-adjoint with
respect to it (Z being the space of wave functions), i.e.:

I (w, 0 p) = 7 (0. ). (49)

The inner product is defined as

Sy d) = [g wdr,. (50)

The contour (%) for integration is illustrated in Fig. 2.
The details about the inner product definition and the
choice of the contour are provided in Appendix C. The
contour integral technique to compute corrections to QNM
frequencies has been earlier for the Kerr-Newman black

Im(r)

26

< : >Re(r)

FIG. 2. Contour for the integral in inner product definition.

hole case [50]. However, to our knowledge, this is the first
time this technique is used to compute the DCS corrections
and the GR corrections in QNM frequencies for slow-
rotating black holes. Taking the inner product of the right-
hand side and the left-hand side of (48) with ¥©), and using
the above inner product definition, the first order (in y)
correction to the QNM frequencies are

W _ I (PO YP0)
P T 2,0 (90, w)
Z(gO) Pyl

= ol = ¥, ) (51)

200 7 (O, pO)

We want to make the following remarks regarding the
above result: first, even in the polar sector, we obtain DCS
corrections (proportional to &) to the QNM frequencies.
This is the first significant difference compared to the
results in Ref. [43]. Second, using Leaver’s continued
fractions method [49], ¥(©) and p(©) are known for the axial
sector in the Schwarzschild background. Due to the
isospectrality relation in GR, the zeroth-order frequencies
p9 for the polar sector are the same as the axial sector.
Third, the zeroth-order eigenfunctions for the polar sector
Y()Z can be obtained from the eigenfunctions of the axial
sector W(ORW ysing the well-known Chandrasekhar trans-
formation [51]. The expression for the polar wave function
in terms of the axial wave function is given by

1
g0 =
lmw( ) %/12(2+ 1)2—|—4M2a)2

2 6M?(r —2M) (0)RW
“AA+1)+——=

| (Gaoe 1+ ST e o)

d
+ 2Md—r‘1’§r0n)£w(r)} ; (52)
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where A = (I —1)(I+2)/2. Thus, with the above inner
product definition (50), we have all the ingredients to
compute the correction in polar sector frequencies at linear
order in spin.

The above perturbation scheme is also useful in the axial
sector. Ignoring the contribution of the pseudoscalar field
terms in the axial equation (36), we can use the same
technique discussed in the previous paragraph for the polar
equation to compute some CS corrections to the QNM
frequencies. Since we compute the corrections to the QNM
frequencies only at the linear order in y, we can add the
corrections in the QNM frequencies arising from the
pseudoscalar field terms in Eq. (36) to the corrections
due to the @ terms to get the full correction at linear order
in spin. In Ref. [43] the authors calculated the corrections in
QNM frequencies due to the pseudoscalar field terms by
direct integration of equations. But they did not include the
corrections due to the terms proportional to &> in (36). In
this work, we have computed these corrections (that were
not included in Ref. [43]) using the perturbation scheme
discussed in this section.

B. The results

Having discussed the detailed procedure, in this sub-
section, we obtain the QNM frequencies for the first five
fundamental (n = 0) modes for the slowly rotating black
hole solution in the DCS theory. We set f=1. As
mentioned earlier, since the polar sector is decoupled,
we can obtain the complete QNM frequencies. However,
we need to solve the coupled differential equations for the
axial sector to obtain the complete QNM frequencies.
Hence, we only identify the corrections to the slow rotating
Kerr QNM that were not included in Ref. [43]. Since we are
computing corrections at the linear order in spin, for the
axial sector, we can add these corrections to the corrections
reported in Ref. [43] to get the full correction at linear order
in spin.

Although the procedure is suitable for any value of /, in
this section, we will set [ = 2. To compute the corrections
to QNM frequencies, we use Eq. (51) for the axial and polar
sectors. To evaluate the contour integral [cf. Fig. 2] in
Mathematica, we set the radius of the semicircular part of
the contour as § = 0.2M, continue the contour to Im(r) =
200M on both sides of the horizon point and approximate
the wave functions by the first 80 terms in Leaver’s
continued fraction analysis [49]. Note that the contour

TABLE L

integral is independent of the choice of the radius of the
semicircular arc of the contour, and the wave functions
decay exponentially at the end points of the contour
[Im(r) = 200M]. The analytical results reported in
Table I are robust to variation in 6 and the choice of end
points of the contour. More specifically, changing the value
of end point of the contour from Im(r) = 200M to Im(r) =
400M changes the coefficients in Table I only at the 17th
decimal place. Varying 6 in the range (0.1M, 0.4M), the
coefficients change only at the 16th decimal place.
Similarly changing the number of terms used to approxi-
mate the wave functions in Leaver’s analysis in the range of
80 to 100 changes the coefficients in Table I only at the
tenth decimal place. Thus, the results reported here are
robust and do not depend on ¢ or the end points of the
contour.
The polar QNM frequencies can be expressed as

~2
a‘my 1
of =R +—= ¢, oS = — [a; + myb;],

(53)
where the coefficients a;, b;, and c; are tabulated in Table I.
We want to make the following remarks regarding the
above result: first, the coefficients a; match with the results
in Ref. [6] and the coefficients b; agree with the results in
Ref. [52]. Second, the correction term proportional to only
my 1is the correction due to spin in GR, whereas the
correction term proportional to &@>my is the DCS correction.
To get an estimate of the DCS corrections on the GR QNM
frequencies, we need constraints on the DCS coupling
parameter. In Refs. [53,54], the authors derived weak
constraints on DCS coupling parameters from various
astrophysical observations. A much more stringent con-
straint on DCS coupling parameter obtained using the
measurements of the mass and the equatorial radius of the
isolated neutron star PSR J0030 + 0451 by NICER
(Neutron Star Interior Composition Explorer) [55-57] by
Silva et al. [58] (for p=1) is

Va <85 km. (54)

This leads to

QNM frequency coefficients for the polar sector (a;, b;, ¢;) and the axial sector (a;, b;, d;).

i 1 2

3 4 5

i 0.373672 —0.0889623i  0.346711 — 0.273915i1

0.301053-0.4782771

0.251505 —0.705148i  0.207515 — 0.9468451

a
b; 0.0628831+0.000997934i 0.071944-0.00638453i 0.0860352+0.02243381 0.0957683+0.05080291 0.0971001+0.08663071
c

; —0.0489391 + 0.0262461
d;  0.0592739 — 0.189462i

0.259349-0.167831i
—0.377947 — 0.504844i

0.703233 — 1.093071
—1.44408 — 0.434958i

0.527707 — 6.25558i1
—=7.98051 + 7.12689i

0.969587 — 3.1162i
—3.60286 + 1.11852i
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a is small for a 50 M, black hole and the corrections to the
imaginary part is less than a percentage. Hence, binary
black hole collisions leading to 50 M, black holes cannot
provide any distinct signature. However, if the residual
mass is around 15 M, or less, like the binary neutron star
(BNS) event [59], then it can lead to a significant change in
the QNM frequencies. For a 15 M, black hole, the above
constraint (55) translates to

a <0.147 (56)

and is consistent with the small @ approximation. For
a = 0.1, the ratio of the imaginary parts of the DCS
correction to the purely GR correction in the first QNM
frequency is

~2
Im <%) ~0.263. (57)

1

Thus, there is a significant correction in QNM frequency
due to the DCS terms when compared to the GR correction
and these corrections may potentially be observable in
future missions [17]. For my > 0, the DCS corrections
make the magnitude of the imaginary part of the first
quasinormal mode less negative, hence decreasing the
decay rate.

The third remark that we would like to make about our
results is that although the contour-integration technique
was used to compute corrections for the Kerr Newman
black hole in the past [50], this is the first time the
technique has been used to obtain QNM frequencies for
modified gravity models. Lastly, due to the isospectrality
theorem, GR spin correction is the same for both the axial
and polar sectors [47]. As mentioned above, since the
axial sector is coupled of the pseudoscalar field (9), the
axial QNM frequencies can be represented as

amy

A _ GR
w; = w;" + i

L

&2
a+ T dmy).  (9)

where d; are the corrections that solely arise due to the
corrections to the lhs in the axial equation (36) and d? (m, y)
are the corrections that arise due to the coupling to the
pseudoscalar field [rhs of the Eq. (36)]. In Ref. [43], the
authors computed only ¢/ terms and did not obtain the d;
corrections. Here, we only obtain the corrections to the
slow rotating Kerr QNM that were not included in Ref. [43]
and do not consider the corrections arising from the
pseudoscalar field (89). Table I contains the coefficients
d;. We plan to report the analytical evaluation of d? in a
future publication.

V. CONCLUSIONS AND DISCUSSIONS

In this work, we have analytically computed the funda-
mental mode (n =0) QNM frequencies for a slowly

rotating black hole solution in DCS gravity accurate to
linear order in spin (y) and quadratic order in the CS
coupling parameter (a). The corrections to the QNM
frequencies reported here are at the same level of exactness
as the background black hole solution reported in Ref. [34].
In addition to Ref. [43], we found DCS corrections to the
QNM frequencies in the polar sector.

To obtain the quasinormal modes, we perturbed the
background space-time linearly and computed the pertur-
bation equations. As shown in Ref. [43], the angular
decomposed perturbation equations are invariant under
the simultaneous transformations of axial, polar perturba-
tion variables, m and a. Due to this symmetry, the QNM
frequencies are not affected by mode couplings (of / to
[ £ 1) at leading order in spin. This enormously simplified
the perturbation equations, which we could combine in a
specific manner. This leads to three Schrodinger-like
equations—one each for the scalar field and axial and
polar sectors. The equations we have derived are again
accurate to linear order in spin and quadratic order in the
DCS coupling parameter. We find coupling between the
DCS field and the axial sector metric perturbations,
whereas the pseudoscalar field does not couple to the polar
sector metric perturbations. Interestingly, this feature was
also found in spherically symmetric space-times [40].

To compute the polar sector QNM frequencies, we
analytically continue our mode functions to the com-
plex-r plane. We defined an inner product using a contour
integral along a contour that ensures the finiteness of the
inner product. We employed a perturbation technique
similar to nondegenerate perturbation theory in quantum
mechanics and calculated the QNM frequencies in the polar
sector. Again, we emphasize that our technique is similar to
the perturbation theory in quantum mechanics, but our
calculations are completely classical. We used the same
technique to compute one part of the DCS corrections to
QNM frequencies in the axial sector. Here, we only
obtained the corrections to the slow rotating Kerr QNM
that were not included in Ref. [43] and did not consider the
corrections arising from the pseudoscalar field (89). The
total DCS correction in the axial sector QNM frequencies is
the sum of the two parts.

Our results shows that the DCS corrections are poten-
tially observable when the final black hole mass is less than
15 M. Hence, the future BNS events [59] can potentially
distinguish DCS and GR. Specifically, assuming & = 0.1,
we found the ratio of the imaginary parts of the DCS
correction to the purely GR correction in the first QNM
frequency (for the polar sector) to be 0.263. Also for
my > 0, the DCS corrections make the magnitude of the
imaginary part of the first QNM of the fundamental mode
smaller, thereby decreasing the decay rate.

Since only axial perturbations couple to the pseudoscalar
field. Our analysis shows that isospectrality between odd
and even parity perturbations are broken for the slowly
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rotating black holes in DCS. Earlier, this was shown for the
spherically symmetric black holes [40]. This leads to the
following question: which term in the equations of motion
(7) breaks the isospectrality relation for DCS? To check this
for the slowly rotating black hole solution (13), we ignored
the C-tensor term in the perturbation of Eq. (7) and *RR
term in perturbation equation (8). [Note that the rotating
black hole solution (13) is not a solution under these
conditions.] In this case, the DCS corrections in QNM
frequencies are isospectral for the axial and polar sectors.
This confirms that the source of isospectrality breaking is
the C-tensor and “RR terms.

It seems that different strong-gravity corrections break the
isospectrality differently. In the case of spherically sym-
metric space-times in f(R) gravity, it was shown that the
polar perturbations couple of the extra scalar gravitational
perturbations while axial perturbations do not [60,61]. This
is opposite to what we see in DCS gravity—the axial
perturbations couple of the extra scalar gravitational per-
turbations while polar perturbations do not. The future
gravitational wave detectors like the Cosmic Explorer
[17] are expected to have a very high GW SNR in the
quasinormal mode regime SNR > 50 [19]. Thus, the future
detectors can help probe the QNM structure accurately and
provide whether the strong gravity violates parity or not!

As we have mentioned earlier, we have not computed the
QNM frequencies of the axial sector completely. This is
because the axial perturbations are coupled to the pseu-
doscalar field. The analytic perturbative technique devel-
oped in this work needs to be extended to accommodate the
coupling with the pseudoscalar field by modifying (or
decoupling) the axial and the pseudoscalar field equations
using suitable operators and their commutators. This is
currently under investigation.

2M

6i(l—1)I(1+1)(1+2)M

We have analytically computed the QNM frequencies of
a particular analytically obtained perturbative (slowly
spinning) solution of the DCS theory. In the literature,
there have also been nonperturbative spinning solutions
computed numerically for the DCS theory [33]. For DCS
black holes with general spins, metric perturbation does not
have explicitly decoupled forms when o = 0, which means
that solving for DCS QNM frequencies using metric
perturbation will not be straightforward. For nonlinear,
scalarization scenarios discussed in Refs. [38,39], it is
plausible that, in a slowly rotating special case, QNM
frequencies can still be computed in the way discussed in
this paper—if a sufficiently simple closed-form analytical
solution for the metric exists.
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APPENDIX A: COEFFICIENT FUNCTIONS IN
PERTURBATION EQUATIONS

In this section we list down all the potentials and the
coefficient functions that occur in the Schrodinger-like
equations in Sec. III C. The coefficient functions are

6iM*w

f) =122 () o L) =25 (A1)
iM?(r*@?* (122114 1) = 1)M? + 15Mr + 5r%) + 144M3(2M — 1)) , T2iM> (r — 2M)
h(r) = - 57 v I =g (A2)
2P w r*of
iM?(—4224M* +3306M°r + 48M?r? (rPw? — 15) + 5Mr* + 1514 12iM*(12M =5r)2M - r
n(r) =ML ) L p(n = PRSI  (ag)
4kl(l+1)r KI(I+1)r
The various GR potentials are
2MN\ TI(L+1) 2M aMm?
ngf = <1 —7> |: r2 +?:| +)(ma)r—3, (A4)
2MN\ [I(1+1) 6M  ym?24M?(3r —TM) aMm?
A —(1=-22 RS Y I A N —— —_— A5
Vet ( r )[ r? P I+ 1) +ame P (A3)
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a aMm? 2M (I-1)(I+2) (1 2(1=1)(I+2)(I(I+1)+1)
Ve = me =5=+1(r) | 75 +f(ﬁ+ (6M + r(I(1+ 1) —2))? )

dymM?
T DM + U+ 1) = 2))
+144M4r*(230 + [(1 + 1)(211(1 + 1) — 148) + 677 w?)
+12M2 4 (114 1) = 2)2(I(1 + 1) (=12 + 51(1 + 1)) + 287°0* — 4)
+12M3 3 (I(1+ 1) = 2)(374 + (1 + 1)(291(1 + 1) — 200) + 72r*w?)
P+ 1) =2)3(=3(1(1+ 1) = 2)(I(1 + 1) +2) + 22(I(1 + 1) — 4)a?)
ML+ 1) =2)2((1(1+ 1) = 2) ({1 + 1) + 2)(71(1 + 1) — 38)

(27648M° + 2592M3 r(61(1 + 1) — 19)

1247220(1 + 1) = 5)w?)) |. (A6)

The & correction functions in the potentials are

3(r—2M)2(5M°r* + 10M®r + 18M7)

T,(r) = A7
l(r) 4ﬂ1<r“a) ’ ( )
T,(r) = S65xr (20161(1 + 1)MSPw(r — 2M) — my(20161>M7 (r — 2M)? + 2016IM7 (r — 2M)?
KI'~@

—8064 M8 w? + 120MSrw? + 21M3r* (201 M*w* + 10) + T0M°r®w?* — 4284M7 12

+10416M83r — 7056M°)), (A8)
1
A(r) = ((r=2M)*(=15M*r* (51> + 51 — 4(6M>*w* + 5)) — 40(1> + 1 + T)MSr?

4pxl(l + 1)
C15(302 + 31+ 4)M5P + 18(831% + 831 — 640)M7r + 120M°F5w? + 30M*r°w? + 19440M%)),  (A9)

Ay(r) = — TRV (1680MSr*(21% + 21 — T8M?*w?* + 3) + 21M° P (I*(9IM*w? — 160) + [(IM*w?* — 160)
+20(212M%@w? — 9)) + T0(2 + 1 — 18) M’ + 30M*rS (12 (4M*w?* + 35)
+H(AM? @ + 35) — 84M*w?) + 168(481* + 961> + 11411 + 10931 + 1966) M8 r?
—168(12[* + 24 + 3037 4+ 2911 + 11)M"r> — 1008(81* 4+ 161> + 185> + 1771 4+ 1168)M°r
—1680M*r8w?* + 1088640M'7), (A10)
Pi(r)=- ! (M3 (r —2M)*(=12M*r*(64791° + 194371 — 170721* — 665391

56pcl(1+ 1) r2w((P +1-2)r+6M)3

+577391% + 942481 — 567T0M>*w* — 150992) — 6M3 13 (=421 (99M>w?* + 1555) + 31516 + 9451 + 5635[* + 96951

—141(297TM?»* + 5000) + 4(639M>®* +29680)) + 560(1> + 1 —2)>M?*rBw? — 18M*r°(=71*(18M>w* + 355)

—7B(36M%w* 4 785) + (7140 — 342M%w*) + 10516 + 31515 + (9940 — 216M>w?) + 96M2w? — 9520)

+60(12 4+ 1—2)Mr7 (512 (4M2w* — 21) 43514 + 7003 + 201(M2w? — 7) 4 58M>w* 4 140)

+18(1472731* +2945461% — 9604691% — 11077421 + 1603992) M6 r? + 27(54391° +163171° — 682651

—1637251 + 181898/% + 2664801 — 267264) M r* 4 432(40551/% + 405511 — 130246) M r + 39680928 M8))

150(48M8 —32M7r + M*r*)
20(1+1)prr®

: (Al1)
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1
" 561(1+ 1)r3(6M + (2 4 1 = 2)r)*fre

Py(r) =

(952342272M'* + 10368(4055117 + 405511 — 222100)rM 3

1+1728(223441* + 446881° — 46894917 — 4912931 + 1320255)r2M ' — 216(389551° + 1168651 + 3277541*
+46073313 — 28369291% — 30478181 + 5572728)r*M'! — 36r*(513241% + 20529617 — 1818811° — 12641791
—15680261* — 7895751% 4 6658635[% + 68085101 + 984312M>w?* — 10830664)M'0 — 67°(153511'° + 767551°
—27459518 — 155891007 — 27738710 + 49463951° + 42422511* — 17317281% + 4(699678w*M? — 2652053) 1
+72(388710*M? — 119932)1 — 9312408w> M?> + 17313024)M° + 3(299997'° 4 1499951° — 810077®
—12239981" — 6143471° 4 30709311° + (2263351 — 707616w>M?)I* — 48(29484M?*w* + 48323)
+(5889888w> M? — 6264220) 1> + 32(206172w*M? — 135739)1 + 48(222776 — 212043w>M?)) r°M®
—47r7(51081'0 + 255401° — 36591% — 16787617 + (4498 — 10962w>M?)1° + (708328 — 328860w*M?)[°
+(397141 — 407718w*M?)I* — 2(380313M2w? + 316600) 1% + 22(52965w*M? — 68264)1

+2(770031*M? — 515756)1 + 180(12208 — 9477w*M?))M” + 2(15051'° 4- 75251° + 35(2430>M?* — 1033) 3
+70(486w*M? — 2711)1" + (14118M?@* + 9205)1° + (723415 — 76716*M?) > — 7(54090*M? — 55015)1*
+(91824w*M? — 671930) > + 20(9396w>M? — 35875)1> + 8(15444w*M? — 28385)1 — 798960 M?
+715680)r8M® + 3(1> + 1 = 2)(7(9*M? — 190) 18 + 28(9w*>M? — 190)17 + (7140 — 1039w>M?)I°

+(40040 — 3999w’ M?) P> + (7446M*@? + 3710)1* + (218510’ M? — 65520) 1% — 2(1037M*w” + 8960)
—4(34270*M? — 5600)1 + 56(300 — 2857w*M?*))r*M> + T0(I> + 1 — 2)3(1* + 21> = 101> — 111 + 28)r!' @’ M?
+10(% 4+ 1 = 2)?(3(4M*w* + 35)1° + 9(4M?w* + 35)P° + 3(34w’M? — 35)1* + 3(480* M?* — 245)°
—5180*M?* %> + (420 — 584w’ M?)1 — 5324M?*?)r'*M* + 420(1% + [ — 2)*r2w?>M*)

15M*w(6M? + 3(1> + 1 = 2)Mr — (> +1—=2)r*)(24M?3 — 4M?r = 2M1r? — 1?)

21+ 1)r°(6M + (P + 1= 2)r)pk

APPENDIX B: ELIMINATING ANGULAR
FUNCTIONS FROM PERTURBATION
EQUATIONS AND ORTHOGONALITY

PROPERTIES

Kojima-like decomposition highlighted in Sec. III A
gives us equations that contain both angular and radial
functions summed up over all / and m modes. As
mentioned in Sec. III A, to eliminate the angular functions
and to get radial equations in individual /, m modes, we
need to use the perturbation equations along with some
orthogonality properties of spherical harmonics. For exam-
ple, we can multiply the perturbation equation (22) by Y7,
and integrate over the solid angle to get rid of the angular
functions. The detailed procedure for getting rid of the
angular functions from all the 11 perturbation equations has
been highlighted in [47] for the GR case. The only point of
difference from the GR analysis for the case of the CS
slowly rotating background are the 5,;,, and 7, terms in (26)
and (27). These terms vanish for a slowly rotating Kerr
background. In this section, we demonstrate one of the
procedures to deal with these terms.

. (A12)

We first mention some of the important relations,
definitions and orthogonality properties that we will be
needing. The scalar product definition is

(f,g>E/de*g:/degasint*g. (B1)

The scalar spherical harmonics are governed by the
following equation:

1
Vigy + cotOYly + ¥, +1(1+ )Y =0 (B2)
and are subject to the orthogonality relation:
<Y]m7 Yl’m/> _ 511’5mm’. (B3)

Some relevant recursion properties of scalar spherical
harmonics are

cos lem — QH—lelJr]m + leyl—lm’ (B4)
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sin QY{(’)” = Ql+1mlyl+1m _ le(l + 1m>Yl—1m' (BS)

Some other important integral relations among Y, W™,
X™ are

/dQ[W*l'm/Y’lZl - X*Z'm/Y’l;’)ﬂ] = lm(l(l + 1) - 2)6mm’5ll’v

(B6)

X*lmxlm

sin 62

/dQ cos 6 [W*I’"W”" + } =0. (B7)

Note that the above integral (B7) is zero for same (/m)
indices on all the functions. A more general equation
involves [ coupled to I & 1, I’ +3..... Another important
integral is

W*l/m’le _ X*l/m’ Wlm
/ dQ[ - } =0. (B8)
sin @

Also define the following operator:

EEHNlm = _(l + 1)le]\ll—lm + lQl+1le+1m7 <B9)
where

12— m?
R — B10
le 412 1 ( )

The above operator is useful in describing the following
integral:

«'m' yim
Gim : «l'm' ylm X YK/’
Sl [ anlsmowrvy + =255}

I.m

= ‘Cg:lgl’m" (Bll)

We will also need some properties of the spin-weighted
spherical harmonics. For more details, please refer [62].
Spin weighted spherical harmonics can be obtained from
the usual (s = 0) scalar spherical harmonics Y”" by using
ladder operators:

0—/ a2 Wi se )+l
i+ =2) ) Ting X0

~ =im fpp + V(U 1) + L3 g + Z{ T

I.m

Similarly

0_/ dQ w8 X}k’m’é
— )ty —2) T T g )

~ im,gl/m’ + l/(l/ + 1)l‘l’m' + ﬁzilgl/m' + Z{(Z
I.m

;lm
I+1)

(I+

=R 0<s<I
Yin =) S5y, —1ss<0r (B12)
0, I <|s|

where single raising and lowering operations are
O(Yp) =+ (U =) +5+1),,Y,,.  (BI3)
6(sYlm) = —\/(l—i—s)(l—s—f— 1)s—lYlm’ (B14)

and the ladder operators are defined as

n = —(sin )’ 9 + icscG2 (sin@)~* (B15)
o = —(sin@)~* 9 _ icscé’2 (sin9)* (B16)

with 5 being a spin weight s field. The orthogonality of the
spin-weighted spherical harmonics is
<—2Yl/m/’ —2Ylm> - 5”/5mm/. (B17)

The forms of some of the relevant spin-weighted
spherical harmonics are

_ Wi,(0.9) — iX,, (6. 9)/ sin 0
2¥in(0.0) = NEDuEDE R

-1 (
(1+1)
Now we highlight the procedure to deal with the §;,, and

T terms in (26) and (27). Following [47], let us call

Eq. (26) multiplied by sin 6 as J¢y,, and (27) multiplied by
sin@ as og_y. Then we have

(B18)

.YIWL
—IYlm(Q’ (P> = Yime — l—sing>' (B19)

_W*l’m’le X*l’m’ Wwim
% / dQ cos 9[ + } } (B20)

sin @

sin @

1)

_%3 _W*l/m’le X*Z’m’Wlm
%/dﬁcose[ + }} (B21)
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In the above two equations we have already integrated
the terms which are also present in the GR case, but have
kept the extra integral pieces that arise in the DCS case as it
is. Note that any 6y,,, and £5! terms are going to lead to
couplings of [-mode terms with ([ £+ 1) modes. As dis-
cussed in Sec. III B of this paper, these terms can be
neglected for the purposes of QNM frequency calculation.

|

Nlm _W*l/mlxlm 4 X*l/)n’Wlm
7= —————— [ dQcos b .
Z{(l(l+ 1)—2)/ €08 { sin6

I.m

In this appendix, in some steps some of these 5, and £5!
terms are explicitly mentioned, but they are of no conse-
quence for QNM frequency calculation. Note that we have
neglected the integral with § in (B20) and the integral with 7
in (B21) because for the relevant case of I = [, they vanish
due to Eq. (B7). What we are left with is evaluating the
integral of the form

(B22)

To evaluate this integral, we observe that Z is related to the scalar product of spin-2 spherical harmonics a

o VDU D) =2+ 1)+ 1) -2)
1= _’;N”" ((I+1)-2)

(oY p.c086_,Y, ). (B23)

Thus the problem reduces to calculating the scalar product of the spin-2 spherical harmonics in the above equation. For
this we operate Eq. (B4) by the lowering operator () (B16) for spin weight O to get

We then apply the lowering operator for spin weight 1 to the above equation to get

c0s0 .Y, — -0 (1+3) y 0 (1-2) y 2sind Y
=2%Im — I+1m (l—l)l(l+1)_2 I+1m Im l(l+1)(l+2)_2 I—1m l(l+1)—2_l Im*

Taking scalar product of the above equation with _,Y, ., we get

(1+3) (1-2)
Y €08 0_3Y ) = = Qi |78, 8111 = Qi [ BBy
(LYo cosO05Y ) Qi1 (EES) i — 9 0+ 0 +2) -1
2

—=sin@Y,,, + (1 +1)cosO_Y,, = QiU+ 1) +2)_ Y, + Qv (=D Y, (B24)
(B25)
(B26)

— (Y}, sin0_Y,,).

1+ 1)-2

We have now reduced the problem to evaluating (_,Y,,,.sin@_,Y,, ). This can be evaluated directly by substituting the

harmonics from Eqs. (B18) and (B19) to get

my/(I(I+1)=2)
1(I+1)

<—2Yl’m” Sin9_1Y1m> - -

1

5mm’ 51 r

«l'm' ylm

(B27)

- dQ|sin@wHm'ylm 4 =~ @}
\/1(1+1)z'(1'+1)(1'(1'+1)—2)/ { 0 sin @

The unevaluated integral above is directly related to the operator £5! [see Eq. (B11)].

Thus we now have all the terms required to evaluate the extra integral term Z defined in Eq. (B23). Note that all the 0,4
and £5! terms are going to lead to couplings of the /-mode terms with (/ & 1) modes. As discussed in Sec. I1I B of the paper,
these terms can be neglected for the purposes of QNM frequency calculations. Therefore, we only require the following
scalar product relation [which we get by using Eq. (B27) in Eq. (B26) and setting I’ = []:
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(LY, co80_,Y,, ) = for [ >2,

2m
(1+1)
=0 otherwise. (B28)
Ignoring the mode coupling terms in the extra integral Z,
we get

T = —=2imNy,,. (B29)

Equation (B20), ripped of all the angular functions and
keeping only the terms relevant for QNM frequency
calculations, finally takes the following form after replac-
ing all the “primed” indices by “unprimed” ones:

—imflm + l(l + l)Slm - 2im?lm = O, (B30)

imgp, + (I + 1)t,, + 2im5,, = 0. (B31)

Note that the extra 7;,, and 3;,, terms will not be present
for [ < 1 because the spin-2 spherical harmonics vanish for
such cases.

APPENDIX C: INNER PRODUCT DEFINITION:
ANALYTIC CONTINUATION TO THE
COMPLEX PLANE

We need to define an inner product such that the operator
;—; is self-adjoint. This would, in turn, result in any operator

having the same form as o’ being self-adjoint. QNM wave
functions are not square integrable along the real r axis, since
they diverge close to the horizon and at spatial infinity
(r > o). Therefore the usual inner product candidates
defined using integrals of wave functions will not be
convergent. A way around this issue, as highlighted in
Ref. [50], is to analytically continue the QNM wave
functions to the complex plane. In order to get a finite inner
product, we observe that the outgoing boundary condition
implies that the QNM wave functions are purely outgoing
(e'"+) at spatial infinity. Therefore the wave functions decay
exponentially as r — ico [for Re(w) > 0—which is true for
the QNM frequencies]. Thus we can get a finite inner
product of two wave functions as

Sy d) = /g vdr,. (c1)

where % is a contour (Fig. 2) that begins to the right of the
horizon (r = 2M) position at positive imaginary infinity,
runs down parallel to the imaginary axis, encircles the
horizon point, and goes back to positive infinity, this time on
the left of the horizon point. For ease of calculation, we keep
the contour symmetric about the horizon point (r = 2M).
Note that the contour integral of two wave functions will not
be zero because the wave functions are not analytic in the
region enclosed by %’ They blow up at the horizon point and

thus require a branch cut that runs parallel to the imaginary
axis emanating from r = 2M. It can be easily verified that

the operator ;—; (equivalently O")is self-adjoint with respect
to the inner product (50). Thus, we can calculate the QNM

corrections mentioned in (51) simply by evaluating integrals
along the contour (%) in the complex-r plane.

APPENDIX D: FERMI ESTIMATE ANALYSIS

Fermi estimate is a quick way to obtain w dependence on
the CS coupling parameter (). It has been described in
[43]. In Fermi estimate, we replace any radial derivative by
a characteristic length scale R, ie., 9, - R, in the
relevant equations to make them algebraic instead of
differential. We then evaluate the algebraic equation at
the characteristic length scale. Solving the algebraic equa-
tions for w provides a way to obtain @ dependence on
certain parameters of the theory.

Let us first apply Fermi estimate to the polar equa-
tion (37). Replacing the derivatives in (37) gives

[G(R) + &@ymGp(R) + o
= (V& (R.x) + @ymPy(R))| ¥, = 0.

Im — (D 1 )

From the equation above, it is clear that, when expanded
perturbatively in powers of @, @wp,,, does depend on the CS
coupling parameter. This is different from what is claimed
in Ref. [43]. Taking into account that Vf;ff is linear in w, it is
easy to see that the correction in w from the GR case will be
at order & for small &.

Let us now apply Fermi estimate to the axial (36) and ©
(35) sector. This leads to the following equations:

[G(R)+@ymGs(R) + o = VEUR)|Ryy, = aH (R)WY

Im >

(D2)

[G(R) +@ymG4(R) + @ = Var(R)WLY = al (R)R.
(D3)

Multiplying the above two equations and canceling of
the eigenfunctions, we get

(G + a*ymGs + @* = VY [G + &ymG, + w* — V4]
= &*IH. (D4)
This is a quadratic equation in w?, solving for small &,
we get

IH

o = (Vi —G) 1 (xm<A2—GA>+7
r (V/:ff - ngf)

). (D5)
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Thus @ can be expressed as

1 IH

am(Ay—Gy)+——|-
12 (Vér— Vi)

ow=tr—7"-—"—+
Z[V?ff_G]

(D8)

It is important to note that the above Fermi analysis result is
different from that of Ref. [43]. In Ref. [43], the authors did
not include the (A, — G,) term. Thus, even using Fermi
estimate analysis, their analysis ignores certain terms that
contribute to the correction in w at O(&?).

w = wgr + #w + O(&°), (D6)
where
@GR = (V?ff - G)l/z (D7)
and
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