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The multipole moments of black holes in general relativity obey certain consistency relations known as
the no hair theorems. The details of this multipolar structure are imprinted into the gravitational waves
emitted by binary black holes, particularly if the binary is precessing. If black holes do not obey the vacuum
field equations of general relativity, then the no hair theorems may be broken, and the observed
gravitational waves will be modified, thus providing an important test of the no hair theorems. Recently,
analytic solutions to the precession dynamics and inspiral waveforms were computed within the context of
binaries possessing nonaxisymmetric mass quadrupole moments, which are parametrized by a modulus ¢,
and phase a,,, with 72 = 1, 2 the azimuthal spherical harmonic number. Here, we use a Fisher analysis to
study plausible constraints one may obtain on generic, nonaxisymmetry quadrupole configurations using
current and future ground-based detectors. For nonprecessing binaries, we generically find that no
meaningful constraints can be placed with current detectors on the nonaxisymmetry parameters (q,,, d,,)
due to the presence of strong degeneracies with other waveform parameters, while with next generation
detectors, only weak constraints are possible. For precessing configurations, the exact value of the
uncertainty is strongly dependent on the sky location, system orientation relative to the line of sight,
and initial inclination angle of the orbital angular momentum. After averaging over these parameters, we
find that with GWTC-3-like events, one should be able to plausibly constraint nonaxisymmetric mass
quadrupole deviations to Ag,,, ~ 1072 for LIGO at design sensitivity, and Ag,, ~ 10~ for the same sources

with Einstein Telescope and Cosmic Explorer.

DOI: 10.1103/PhysRevD.110.044003

I. INTRODUCTION

A fundamental prediction of black holes (BHs) as
stationary vacuum solutions to the field equations of
general relativity (GR) is the so-called no hair theo-
rems [1-4]. The theorems state that the object’s [ > 2
multipole moments' are only dependent on the mass
monopole, spin dipole, and electric monopole charge,
the latter of which is not expected to be of relevance to
astrophysical BHs. The higher multipole structure of the
BHs is spin-induced, i.e., the presence of spin angular
momentum uniquely determines the higher order multipole
moments of the object. As a result, all BHs in GR are
axisymmetric, specifically, all multipole moments with
m # 0 vanish.

“Contact author: nicholas.loutrel @unimib.it
lHere, (I, m) refer to the spherical harmonic degree and order.
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However, the theorems are unique to BHs as described
by the Kerr-Newman metric [5], the most general stationary
vacuum solution of GR [6]. In modified theories of gravity,
it is well-known that the no hair theorems can be violated
(see, for example, [7,8]), and as a result the / > 2 multipole
moments of BHs are modified from their GR values. In
many of these scenarios, the BHs can possess nontrivial
hair generated from additional scalar, vector, or tensor
fields. As a result, the multipolar structure is no longer
determined only by the BH mass and spin angular
momentum, but also additional hair.

For nonvacuum configurations, both astrophysical and
exotic, the no hair theorems generally do not hold. For
astrophysical compact objects where the higher multipole
moments are spin induced, the objects still possess a
spheroidal shape, but the precise values are equation of
state dependent [9]. Furthermore, in exotic scenarios
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where the compact object is not composed of ordinary
matter [10-16], or is the result of low-energy limit of a UV
complete theory [17-22], axisymmetry can be broken,
leading to the presence of nonvanishing m # 0 multipole
moments.

The multipolar structure of compact objects has a direct
impact on their observed gravitational wave (GW) emis-
sion. It is well-known that, even at the Newtonian level,
objects with rich multipolar structure will induce preces-
sion of the orbital plane when in a binary [23]. Relativistic
Lens-Thirring and spin-spin interactions further induce so-
called spin precession, which has been extensively studied
in GR (see e.g., [24-33]) and in modified theories of
gravity [34-36]. Precession necessarily induces modulation
of the GW amplitude, phase, and frequency [37], which are
encoded in additional harmonics beyond the standard
orbital harmonics of the waveform [24,38]. Each orbital
harmonic possesses a set of precessional “overtones,’
specifically m’ harmonics that encode simple precession
effects, and n harmonics which encode nutation effects [39].
The inclusion of these in waveform models has been shown
to be critical in breaking parameter degeneracies in data
analysis settings [40].

Detection, or nondetection, of nonaxisymmetric mass
quadrupole configurations in precessing binaries provides a
smoking gun test of the no hair theorems. However, most
studies of precessional effects are limited to spin-induced,
spheroidal configurations [25,26,28,29]. Recently, preces-
sion dynamics for compact objects with generic mass
quadrupole moments was considered in [41] using the
post-Newtonian (PN) approximation. At lowest PN order,
the multipolar structure of the object enters the equations of
motion at second PN (or 2PN) order through the monopole-
quadrupole interaction. The nonaxisymmetry of the com-
pact objects are then encoded through the complex mass
quadrupole coefficients Q,,, where 7z = +1,£2. Since
these coefficients are complex, they can be recast in terms
of real-valued modulus ¢,, and argument (or phase) a,,
parameters. For |7z| = 1, these parameters are referred to
as axial parameters, due to the object possessing parity-
odd nonaxisymmetry. Similarly, for |7z| = 2, these para-
meters are referred to as polar, and the object will have
parity-even nonaxisymmetry. In [41], analytic solutions for
the orbital, precession, and dissipative dynamics were
found for ¢,, < 1 and arbitrary a,, using a multiple scale
analysis [42]. Analytic waveforms were then computed
using the stationary phase approximation (SPA) [43] and
shifted uniform asymptotics (SUA), which were originally
used to develop PN waveforms for spin precessing binaries
in GR [24,44].

These waveforms served as a useful example for propos-
ing an extension of the parametrized post-Einsteinian (ppE)
formalism [45] for precessing binaries in [39]. While the
standard nonprecessing ppE formalism only require two
deviations, one for the waveform amplitude and one for the

waveform phase, to capture the leading-order beyond-GR
effects, the analysis in [39] found that significantly more
may be necessary for a precessing extension of the ppE
framework. To cleanly answer how many ppE parameters
are needed for precessing binaries, one would need to
perform an in-depth parameter estimation study for each
beyond-GR scenario.

Here, we extend the previous studies of [39,41] to
determine what the “correct” ppE parameters are for testing
the no hair theorems with generic mass quadrupole effects,
and what are the reasonable constraints one may be able to
obtain with observations of GWs from precessing binaries
with current and future ground-based detectors. To do so,
we perform a Fisher analysis on binary BH (BBH) signals
whose masses are chosen to correspond to a subset of the
GWTC-3 events [46] that have evidence of spin precession.
While these events are consistent with spin precessing
binaries as described by GR, we use them as benchmarks
for the present study where only quadrupole-monopole
precession2 is considered.

Generically, we find that the uncertainty on the (g,,, a,,)
parameters are degenerate with many of the other wave-
form parameters, which is due in part to the fact that all
mass-quadrupole effects enter the waveform phase at 2PN
order. To address this, we perform a Bessel decomposition
of the waveform phase to include oscillatory corrections to
the precession dynamics that were originally found in [41]
but neglected in [39]. Doing so, we find that axial
nonaxisymmetric parameters (q;,a;) only appear in the
n = £1 waveform nutation overtones, while polar non-
axisymmetric parameters (q,,a,) only appear in the
n = =2 nutation overtones. As a result, there is a clean
splitting between axial and polar asymmetries, and ppE
analyses can be carried out for each case separately. We
find that, in both cases, the m’ = 0 overtone of the wave-
form is most important in a ppE-style analysis, and we
identify the ppE parameters for axial and polar asymme-
tries, respectively.

Once the correct ppE parameters have been identified,
we study the constraints one can place with current and
future detectors. Generically, we find that meaningful
constraints on the argument parameters «a,, cannot be
obtained due to the uncertainty being dominated by the
range of the prior. On the other hand, we find the modulus
parameters g, can be reasonably constrained to ~10~* for
BBH events with signal-to-noise ratio (SNR) one thousand,
as expected for the Finstein Telescope (ET) [47-52] and
Cosmic Explorer (CE) [51,53-55], while to ~1072 for
events with SNR one hundred, as expected in LIGO [56] at
design sensitivity. We repeat the analysis with the same
signals, but in nonprecessing configurations. For sources in

*Precession induced by the 2PN monopole-quadrupole inter-
action, where the orbital angular momentum and body axis are
misaligned.
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LIGO, the uncertainty on ¢,, spans the range of the prior
(g,, < 1), and no meaningful constraints can be obtained
with nonprecessing signal. For the same signals in CE and
ET, the same uncertainties are typically 0.55-1.0 due to the
increased in SNR from next-generation detectors, but still
three orders of magnitude weaker than those obtained from
precessing configurations. This highlights the importance
of precession dynamics for future tests of GR.

The remainder of this paper is organized as follows.
Section II provides the details of precessing ppE waveform
model, our method for including oscillatory effects in the
precession dynamics, and the details of our Fisher analysis.
In Sec. III, we provide the results of the Fisher analysis,
with Sec. Il A giving a detailed discussion of parameter
degeneracies, Sec. IIIB providing the details of our
investigation into the proper ppE parameters for non-
axisymmetric mass quadrupoles, and Sec. IIIC finally
studying constraints on axisymmetry in BBH events.
The new ppE parameters for this scenario are given in
Eqgs. (24)—(28), while the projected constraints on violation
of the no hair theorems with GWTC-3-like events are
given in Tables II-IV. In Sec. IV, we conclude with
future directions. Throughout this work, we use units
where G = ¢ = 1.

II. THEORY AND METHODOLOGY

Here, we introduce the waveforms used in our analysis,
and provide a broad overview of the Fisher matrix method
for obtaining uncertainties on the waveform parameters.

A. Precessing ppE waveforms for nonaxisymmetric
quadrupoles
Consider a binary comprised of two compact objects
with masses m;, and mass quadrupole moments Q)% .
The dynamics of the perturbed two-body problem reduce to
an effective one-body description with an effective mass
quadrupole moment [41],

Qiifp = ’71Qéij> + ’12Qiij>, (1)

where n, = my /M with M = m; + m, the total mass of
the binary. Note that Eq. (1) corrects a typo in the
expression of Q. below Eq. (8) of [41]. The effective
quadrupole tensor admits a decomposition into [ =2
spherical harmonics, with complex coefficients Q,,. The
coefficients with 2z = 0 corresponds to spheroidal defor-
mations, while 72 = +1 and 72 = 42 correspond to axial
and polar quadrupole deformations, respectively. The
coefficients with 7z # 0 break the axisymmetry of the
compact objects. From these, one can define the reduced
parameters y, = Qy/M>n and

20,
300°

may,| —

(2)

qjm|€

with g, the modulus and a/,,| the argument of the non-
axisymmetric deformations.”’

Analytic, inspiral-only, frequency domain waveforms for
binaries precessing due to generic quadrupole-monopole
effects were derived in [41], but simplified into the ppE
formalism in [39]. For the analysis carried out herein,
we use the latter, where the waveform polarizations take
the form,

,PPE

z . 7 0% X [U s ()] K
he —ih = HER(F)eF
2
aPPE
{1 gt} o)

In the above expression, it = (zM f)'/3 is the PN expansion
parameter, K = lmm'nk is a hyperindex,4 and AR is
given by

:P.GR

~ iGR i
AR (f) = AR () 00D Ly, Oy dy)  (4)

with _,Y,,,(0, ¢) spin-weight s = —2 spherical harmonics,
AR given in Eq. (101) in [39], and WSR the Fourier phase
given in Eq. (2) therein. The precession phase CDE;E’,I; =
me(f) + m'a(f) + ny(f) is given by Eq. (10) therein, with
replacement u — uSR(f), where u,(f) is the SUA function
given by Eq. (6) therein. The frequency-dependent behav-
ior of the precession angles [e,a, ] are provided in
Sec. I C (also see Fig. 1 in [39]). The function UppE(f)
is determined by which part of the phase (orbital or
precessing) gives the lowest PN order deviation from
GR, and is given explicitly in Eq. (91) in [39].

The precessing ppE waveform in Eq. (3) is polyphonic,
meaning that it contains multiple harmonics (or “voices”),
as opposed to the original nonprecessing ppE formalism for
quasicircular binaries [39,45]. Each harmonic index con-
tained in the hyperindex K corresponds to physical effects,
specifically:

(1) [: Polar harmonic number corresponding to the order

of radiation reaction effects in PN theory (i.e., [ = 2
quadrupole radiation, [ = 3 octopole radiation, etc.);

(i) m: Azimuthal harmonic number corresponding to

harmonics of the carrier phase ¢, which includes
contributions from the orbital phase ¢, and

The (¢, a,,) are derived from both Q,, and Q_,, coef-
ficients, since Q_j,,| = (—l)leLn, where f corresponds to
complex conjugation. As a result, the 7z index on (g,,,d,,)
only takes positive values, resulting in the absolute values in
Eq. (2). For the remainder of the paper, we drop the absolute
value on 7z in these parameters.

Note that here m should not be confused with the harmonic
number 77z that appears in Eq. (2), since they correspond to
spherical harmonic decompositions of two separate quantities.
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Thomas phase €. The azimuthal number is bounded
by |m[ <1
(iii) m’: Precession “overtones” of each carrier harmonic
m due to the azimuthal motion of the orbital angular
momentum, and characterized by the precession
angle a. The precession number is bounded by
|m'| < 1; and
(iv) n: Nutation “overtones” of each azimuthal harmonic
m due to the polar motion of the orbital angular
momentum, and characterized by the nutation phase
w of the inclination angle = f(y). Generically,
there is no bound on the nutation number n, which
varies based on the specific precessing scenario.
The index k, on the other hand, does not correspond to new
harmonic information, but arises as a result of the SUA
resummation procedure [24,25,44], and is bounded by k.
which is determined by waveform accuracy and computa-
tional efficiency considerations. For the analysis carried out
in our previous work and herein, / = 2 since we work at
leading PN order in the waveform amplitude, and m = —2
due to the intricacies of the SPA + SUA scheme used to
derive Eq. (3). For more generic scenarios where higher
waveforms harmonics are important, one does not need to
be as restrictive, and can sum over multiple (/,m) modes.
For the non-GR sector of the waveform in Eq. (3), K is a

subset of K, [ﬁ;p E a%p E] are ppE amplitude parameters, and

[b%’E,a;pE] are ppE exponent parameters. Since K is a

subset of the hyperindex K, only a subset of the total
harmonics of the waveform contain ppE deformations. For
the waveforms considered in [41], [ = 2 and m = -2, and
thus the sum over K reduces to a sum over the precession
and nutation harmonics numbers (m’, n). By considering
a simplified likelihood analysis, [39] proposed that five
harmonics may need ppE deformations, with the ppE
parameters specifically given in Egs. (118)—(123) and
(142)—(143) therein, and in the Appendix herein for
completeness. As part of this study, we determine whether
all of these ppE corrections are needed to place constraints
on the nonaxisymmetry parameters [q,,,d,,], as well as
whether these are the “correct” ppE parameters.

With the waveform polarizations in Eq. (3), the detector
response is given by

h = F+(95, bs, Wpol)h+ + FX(957 Ps, l//pol)hx’ (5)

where F /, are the detector beam pattern functions given
by [37,57]

1
Fi =5 (1 4 cos? 6s) cos(2ps) cos(2par)

— c0s O sin(2¢s) sin(2y o). (6)
1

F, = 5 (1 4 cos? Bs) cos(2¢s) sin(2y 1)
+ cos O sin(2¢h5) cos(2y 1), )

with (6, ¢s) the sky location of the source and w,, the
time-dependent polarization angle,

In the above equation, N is the line of sight to the source/
detector, Z is the z-axis of the detector, and [ is the orbital
angular momentum, which evolves on the precession
timescale according to Eq. (28) in [41]. When computing
the detector response in the Fourier domain, the beam
pattern functions must be pulled into the sum over the index
k, since the polarization angle becomes dependent on the
SUA function, i.e., Wyo = Wpor U™ (f)]-
The completed waveform (or rather detector response) is
parametrized by eighteen parameters, specifically:
(1) M = my + mj,: total mass of the binary;
(i) n = m;my/M?: symmetric mass ratio;
(iii) ygo: dimensionless spheroidal quadrupole parameter;
(iv) gy,: axial and polar nonaxisymmetry modulus
parameters;
(v) a;,: axial and polar nonaxisymmetry argument
parameters;
(vi) D;: luminosity distance to the source;
(vii) (7.,¢.): time and orbital phase of coalescence;
(viii) (fo,wy): inclination angle and longitude of peri-
center, parametrizing the initial orientation of the
orbital angular momentum vector, relative to the
fixed axis of precession;
(ix) (w.,€.): precession phases of coalescence;
(x) (Oy, ¢y): orientation of the direction of propagation
N in the binary’s frame; and
(xi) (@s,ps): sky location of the source in the detec-
tor frame.
Only four of these parameters, specifically (q,,,a,,),
qualify as “beyond-GR” (more specifically, beyond-
vacuum-GR) parameters since they are zero for GR BHs.
Before continuing, we note that precession in our analysis
only refers to quadrupole-monopole precession of the orbital
plane, and thus orbital angular momentum. Following [41],
we neglect all effects induced by spin angular momentum
of the component objects of the binary as a simplifying
assumptions. We will only consider spin effects when
determining reasonable values of y, for BBHs in Sec. I C.

B. Oscillatory contributions and nutation harmonics

The ppE waveform of Eq. (3) was derived in [39], where
it was proposed that the beyond-GR correction to the
waveform phase takes the form

SY(f) = 607" + ¢y > [udR(F] 7, ©)

where (4, ¢) are given in the Appendix and depend on the
nonaxisymmetry parameters (q,,,d,,), angles (Bq,ay),
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and spheroidal quadrupole parameter y,. The first term
comes from the SPA, while the second term arises due to
the SUA resummation, which is why it depends on the SUA
function u$R (f). Both of these terms enter at 2PN order, the
latter in an effective sense since ulR(f) ~ it + O(@'/?). As
a result, the nonaxisymmetry parameters (q,,,a,,) are all
degenerate with one another, as well as being degenerate
with the angles (fy,®,), and the parameter y,. Further,
[39] showed that there is a strong correlation between
nonaxisymmetry effects and both the sky location (€s, @)
and direction of propagation (@y,¢y). These issues, the
degeneracies and strong correlations, pose a challenge
when performing parameter estimation, even in the sim-
plified analysis carried out herein. This is especially true
given that one of our goals is to identify the most important
ppE effects in the waveform of Eq. (3), which is difficult to
do when these issues are present. In this work we focus on
the relevance of correlations among the intrinsic parameters
of Eq. (9), averaging with respect to both sets of angles, the
details of which are provided in Sec. I D. Thus, we are left
with how to deal with the degeneracies present in Eq. (9).

The problem of the degeneracies in the nonaxisymmetry
parameters reduces to a more fundamental question. When
performing null hypothesis tests of the no hair theorems,
how does one distinguish between axial and polar non-
axisymmetry breaking from Eq. (9)? The answer is that one
cannot in a data analysis scenario corresponding to how
tests of GR are performed with current observations. Under
the current methods, a bound would be placed upon the
deviations to the 2PN coefficient of the waveform phase in
GR. This is equivalent to a bound on the combination
it x 8¥(f), and one cannot disentangle the axial and polar
nonaxisymmetry effects from Eq. (9). However, the reason
why this happens is that the proposed ppE waveform in
[39] for the nonaxisymmetry scenario only considered
secular corrections to the precession dynamics, i.e., secular
effects within (e, @, f). A more thorough analysis of the
precession dynamics in [41] reveals that these quantities
possess oscillatory corrections that couple to the non-
axisymmetry parameters. In the course of our investigation
herein, we discovered that these oscillatory effects are
crucial for breaking the degeneracies among the non-
axisymmetry parameters.

To understand how to incorporate these oscillatory
effects into the ppE waveform in Eq. (3), consider, for
example, the oscillatory corrections to . In the limit
q,, < 1, the full expression for the precession angle a
takes the form,

I—W+ZC

j=-2

e 4+ O(g2,). (10)

where we provide the complex coefficients C((,j ) in the

Appendix. It is important to note that, to leading order in

q,,,the j = £1 terms in the above sum only depend on the
axial parameters (q;,a;), while the j = +2 terms only
depend on the polar parameters (g,, a,). The time domain
waveform contains overtones in a of the form ¢””'® which,
when combined with Eq. (10), can be written as

) (1)

1Cy .
3 (~iGh) et pern
.f|:—°° |C |

© . ~(2)\ J2
iCq 0~ J2i
x Y <_T>|> T3, (2ilC)eiw

Ja=—00 a

ool ]
elm a — elm [e4)) X

/

em 1+ Cle + CPW +ce. + O(g3,)].
(11)
where oy = —y + c, J,(x) is the Bessel function of the
first kind, and c.c. is shorthand for complex conjugation of
the preceding terms. The first equality above is provided
for completeness and is obtained by using the generating
functions of J,(x), while the second equality is obtained by
linearizing in ¢,,. Thus, in the limit g,, < 1 which is most
relevant to null tests of the no hair theorems, the axial non-
axisymmetry effects only create nutation overtones with
harmonic number n = +1, while the polar nonaxisym-
metry effects only create nutation overtones with n = +2.
It is important to note that the analysis of [39], which
only included secular effects in the precession dynamics,
concluded that only the n = 0 harmonics were relevant to
the ppE waveforms in Eq. (3), due to the fact that when
g, =0, there are no nutation harmonics arising from
quadrupole-monopole couplings. The ppE waveform still
takes the form of Eq. (3) when including the nutation
harmonics generated from oscillatory effects in the pre-
cession dynamics, but one must now consider harmonics
with n #0. We, thus, propose a modification to the
previous analysis of [39]. For tests of axial nonaxisym-
metric violations of the no hair theorems, one should
consider (m’, n = 0, £1) harmonics (three in total). On the
other hand, for tests of polar nonaxisymmetry violations of
the no hair theorems, one should consider (m’,n = 0, £2)
harmonics. One still has to identify which m’ harmonic is
most relevant for null tests of the no hair theorems, and
consequently, which will possess ppE parameters.
However, this modification provides a clear distinction
between the nonaxisymmetry effects that the previous
formalism lacks.

C. Fisher analysis

The goal of this study is to provide a projection of the
upper bounds one can obtain on nonaxisymmetric defor-
mations of compact objects from GW observations with
future detectors. A simplified method of doing this is
provided by a Fisher analysis [58—60], which posits that the
posterior on the waveform parameters 8¢ is approximately a
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TABLE 1. Details of GW detectors used in this analysis.
Detector (flows fhigh) [Hz] Sa(f)
ET-D (3, fisco) (61]
CE 40 km (3, f[sco) [62,64]
LIGO (10, fisco) [63]

Gaussian distribution centered at the injected value of the
parameters. The covariance matrix X, is then approxi-
mated by the inverse of the Fisher matrix,

oh | oh
‘Y, =(— 12
ab (aga )’ ( )

0"
where 7 is the Fourier transform of the detector response,
(A|B) is the noise-weighted inner product,

(AlB) = 4Re / e A B, (13)

f low S” (f )

with 1 corresponding to complex conjugation, and S, (f)
the noise power density of the relevant detector. The limits
of integration [f}oy. fhien] are determined by the sensitivity
of the detector. For the analysis carried out here, we
consider the constraints one can obtain from ET, CE,
and LIGO, with the details of each detector given in
Table 1. For S,(f) of each detector, we use the data
provided in [61-63] (using ET-D for ET) and generate
an interpolating function to sample at our desired frequency
resolution. Since the waveform in Eq. (3) only include the
inspiral part of the coalescence, we cut the waveforms at
fisco = 1/(zM6/%), which fixes the upper limit of the
integral in Eq. (13).

The uncertainty in the waveforms parameters Ag“ is then
given by the diagonal elements of the covariance matrix,
specifically,

AG* = /3, (14)

The inversion of the Fisher matrix is performed through a
singular value decomposition (SVD), and we check the
ratio of the minimum and maximum eigenvalues of I, is
larger than the limit of double precision accuracy. If this
condition is violated, then the matrix inversion is ill-
conditioned. With the Fisher matrix defined by Eq. (12),
this is typically the case. To avoid this, we include the prior
probability on each parameter in the following manner.
Defining

Iy = diag[(50%) 2] (15)

with 66 the prior range on the parameter 6, the covariance
matrix is then

T = (Top +T0) 7" (16)

Many of the waveform parameters are bounded, specifi-

Cally ne [0’ 025]’ <9N’ HS’ ﬁO) € [Ov ﬂ]’ (¢N7 ¢S7 @, ¢c’
We,€e, a1.2) € [_ﬂv ﬂ]’ ){Q € [_17 1]’ and 912 € [07 1] The
priors on these parameters are then

on =0.25,
00y = 605 = 1,
0P = 8¢y = 6¢ps = bwy = 6¢p. = Sy . = be. = ba,, =,
Syo =1, 6q,, =1, (17)

while we do not place priors on (M, D;, t..).

The range of values for g, are determined by the
approximations used to derive the waveform in Eq. (3),
while the range on y, comes from the following consid-
erations. Up to a normalization factor, the mass quadrupole
of a BH is Q) = —y>m?, with (m,y) the BH’s mass and
dimensionless spin. As a result, for GR BHs,

Xo = —1503 — mAi- (18)

Since y, €10, 1] and 54 €0, 1/2], the maximum value y
can take is —1, which occurs in the limit of one of the
masses become negligibly small. For equal mass BBHs, the
maximum value is —1/4 due to limits on the mass ratio. In
our analysis, we do not include spin contributions to the
phase of the waveform. The above considerations from
spinning BHs is merely to provide a reasonable injection
value for y in our analysis in Sec. I11.° For astrophysical/
exotic compact objects, y is equation-of-state dependent,
and can be larger than the values for BHs [9,65]. However,
we have found that the absolute errors on the wave-
form parameters depend only mildly on the injected value
of yo, with their relative values changing by ~10%,
provided it is restricted to the range of relevance of
BBHs, ie., yo €[-1.0].

D. Averaging

In [39], the results of the likelihood analysis were
dependent on the various angles parametrizing the orienta-
tion of the binary. The Fisher analysis carried out in the
following section also exhibit this behavior, in addition to a
strong dependence on the sky location. A formal example
of how this impacts the results of our Fisher analysis is
provided in Sec. III A. One could study plausible con-
straints on nonaxisymmetry on a system-by-system basis,
but when studying the impact of ppE deformations, it is
better to study the constraints from an ensemble of systems.

Note that, for this waveform model that only includes
quadrupole-monopole precession, the individual spins are ac-
tually degenerate with each other, and only enter the waveform
through y, in Eq. (18). Thus, it is not possible to get reasonable
results on the uncertainty of the individual spins in a Fisher
analysis using our waveform.
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This could be done by repeating the Fisher analysis for a
large number of systems, varying only the relevant para-
meters. However, this approach is inefficient since the
number of required systems is typically large, and thus
requires a nontrivial amount of computation time. To avoid
this, we average over the relevant angle parameters, and
describe here the averaging procedures used.

1. Line of sight angles 0y, ¢y

The waveforms described in Sec. I A depend on the
angles parametrizing the line of sight in the binary’s
reference frame via

il(f) = lellm'(f)—ZYlm’(ng Pw)- (19)
Im'

As aresult, the inner product in Eq. (13) averaged over the
2-sphere spanned by (Oy, ¢y) becomes

(AIB)y = > (Auw|Biur), (20)

Im’'

where (A, B) are decomposed via Eq. (19), and we have
used the orthogonality properties of the spin-weighted
spherical harmonics. While the sum in Eq. (20) only
spans over (I, m'), there are additional summations within
(Ay> Byye) on the nutation index 7 and the SUA index k.
There is no orthogonality property for these harmonics, and
as a result, the averaged inner product will mix different
(n, k) numbers.

2. Sky location angles 0O, ¢

GW detectors are well known to not have equal
sensitivity across the celestial sphere. As we are primarily
concerned with reasonable order of magnitude estimates on
the uncertainties of the nonaxisymmetry parameters, we
sky average the inner product in Eq. (13). For precessing
signals, the sky averaging is complicated by the fact that
the polarization angle in Eq. (8) is parametrized by the sky
location through N or Z, depending on whether one
computes this quantity in the rest frame of the binary or the
detector. However, the TT gauge that specifies the observ-
able waveform polarizations &, , is only known up to an
arbitrary rotation of the polarization basis, corresponding
to the residual gauge freedom associated with the trans-
verse subspace [66]. As a result, y, in Eq. (8) can be
generalized by introducing a constant shift y,. We perform
the sky averaging with respect to v, and thus

(Fi)s=1/5=(FX)s.  (FiF)s=0. (21)

where

1

T 2 27
<F>S :W\/ d@ssings/ dd)S/ dWOF(95,¢S,WQ),
= Jo 0 0

(22)

for an arbitrary function of the sky location F. Combining
this procedure with the average over the line of sight, the
Fisher matrix is now defined in terms of the double
averaged inner product (A|B) .

III. CONSTRAINTS ON VIOLATIONS OF THE
BLACK HOLE NO HAIR THEOREMS

In this section, we consider the plausibility of con-
straining the no hair theorems with GWs emitted during the
inspiral of BBH coalescences. Since BHs are spheroidal
by the no hair theorems, ¢,, = 0 for BHs in GR.° More
specifically, it is the components of the mass quadrupole
0,20 that vanish. As a result, the nonaxisymmetry argu-
ment parameters a,, are technically not well-defined in the
BH limit, due to the mapping in Eq. (2). For BBH events in
ET and CE, we normalize the luminosity distance such that

the SNR p = +/(h|h) is equal to one thousand, while for
LIGO events we normalize such that p = 100. Note that the
loudest BBH events in ET are expected to have SNRs of
order O(10°%), see for example Fig. 5 in [52]. Therefore,
the normalization choice SNR = 1000 serves as a good
indicator for the upper bounds one can obtain with “golden
events.”

A. Degeneracies in nonaxisymmetry parameters ¢, ,

As a formal display of the impact of the degeneracies
among the nonaxisymmetry parameters in Eq. (9), we
perform a Fisher analysis on a (10, 10)M, binary. For this
example, we do not average over the sky location and
direction of propagation, and we do not include the nutation
effects proposed in Sec. II D. This is merely to provide
an example of the pitfalls of the ppE analysis that only
use secular effects in the precession dynamics, as was
proposed in [39].

Figure 1 provides the uncertainty in the axial g (top) and
polar g, (bottom) parameters for two values of the direction
of propagation (0y = 7/20, ¢y = 0) (left) and (Oy = n/4,
¢y = 0) (right). The uncertainties are plotted as a function
of the initial inclination angle, which is achieved by samp-
ling f3, over three hundred values, and repeating the Fisher
analysis for each value. Each line corresponds to which m’
harmonic contains the ppE parameters, which are given in
the Appendix. The solid black line is the case when all five
m’ harmonics possess ppE parameters.

There are a few things to note here. First, the degeneracy
between ¢; and g, arising from Eq. (9) is readily apparent.

*We only consider BHs as they are described by GR, and with
no electric charge, i.e., Kerr BHs.
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FIG. 1. Uncertainty on the nonaxisymmetry modulus parameters ¢, (top panel) and g, (bottom panel) as a function of cos f,, for line

of sight angles 8y = /20 (left) and /4 (right). The uncertainty is computed from the ppE waveform in Eq. (3) and varying the
(m’, n = 0) harmonic which have ppE deformations, and neglecting the nutation overtones. The black lines provide the uncertainty with
all (m’, n = 0) harmonics having ppE deformations, as was proposed in [39], while the colored lines limit the ppE deformations to only
the specific m’-harmonic (n = 0). Which harmonic produces the lowest Ag,,, and thus strongest constraints on nonaxisymmetry, will
generally depend on the line of sight angles (6y, ¢y), the sky location (0s, ¢s), and orientation angles (5, ).

In Fig. 1, when Agq is large (near unity), Ag, is small, and
vice versa. This is due to the fact that, practically, this
analysis only places a bound upon the 2PN deviation in
Eq. (9), and the uncertainties in the underlying parameters,
namely ¢, ,, are then defined by an error ellipse generated
from this bound. The one exception to this occurs near
cos fiy ~ 0.22, which is a result of the correlations reaching
a minimum with respect to ;. However, the impact of this
maximum is also dependent on which harmonic(s) possess
ppE parameters.

Second, which harmonic gives the best constraint on the
nonaxisymmetry parameters g, varies depending on the
values of @y and f,. Repeating this analysis while varying
(¢, Os, ps) reveals similar dependence on these quantities.
This is not unexpected since a similar behavior was found
in the simplified likelihood analysis of [39]. However, that
analysis found a clear dependence on f, as can be seen in
Fig. 3 therein, which we do not find here. The reason for
this appears to be that the dependence found therein was
dominated by the amplitudes’ dependence on f,, where
here the uncertainties are primarily dominated by the phase,
which has a complicated dependence on f, creating strong
covariances with the nonaxisymmetry parameters.

Lastly, including ppE parameters in multiple m’ har-
monics does not necessarily improve bounds on the non-
axisymmetry parameters. Thus, one needs to identify
which m' harmonic places the strongest bounds. Due to

the dependence on sky location and direction of propaga-
tion, we perform the averaging described in Sec. II D for the
remainder of this work. Naively, this seems to also contra-
dict the proposal in Sec. II B. However, this conclusion is
drawn from the secular analysis of [39] and thus only
applies to the m’ harmonics. One still needs to include the
nutation harmonics in order to disentangle the axial and
polar nonaxisymmetry effects.

B. Analysis of ppE corrections

We now use the results of our Fisher analysis to identify
which m’ harmonic is most relevant for constraining,
separately, the axial and polar nonaxisymmetry effects.
For the axial case, we vary which m’ harmonic has the
proposed ppE parameters in the Appendix and only allow
the chosen m’ harmonic to have the n = +1 overtones with
the appropriate ppE parameters. The polar case follows the
same procedure, but with only the n = £2 overtones.
Rather than selecting the other parameters of BBH systems
at random, we choose parameters corresponding to a few of
the events in the GWTC-3 catalog [46]. We do not perform
our analysis for all of the GWTC-3 events, but choose a
subset of events whose marginalized posteriors on y, peak
away from zero (see Fig. 7 of [46]). It is important to note
that these events plausibly correspond to the coalescence of
spinning BBH systems, and thus, any precession within the
observed LIGO signals would be due to spin precession,
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TABLE II.

Projected ET upper bounds on the nonaxisymmetry modulus parameters ¢, , for selected GWTC-3 events. All sources are

normalized such that p = 1000. The fourth and sixth columns provide the upper bounds for precessing systems, which are averaged over
the initial inclination angle f3,, while the fifth and seventh columns provide the upper bounds for nonprecessing systems (5, = 0).

Event M[Mg] n Ag, (Prec) Ag; (No-prec) Ag, (Prec) Ag, (No-prec)
GW191113 34.5 0.143 3.51 x 10~ 1.00 4.51 x 10~ 0.990
GW191129 17.5 0.234 3.28 x 1074 1.00 3.39x 1074 0.566
GW191216 19.8 0.238 3.33 x 10 1.00 3.54 x 1074 0.609
GW200115 7.40 0.155 3.02x 1074 1.00 2.69 x 107 0.797
GW200210 24.1 0.0936 3.39 x 107* 1.00 421 %107 0.978
GW200316 21.2 0.229 3.35x 1074 1.00 3.65x 107 0.669

not the quadrupole precession being considered here. We
simply pick these systems as useful benchmarks for our
analysis. The parameters of the selected events are displayed
in Table II. For all of the cases, we choose Yo = 0.25. Note
that one of these systems, namely GW200115, is plausibly a
neutron star-black hole (NSBH) binary. However, we
include it in our analysis to cover systems with a broader
range of total masses, and consider it as another BBH signal.

Similar to the analysis of Sec. III A, we compute the
uncertainties for each event as a function of f,. For all of
the events, the uncertainties on the argument parameters
a,, are dominated by the priors, i.e., Aa;, ~x. This is
not a problem from the standpoint of null tests of the no
hair theorems. The argument parameters a,, determine the

100; I R T T T T T 3
W”‘giw m' = 7
NI 1
10-14 B m'=+1
; B m'=—1 3
i —— =42 ]
10’2§=\ i m =-2 3
E — Al
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Nlo E’ < \ ¥) %
3 o M) | 1
10 \
\\W s
s
1075
107 d
5
]
10*7 L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Lo

orientation of the body’s nonaxisymmetric deformations,
while the modulus parameters g, describe how large the
deformations are. The uncertainties on the modulus param-
eters ¢, , are strongly dependent on f,. An example of this
is shown in Fig. 2 for the system GW200316. Since we are
now including the nutation overtones and are considering
the constraints on g, , separately, we plot the uncertainties
separately.

Figure 2 shows that the degeneracies between ¢q , and f3
are still present, but the inclusion of the nutation overtones
has allowed greater qualitative delineation in the uncer-
tainties due to each harmonic. Note that, unlike the case
in Fig. 1, including ppE corrections in all precession
overtones eliminates the sharp features arising from the

10%
1071\

1072

107352
S
<1
1074
F m =
1075 m = +1
F m = -1
ol T =2
E - m = -2
r— Allm/
1077 | | | | 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Bo

FIG. 2. Left: uncertainty for a GW200316-like binary on the polar argument parameter ¢, as a function of the initial inclination angle
Po- In this case the ppE waveforms have been modified to include the n = 0, &2 harmonics, corresponding to nutation overtones due to
polar asymmetries. Each line corresponds to scenarios with different m’ harmonics containing ppE parameters, specifically m’ = 0
(gray), m’ = £1 (green solid/dashed), and m’ = +2 (purple dot-dashed/dotted). The black solid line corresponds to the scenario where
all five m’ harmonics contain the nonaxisymmetry deformations. The arrows on the y-axis show the value of the uncertainty for each
scenario averaged over f,. Right: the same analysis, but for the axial argument parameter ¢;. The ppE waveforms are modified to contain
the n = 0, £1 nutation overtones, corresponding to axial asymmetries.
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covariance between the ¢,,’s and f,. This results from the
Fisher matrix now containing cross terms between har-
monics of different » number when computing the inner
product, which smear out these features. Further, because
we have averaged over sky location and line of sight
orientation, it is much easier to identify which harmonic is
most relevant for a ppE-style analysis. For completeness,
we average each case over f,, specifically

; [2 dpy sin fo A6
<A9 >ﬁ0 = /2 . :
Jo! = dpy sin By

(23)

The averages are indicated by the arrows on the y-axis in
Fig. 2. For a GW200316-like binary, the m’ = 0 harmonic
provides the strongest constraints for axial asymmetries,
while the m’ = +1 harmonic is dominant for polar asym-
metries. We repeat this analysis for the remaining systems
selected from the GWTC-3 catalog in Table II, and find that
this result is consistent.

Before continuing, we note a practical point about the
upper limit of integration in Eq. (23). When performing
the Fisher analysis for ¢,, the matrix inversion generally
becomes ill-conditioned for f; = 1.4 due to the waveform
derivatives diverging as f, — #/2. This is due to a known
breakdown of the solutions of the precession dynamics,
which was pointed out in Eq. (35) of [39]. Thus, when
performing the average of our results for g,, we replace the
upper limit of integration with f; = 1.4. This same issue
does not happen in our Fisher analysis for ¢, due to the

TABLE III.

divergences not being present in this case. As a result, we
have tested how much replacing the upper limit of
integration in Eq. (23) with f; = 1.4 in our analysis of
ppE corrections and upper bounds for g;. We find that the
uncertainties are larger when replacing the upper limit of
integration by about ~10%, indicating that using f, = 1.4
does not impact our analysis of the ppE harmonic, and that
the upper bounds (which are discussed in Sec. III C) listed
in Tables II-IV are conservative values.

To further narrow down the proper structure of the wave-
form’s phase, we test whether the SUA function u$®(f) in
Eq. (9) is needed, or can be replaced with its leading PN
order expansion, i.e., u{R(f) ~ i+ O(ii”/?). Note that,
because the SUA summation index k enters in the O(ii’/?)
terms, this test can be achieved by setting k., = 0. The
upper bounds that we discuss in Sec. III C and report in
Table II are all achieved with k,,,, = 1. When comparing to
the scenario with SUA correction turned off, we find that
the upper bounds on the asymmetry parameters ¢,, only
change negligibly, specifically beyond the third decimal
point for the results in Table II. As a result, one can replace
uR(f) — it in Eq. (9) without loss of accuracy, and the
ppE phase corrections will now take the standard form of
the original ppE formalism. This should not be surprising
since it has already been found that constraints on modified
theories of gravity with the ppE formalism are robust to
higher PN order effects within GR [67].

From this analysis, we may identify the correct ppE
parameters for nonaxisymmetric mass quadrupole effects.

Projected CE upper bounds on the nonaxisymmetry modulus parameters ¢, , for selected GWTC-3 events. All sources are

normalized such that p = 1000. The fourth and sixth columns provide the upper bounds for precessing system, which are averaged over
the initial inclination angle f,, while the fifth and seventh columns provide the upper bounds for nonprecessing systems (S, = 0).

Event M[Mg] n Ag, (Prec) Ag, (No-prec) Ag, (Prec) Ag, (No-prec)
GW191113 34.5 0.143 1.57 x 10~ 1.00 3.10 x 10~ 0.992
GW191129 17.5 0.234 1.51 x 107* 1.00 2.24 x 1074 0.600
GW191216 19.8 0.238 1.53 x 1074 1.00 234 x 107 0.655
GW200115 7.40 0.155 1.38 x 10~ 1.00 1.86 x 10~ 0.830
GW200210 24.1 0.0936 1.55x 1074 1.00 3.17 x 10 0.986
GW200316 21.2 0.229 1.53 x 10~ 1.00 241 x 1074 0.719

TABLE IV. Projected LIGO upper bounds on the nonaxisymmetry modulus parameters ¢, , for selected GWTC-3 events. All sources
are normalized such that p = 100. The fourth and sixth columns provide the upper bounds for precessing system, which are averaged
over the initial inclination angle f3,, while the fifth and seventh columns provide the upper bounds for nonprecessing systems (5, = 0).

Event MM n Ag, (Prec) Ag; (No-prec) Ag, (Prec) Ag, (No-prec)
GW191113 34.5 0.143 5.26 x 1072 1.00 3.05 x 1072 1.00
GW191129 17.5 0.234 470 x 1072 1.00 2.52 x 1072 1.00
GW191216 19.8 0.238 478 x 1072 1.00 2.60 x 1072 1.00
GW200115 7.40 0.155 4.26 x 1072 1.00 2.05 x 1072 1.00
GW200210 24.1 0.0936 4.93 x 1072 1.00 2.86 x 1072 1.00
GW200316 21.2 0.229 4.83 x 1072 1.00 2.64 x 1072 1.00
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For axial asymmetries, the correct ppE amplitude para-
meters are

VAT 3
ﬁg’;ﬂl =1 3V 40) [Ulo - ZCOS ﬁOAQE‘I)
3
+ < (n - 25220)) sinA, tanﬂo} , (24)
ag),((i)al =2q, cotfysinA,, (25)

a,g"f} = iq;(2secfy F eThacos fycotfy), (26)

with A, = a; — a,, while the correct ppE amplitude para-
meters for polar asymmetries are

. V5 3
ﬁsf)ll?n = T”QMQ |:Z/{01 — ZCOS,BOAQEZ)
3
+g(n=1- 2!220))tan2ﬂ0} : (27)
62/3_011?5 = —(q> tanﬁo, (28)
polar q>
Iy (5 —secfy)(1 —secpy), (29)
polar q> 3 1
@l = @( —sec o) (1 + sec fy). (30)

Note that the factors of [ng) , AQEI’Z)] come from correcting

a typo in Eq. (120) of [39]. These quantities are explicitly
given in Eqs. (All) and (A12). For both scenarios, the
ppE exponent parameters are the same, namely bfn‘fi =-1

and aljffi = 0. Note that the axial ppE parameters only hold
for n = 0,+£1, while the polar ppE parameters only hold
for n = 0, 2.

Finally, we point out that, unlike the original ppE
formalism for nonprecessing quasicircular binaries, ppE
parameters are needed in multiple harmonics. We reiterate
that the reason for this is to break the degeneracy between
axial and polar axisymmetry that appears at 2PN order in
the waveform’s phase. This is not the case for spin-
precessing binaries in Chern-Simons gravity [39], so it is
plausible that the need for ppE parameters in multiple
waveform harmonics is unique to the physical scenario
investigated here, or at least unique to the subset of physical
scenarios where multiple non-GR effects appear at the same
PN order in the phase. However, we can only speculate on
this point at this stage. This issue needs to be evaluated on a
case-by-case basis.

C. Constraints on nonaxisymmetry

Having identified the relevant ppE parameters for
quadrupolar nonaxisymmetry effects, we now report the

plausible constraints on these effects with future generation
detectors. Table II provides the constraints from the six
systems selected from the GWTC-3 catalog, but using the
ET detector. Recall that all signals are normalized such that
p = 1000. These results suggest that, for some of the
loudest BBH events in ET, constraints on nonaxisymmetric
violations of the no hair theorems should be possible to
~1073-107%, subject to the assumptions of our analysis,
which we discuss in Sec. IV. For completeness, we also
include the constraints one would obtain from a non-
precessing system with the same masses in the fifth and
seventh columns of Table II. This corresponds to the case
po =0, and thus, we do not average over the initial
inclination angle. The constraints from the nonprecessing
systems are largely dominated by the priors in Eq. (17), and
thus, one can only place weak constraints on nonaxisym-
metry with nonprecessing binaries. This highlights the
importance of precession dynamics in placing stringent
constraints on violation of the no hair theorems.

We also investigate the projected upper bounds for the
same systems with the CE and LIGO detectors in Tables III
and IV, respectively. The sources in the LIGO detector are
normalized to have SNR p = 100, while for CE p = 1000.
The upper bounds for precessing binaries in the CE detector
are up to ~50% better than the ET upper bounds, while the
LIGO upper bounds are ~2 orders of magnitude weaker.
Further, much like the ET sources, one can only place weak
constraints on nonaxisymmetry with nonprecessing bina-
ries with CE sources. For LIGO sources, the lower SNR
prevents any meaningful constraints in the nonprecess-
ing case.

The greater than two order of magnitude improvement in
the uncertainties for CE and ET compared to LIGO is rather
surprising, considering that the SNR only increases by an
order of magnitude. The uncertainties in a Fisher analysis
scale inversely with the SNR, so naively, one might expect
only about an order of magnitude improvement. However,
CE and ET have significantly better sensitivity at lower
frequencies than LIGO. When we adjust f,,, = 50 Hz and
normalize the SNR in all detectors to be one hundred, the
uncertainties we obtain for all three detectors are identical
to within the numerical error in our computation. Thus, the
greater than one order of magnitude improvement for CE
and ET signals compared to LIGO is a result of the
improved sensitivity at low frequencies for third generation
3)G) detectors.

We have also investigated the improvement in the
uncertainties on remaining (nonquadrupole) waveform
parameters. For sources with the same SNR, the greater
sensitivity at lower frequencies for 3G detectors improves
the uncertainties on all of the parameters by ~few x 10%,
with the exceptions of the luminosity distance D; and
inclination angle f,, which improve by an order of
magnitude compared to LIGO. Further, unlike standard
nonprecessing TaylorF2 waveforms [68] where the
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luminosity distance and inclination angle are completely
degenerate with one another, the correlation coefficient
between these parameters is 1072 for , < /3, indicating
the importance of precession for breaking degeneracies
even for parameters within the GR sector of waveform
models. We conclude that the superior low-frequency
sensitivity of 3G detectors is important to measure precisely
some of the leading waveform parameters. In turn, this
helps improve the degeneracy-breaking with high-PN
corrections such as anomalous multipole moments, which
are significantly better constrained by 3G detectors with
respect to LIGO.

There are a few important things to note from these
results. First, the upper bounds in Table II are approx-
imately three orders of magnitude smaller than those
obtained from the analysis in Fig. 1. The primary reason
for this is that analysis of Fig. 1 only used the secular
components of the precession quantities [a, 3, €], which
produces a strong degeneracy between the asymmetry
parameters ¢,,. Introducing the oscillatory corrections to
these generates nutation overtones in the waveform, which
break the degeneracy in such a way that one can consider
placing upper bounds on ¢; and g, separately within the
context of a null hypothesis test.

Second, the bounds on g;, are not bounds on the
structure of the individual BHs in the binary. This is a
result of the fact that the dynamics of the binary at leading
PN order in the quadrupole-monopole interaction are only
dependent on the effective mass quadrupole defined in
Eq. (1). For the nearly equal mass binaries in Table II, one
will need to include higher PN order corrections to the
quadrupole-monopole interaction to break this degeneracy.
Alternatively, one could study this same scenario in the
extreme mass ratio inspiral (EMRI) limit, where the
quadrupole moment of the small body becomes negligibly
small compared to the large body. We leave this to
future work.

IV. DISCUSSION

In this work, we have considered, for the first time, the
possibility of directly probing violations of the no hair
theorems due to axisymmetry breaking using GW obser-
vations. Constraints on these violations with BBH events in
current and future ground-based detectors are promising for
precessing binaries, but are lacking for nonprecessing
events. This highlights the importance of tests of GR with
GWs from precessing binaries.

It is important, however, to point out a pitfall of this
analysis, and of the previous study in [41]. In our analysis,
we have neglected the spins of the BHs, and assumed that
the precession is completely controlled by the quadrupole-
monopole interaction. For realistic signals, this is not true,
and relativistic spin precession is likely the dominant effect.

While there has been much work in understanding spin
precession in the context of BHs and other spheroidal
compact objects, it remains to be understood how spin
precession is modified when compact objects have broken
axisymmetry.

Further, the inclusion of spin precession effects in the
waveforms will necessarily introduce additional parameters
to the list given in Sec. I A. More specifically, the three
components of the individual spin vectors must be
included, introducing six additional parameters to recover.
Generally, introducing additional parameters into the
waveform models will weaken constraints on non-GR
parameters, but precession can aid in recovering stringent
constraints (see for example [57]). A thorough investigation
of this goes outside of the scope of this work, but is greatly
needed.

Another avenue for future directions is to consider
possible constraints with observations from space-based
detectors. As is discussed in Sec. III C, EMRIs provide a
means of breaking the degeneracy in Eq. (1), and would
allow direct constraints on the multipolar structure of
supermassive BHs. In addition, massive BBH systems
detected by ground-based detectors, such as GW150914
[69] and GW190521 [70], may also be detected years
before merger by space-based observatories like LISA [71].
One could thus consider the possibility of performing
multiband tests of the no hair theorems with such systems.
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APPENDIX: COEFFICIENTS OF PPE
AND OSCILLATORY EFFECTS

The precessing ppE waveforms are given in Eq. (3) with
amplitude coefficients (<*P", #*P%) and exponent coeffi-

cients (a;pE, bipE). Reference [39] proposed ppE parame-

ters for five harmonics, specifically
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@8%5 = —q, +2q, cotfysin A, (A1)
aipfo =2q,(2cosfy—1)cscfysin A, — g, tan By, (A2)

1
@Epll.io = gy sinA,(2cot fy + cscfy) — q» (1 + 5530ﬁ0>,

(A3)
aipfo = tan(fy/2)(g, tan By — 2q, sin A,), (A4)
0“}1]32],50 = cot(fy/2)(2q, sin A, — g, tan f3), (A5)

which all have exponent parameters a%p ® — 0. Recall that

A, = a; — a,, and f is the initial inclination angle of the
orbital angular momentum. The proposed ppE correction to
the phase is given in Eq. (9), with

5 I«
ﬁzz\/;)(Q(ChUlo"'%Um)v (A6)
3V5x
wan =35 Xol(n—m' - 20N (g1 42)
—2¢0s fyAQ,], (A7)

where (U,o,Uy,) are complicated functions of (f,®g)
given in Appendix B of [41], and

, 1
I'(q1.42) = g\ tan By sin A, +ZQ2 tan” f, (A8)
o _1
Q) = Zsecﬂo[l +3 COS(2,BQ)], (A9)
AQ, = A0V + 4,02, (A10)
1
AQLY = 7 sec o tan folS + 3 cos(26p)] sin A,
(A11)
1
AQY% — 3—28603 Pol9 + 20 cos(2p,) + 3 cos(4p)].
(A12)

Note that Eq. (A6) corrects a typo in Eq. (120) of [39].

The full expression for the precession variables (4, a, ¢)
are given in [41]. In the weak asymmetry limit ¢,, < 1,
these expression reduce to the form [39],

2
e =Qu + > C(q,.0)e™ +O(g3,).  (A13)
j==2

where u, = [sin 3, a, €]. For completeness, we here provide

the expression for the coefficients Cﬁ,j ).

Q=0 Q=-1 (AL4)
Q. =+ a0, (A1)
1
Cg)) = sinffp — 592 sin g + g, cos fysin A, (Al6)
D14 P
&' = 6] =g o a1
(iz) 1 .

Gy = 192 sin ffy, (A18)
C((lo) =———a + g1 COS ﬂo sin Aa’ (A19)
e = [c6V]' ==L gremise(eos po - itanpy). (420
o - feran

1
Y = ey + 24, secpy — 3@ [14cos A,
+5cos(A, —4p) +4cos(A, —2)
+4cos(A, +26y) + 5cos(A, + 4:50)]
x csc By sec’ By, (A22)

Cgil) =—q secﬂo, (A23)

c? — [CE‘”T = iqz sec f3y. (A24)
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