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Gravitational wave (GW) observations provide sensitive tests of parity and Lorentz symmetries of
gravity. Any violation of these fundamental symmetries induces possible deviations in the GW propa-
gations. Through a systematic parametrization for characterizing possible derivations from GW
propagations in general relativity, we construct the modified GW waveforms generated by the coalescence
of compact binaries with the effects of the parity and Lorentz violations as predicted by many parity- and
Lorentz-violating gravities and then analyze them with the open data of compact binary merging events
detected by LIGO-Virgo-KAGRA Collaboration. No signature of gravitational parity and Lorentz
violations is found for most GW events, thereby allowing us to place several of the most stringent
constraints on parity and Lorentz violations in gravity and a first constraint on the Lorentz-violating

damping effect in GW.
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I. INTRODUCTION

Parity and Lorentz symmetries are two fundamental
symmetries of general relativity (GR). Possible violations
of these two symmetries may arise in theories that try to
unify quantum physics with gravity. It is well-known that
the parity symmetry is violated in the weak interaction [1],
while the Lorentz symmetry has been tested to spectacular
accuracy in particle experiments for the standard model of
particle physics [2,3]. However, the constraints on both
symmetries in the gravitational sector are far less refined.

On the other hand, the direct detection of gravitational
waves (GWs) from the coalescence of compact binary
systems by the LIGO-Virgo-KAGRA Collaboration has
opened a new era in gravitational physics [4—12]. The GWs
of these events, carrying valuable information about local
spacetime properties of the compact binaries, allow us to
test these two fundamental symmetries of GR.
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In GR, GWs possess two independent polarization
modes, which propagate at the speed of light with an
amplitude damping rate as the inverse of the luminosity
distance of the GW sources. Theories with parity and
Lorentz violations can give rise to significant effects on the
propagation of GWs. With specific derivations in GW
propagation from GR, one can obtain the constraints on
the parity- and Lorentz-violating effects from GW data.
This has enabled a lot of tests of parity and Lorentz sym-
metries by GW signals detected by LIGO-Virgo-KAGRA
Collaboration [13-22].

Different mechanisms of parity and Lorentz violations
may induce different effects in GW propagations. Given a
large number of parity and Lorentz-violating theories, one
challenging task is to construct a unified framework for
characterizing different effects so they could be directly
tested with GW data in a model-independent way. Several
parametrized frameworks have been proposed for this
purpose [23-28]. In this paper, through a systematic
parametrization for characterizing possible derivations
from GW propagation in GR [23], we derive the modified
GW waveforms with the effects of the parity and Lorentz
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violations in gravity and analyze GW data to obtain several
of the most stringent constraints on parity and Lorentz
violations in gravity and a first constraint on the Lorentz-
violating damping effect in GW.

II. PARITY/LORENTZ-VIOLATING EFFECTS
IN MODIFIED GW PROPAGATIONS

We consider GWs propagating on a homogeneous and
isotropic background, and the metric is written as g,, =
a(t)(n,, + hy,(z.x")), where 7 denotes the conformal time,
a the expansion factor of the universe, and 7,,, the constant
Minkowski metric. Here we set the present expansion
factor ay = 1. In GR, the metric perturbation h,, only
contains two degenerate traceless and transverse tensor
modes. However, when the parity and Lorentz symmetries
in the gravitational sector are broken, 4, may contain two
additional scalar and two vector modes. These extra modes
are expected to be subleading compared to the two tensorial
modes. In addition, all the GW signals detected by LIGO-
Virgo-KAGRA detectors are consistent with two tensorial
modes and there is no clear signature of the existence of
extra modes [11,15]. For these reasons, we only focus on
the parity- and Lorentz-violating effects on the two trace-
less and transverse tensor modes and constrain them by
using the GW data detected by LIGO-Virgo-KAGRA
detectors. For this purpose, we restrict to the modes #;;
which are transverse and traceless, i.e.,

It is convenient to expand h;; over spatial Fourier
harmonics,

hij(z,x") = Z /—hA(T,k’)e’kixe?j(k’), (2)

A—RL (27)*

where ef‘j denote the circular polarization tensors which
satisfies €% n e, = ipyel” with pp = 1 and pp = —1. To
study modified GW propagations, we write the modified
equations of the two GW modes in the following para-
metrized form [23],

Wi+ 2+ 0+ v ) HI, + (1 + 7+ pg)k2hy =0, (3)

where a prime denotes the derivative with respect to the
conformal time 7 and H = a’/a. In such a parametrization,
the new effects arising from theories beyond GR are fully
characterized by four parameters: 7, ji, v4, and p4, which
can be divided into three classes: (1) The frequency-
independent effects induced by i and o, which include
modifications to the GW speed and friction; (2) The parity-
violating effects induced by v, and p,, which include
the amplitude and velocity birefringences of GWs; and

(3) The Lorentz-violating effects induced by © and f, which
include the frequency-dependent damping and nonlinear
dispersion of GWs. The corresponding modified theories
with specific forms of the four parameters Ho, ji, Hu,,
and p, are summarized in Table I. Through this para-
metrization, the parity- and Lorentz-violating effects on the
primordial GWs has been calculated in [29] and the
forecasts on constraining both the frequency-independent
and frequency-dependent GW frictions with future GW
detectors have been analyzed in Refs. [30,31].

The four parameters o, ji, v4, and p, can become
direction dependent when spatial rotation symmetries are
broken. This leads to anisotropic GW propagation,1 as
seen, for example, in linear gravity with Lorentz and
diffeomorphism violations within the Standard Model
extension framework [82,83]. Such anisotropy can be
tested by searching for sky-location dependence in GW
propagation using events detected by LIGO-Virgo-
KAGRA Collaborations. Previous studies have constrained
anisotropic coefficients of various mass dimensions using
global fitting [22,104] or maximum-reach [105,106]
approaches. This paper focuses solely on isotropic devia-
tions in GW propagation and leaves the anisotropic effects
for future studies.

A. Frequency-independent effects

When the parameters i and ¥ are frequency-independent,
they can induce two distinct and frequency-independent
effects on the propagation of GWs. One is the modification
to the speed of GWs due to the nonzero of ji, which can be
constrained by comparison with the arrival time of the
photons from the associated electromagnetic counterpart.
For the binary neutron star merger GW 170817 and its asso-
ciated electromagnetic counterpart GRB170817A [107],
the almost coincident observation of the electromagnetic
wave and the GW place an exquisite bound on
fi, =3 x 1071 <2 <7 x 10716,

Another effect is the modified friction term of the
GWs if U is nonzero, which changes the damping rate
of the GWs during their propagation, leading to a GW
luminosity distance d;" related to the standard luminosity
distance d5™ of electromagnetic signals by df" =

ds™exp {3 5155 9(2))} [32.108,109]. Note that the num-
ber of extra spacetime dimensions can also have a similar
effect on the GW luminosity [110]. Thus, it is possible to
probe this GW friction by using the multimessenger
measurements of d5° and d5™. A recent analysis of the
data of GWTC-3 with a specific parametrization of GW
friction leads to —3.0 < (0) < 2.5 [111].

'With anisotropic effects, the extra polarizations of GWs can
be directly generated by the two tensorial modes under certain
conditions, as studied in [57,103].
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TABLE L.

Corresponding parameters H7, ji, Hv,, and p, in specific modified theories of gravity. The numbers in the brackets are the

values of f;, iz, B, and B, for each theory, which represent the frequency dependences of Hv, ji, Hv,, and uy.

Friction and speed

Birefringences Damping and dispersion

Y
AN}

Theories of gravity

7 Hua(Bo) Ha(By)

Nonlocal gravity [32-34]
Time-dependent Planck mass gravity [35]
Extra dimension (DGP) [36,37]

f(R) gravity [38]

f(T) gravity [39]

f(T,B) gravity [40]

F(0Q) gravity [41]

Galileon Cosmology [42]

Horndeski [43-45]

Beyond Horndeski GLPV [46]
DHOST [47]

SME gravity sector [48,49]
Generalized scalar-torsion gravity [50]
Teleparallel Horndeski [40]
Generalized TeVeS theory [51,52]
Effective field theory of inflation [53]
Scalar-Gauss-Bonnet [54]
Einstein-Aether [55,56]

Bumblebee gravity [57]

NN S S S N N N NN

H () A (Bz)

AN N SN SN

Chern-Simons gravity [58—61]

Palatini Chern-Simons [62]

Chiral-scalar-tensor [63—-65]

Parity violation with Kalb-Ramond field [66,67]
Parity-violating scalar-nonmetricity [68—70]
Metric-affine Chern-Simons [71,72]

Nieh-Yan teleparallel [17,73,74]

New general relativity [75]

Chiral Weyl gravity [76]

v (D
v (D
v (1)
v ()
v ()

v (1)

v (1)

v (=1
v (-1,1)
v (=1
v (=1
v (=1)

v (1) v (2

Spatial covariant gravities [18,77,78] v
Havara with parity violation [79-81] .
Linear gravity with Lorentz violation [82]
Diffeomorphism/Lorentz violating linear gravity [83]
Horava with mixed derivative coupling [84]

Horava gravity [85-89]

Modified dispersion in extra dimension [90]
Noncommutative Geometry [91,92]

Double special relativity theory [93-95]

Consistent 4D Einstein-Gauss-Bonnet [96-98]

Lorentz violating Weyl gravity [99]

Massive gravity [100,101]

Gravitational constant variation [102] v

v, 3)
v, 3)
Vd-4>1)
Vd—-4>-1)

)
v 2, 4)
(d-4>2)
V(d-4>-2)
v (2.4
v (2. 4
v Q)

v (=2.2)
v (=2.1)
v (2)
v (2)
v (=2)
v (=2)

v (1) v (2

/@

SENANENENENN

B. Parity-violating birefringences

The parameters v, and p, label the gravitational parity-
violating effects. The parameter 11,4 induces velocity birefrin-
gence, leading to different velocities of left- and right-hand
circular polarizations of GWs, so their arrival times are
different. The parameter v,, on the other hand, induces
amplitude birefringence, leading to different damping rates
of left- and right-hand circular polarizations of GWs, so the
amplitude of the left-hand mode increases (or decreases)

during its propagation, while the amplitude of the right-
hand mode decreases (or increases). For a large number of
parity-violating theories, v, and u, are frequency—dependent.2

“Recently, a signal of cosmological birefringence has been
measured in the Planck CMB data [112-114]. Although the
origin and frequency dependence of this signal remain elusive,
one compelling explanation posits frequency-dependent velocity
birefringence of CMB photons, a phenomenon predicted by
several parity-violating electromagnetic theories [114].
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Thus, one can further parametrize v, and p4 as [23]
Hua = [paa,(z)(k/aMpy)"]', (4)

HA = PAYy, (T)(k/aMPV)ﬁ”a (5)

where 3, f, are arbitrary numbers, a,, a, arbitrary functions
of time, and Mpy the energy scale of the parity violation. For
the GW events in the local Universe, these two functions can
be approximately treated as constant. The parity-violating
theories with different values of (Hv,, us) and (5,, p,) are
summarized in Table L.

With the above parametrization, one can derive their
explicit GW waveforms by solving the equation of
motion (3). We would like to mention that, to obtain a
waveform model with the propagation effects due to both
the parity and Lorentz violations, we assume that the
waveform extracted in the binary’s local wave zone is
well-described by a waveform in GR. The same assumption
has also been used in the analysis for testing the propa-
gation effects in [13,14]. In this way, one can calculate both
the amplitude and phase corrections due to the propagation
effects to the GR-based waveform by using the stationary
phase approximation (SPA) during the inspiral phase of
the binary system [23]. It has been shown in [115] that the
modified waveforms with propagation effects using the
SPA agree with those derived using the Wentzel-Kramers-
Brillouin (WKB) approximation. In WKB approximation,
the corrections to the GR-based waveform are only due to
the propagation effect. Thus it is in principle independent
of the GW emission mechanism or radiated stages of the
binary system [115]. This implies that one can extend the
modified waveforms obtained using the SPA [23,101] to
the entire signal including the inspiral, merger, and ring-
down phases of a coalescing binary system. For this reason,
in this paper, we adopt the modified waveforms derived
using the SPA for later analysis with the open data of
compact binary merging events detected by the LIGO-
Virgo-KAGRA Collaboration.

For parity-violating effects, it is shown [23] that the
amplitude and phase modifications to the GR-based wave-
form using the SPA can be written as

hA(f) — BgRepA‘sh]ei<pA5\P])’ (6)

where hSR is the corresponding GR-waveform, and its
explicit form can be found in the previous works [23]. The
amplitude correction 6h; = A, (zf) is caused by the para-
meters v4, while the phase correction §%; = A, (zf )/ "!
for p, # —1, and 8%, = A, Inu for f, = —1, is caused by
the parameters pu, with

1=5 (5r) e e+ ()

MPV

I (L= ———"
" HO\/‘Q'm +QA ’

where 7, (ty) is the emitted (arrival) time for a GW event,
z=1/a(t,) — 1 is the redshift, f is the GW frequency at the
detector, and u = z M f with M being the measured chirp
mass of the binary system, and the function ®(1 4 x) =
l+x for x#1 and (1 +x) =1 for x = —1. In this
paper, we adopt a Planck cosmology with Q, = 0.315,
Q, = 0.685, and Hy = 67.4 kms~! Mpc~! [116].”

C. Lorentz-violating damping and dispersions

The violations of Lorentz symmetry or diffeomorphisms
can lead to nonzero and frequency-dependent v and fi.
The parameter o induces frequency-dependent friction in
the propagation equation of GWs, while ji modifies the
conventional linear dispersion relation of GWs to nonlinear
ones. Considering both ¥ and z are frequency dependent,
one can parametrize them as

Ho = [a(7) (k/aMyy )], )

= ag(7)(k/aMyy)’s, (10)

where f;, ff; are arbitrary numbers, a3, a; are arbitrary
functions of time, and M}y denotes the energy scale of
Lorentz violation. Similarly, we treat them as constants for
GW events in a local Universe. The Lorentz-violating
theories with different values of (Ho, 1) and (B;, ;) are
summarized in Table L.

With 7, the GWs at different frequencies can experience
different damping rates that lead to an amplitude modula-
tion to the gravitational waveform, and with z the GWs at
different frequencies can have different phase velocities,
which lead to a phase correction to GW waveforms. The
modified waveform with Lorentz-violating effects derived
using the SPA read

ha(f) = hg® (e e, (11)

where 6hy = —Ag(af)’ and ¥, = Ay(af)’*! for
pn #—1 and 8%, = A; Inu for f; = —1 with

1= (5r) o) - (e 420 (2)

(2/ My )P P
A, = &) / +Z) . (13)
ﬂﬂ+1 HO\/'Qm +QA

*Here we use the Planck cosmological parameters for con-
sistency with previous results presented in [13-18].

064044-4



CONSTRAINTS ON PARITY AND LORENTZ VIOLATIONS IN ...

PHYS. REV. D 110, 064044 (2024)

III. BAYESIAN INFERENCES ON THE MODIFIED
WAVEFORMS WITH GWTC-3

A. Bayesian inference for GW data

In this subsection, we elaborate on the application of
Bayesian inference to utilize observational data from the
LIGO-Virgo-KAGRA Collaboration for constraining the
parity and Lorentz violations.

Bayesian inference plays a pivotal role in contemporary
astronomy, enabling the integration of GW data, denoted
as d;, with theoretical models to infer the distribution of
parameters 6 that describe the waveform model incorpo-
rating parity- or Lorentz-violating effects. The foundation
of this approach is Bayes’ theorem, which allows us to
calculate the posterior distribution as follows:

P(d|0, H)P(6|H)

P(6|d. H) = P

(14)

-

where P(6
tribution of the model parameters 6. In this formula, H

d, H) represents the posterior probability dis-

symbolizes the waveform model, P(6|H) is the prior
distribution based on the model parameters 5, and the
denominator P(d|6, H) is the likelihood of observing the
data given a specific set of model parameters. The term
P(d|H), known as the ‘evidence’, serves as a normalization
factor and is defined by the integral

P(d|H) = / dBP(d|d, H)P(B|H). (15)

This framework facilitates a robust statistical analysis to
constrain the parameters describing parity- or Lorentz-
violating effects in gravitational wave signals, leveraging
the rich dataset provided by the LIGO-Virgo-KAGRA
Collaboration.

In most cases, the GW signal is very weak and the
matched filtering method can be used to extract these
signals from the noises. For our analysis, we proceed
under the assumption that the noise is Gaussian and
stationary [117,118]. The likelihood function for the
matched filtering method is expressed as follows:

P, )« [ ewp (-3 (@~ W@l - @) ). (16
i=1

where /(6) represents the GW strain predicted by the
waveform model H, and i indexes the various GW
detectors. The noise-weighted inner product (A|B) is
defined as

(A|B) :4Reu°”%df}, (17)

in which * signifies complex conjugation and S(f) denotes
the power spectral density (PSD) function of the detectors.
In our analysis, we utilize the PSD data encapsulated in the
LIGO-Virgo-KAGRA posterior samples. This approach is
anticipated to yield a more stable and reliable parameter
estimation compared to deriving the PSD from strain data
through Welch’s averaging method, as shown in [119,120].

Then, with both the parity- and Lorentz-violating effects,
the modified GW waveform of the circular polarization
modes is given by [23]

hA (f) _ /:lSR (f)e/)A5h|+§h2ei(/JAﬁ‘PlJrrS\Pz)‘ (18)

The circular polarization modes hyg and hy_ are related to the
modes /&, and h, via h, = hL\%”R and h, = hi/_ii%R’ from
which one can obtain the waveforms for the plus and cross
modes. Equation (18) represents the modified waveform
we use to compare with the GW data. The tests are
performed within the framework of Bayesian inference
by analyzing the open data of the binary black hole
merger events in GWTC-3 [11,12,121]. As of the latest
update, GWTC-3 encompasses 90 compact binary coales-
cence events, which include binary neutron stars like
GW170817, neutron star—black hole binaries, and binary
black holes [11,12,121]. Among these events, we consider
88 of them in our analysis and exclude two GW events,
GW200308_173609 and GW200322_091133, due to the
possible uncertainties of their inferred source proper-
ties [11]. It is also shown in [122] from a new analysis
that these two events could be generated by Gaussian noise
fluctuations. We also use the same low-frequency cutoffs as
in [11,12,121]. For those events that contain glitch signals,
as described in [11], we use data with the glitch removed. In
our analysis, these data are sampled at 4096 Hz.

We consider the cases of parity- and Lorentz-violating
waveforms in Eq. (18) with different values of §;, 3, f,,
and f3, separately. For parity-violating effects, we consider
the amplitude birefringence with f, =1 and velocity
birefringence with 8, = —1, 3. The test of velocity bire-
fringence with 8, = 1 was explored in [19,20], which will
not be considered here. For Lorentz-violating effects, we
consider the frequency-dependent damping with f;, = 2
and nonlinear dispersion relations with f; =2, 4. The
number of GW events analyzed in each test is summarized
in Table II.

The modified waveforms with parity violation in Eq. (6)
and Lorentz violation in Eq. (11) are constructed based
on the GR waveform template implemented in the
LALSuite [123]. Therefore we consider in total six separate
tests, in which we employ template IMRPhenomXPHM [124]
for the GR-based waveform ASR, except GW170817 and
IMRPhenomPv2 NRTidal [125-127] for GW170817.
For GR parameters in these waveforms, we use the prior
distributions that are consistent with those used in [9-11].

064044-5



ZHU, ZHAO, YAN, WANG, GONG, and WANG

PHYS. REV. D 110, 064044 (2024)

TABLE II.  The numbers of the GW events used in the Bayesian
analysis and the combined posteriors in each test. In several tests,
we exclude a few events that have the strongest impact in biasing
the combined posterior. The list of the excluded events is
presented in Table III.

Models Number of analyzed events Combined
p,=1 85
by =2 88 in GWTC-3 81
Pa=2 88
Py =—1 44+ 44 in [17] with different template 86
Pu=3 41 + 47 in [18] with different template 84
pr=4 41 + 47 in [18] with different template 88

The priors for parity- and Lorentz-violating parameters, A,,
Ay, Ap, and A; are chosen to be uniformly distributed. We
use the open source package BILBY [128,129] and a nested
sampling method dynesty [130,131] to perform para-
meter estimations with the modified waveforms.

Then we consider a series of GW events comprised of

data {d,}, described by parameters {6}, where i runs from
1 to N with N being the number of the analyzed GW events
in the Bayesian inference. To infer the posterior distribu-
tions of the parameters A,, A,, Ay, and A; in each test,

one can marginalize over all GR parameters éiGR for the
individual GW events. Note that we do not consider the
marginalization of the calibration uncertainties in the data.
This procedure gives the marginal posterior distribution on
the non-GR parameter, for instance, A,, for the ith GW
event,

(19)

P(A . e
P(A,) = (4,) / P(67%)P(d;|A,, 67)db: .

P(d;)

Here we would like to mention that the above analysis and
the later derived results are independent of the matter
distribution of black holes since we perform the analysis
with each GW event individually.

B. Results of constraints on parity
and Lorentz violations
From the marginal posterior distributions of A, A,, and
Ay, Ay and the redshift z of the analyzed GW events in each
analysis, one can obtain posterior distributions of M;g”,
M0, and M7, M through Egs. (7), (8), (12), and (13),
respectively. Note that we reweight the posteriors such that

their priors are uniform. To do so, we randomly draw the
prior samples of the luminosity distances d; and A,, A,

and A;, Aj, and calculate the corresponding M;f,”, M;ﬁ“,

and Mif,”, M;{i’i, then use kernel density estimation to
derive their original priors. The posteriors under uniform
priors are then calculated by dividing the directly converted
posterior by the original priors. In Fig. 1, we display the
marginalized posterior distributions of M;\ﬁf with g, =1,
My with 8, = =1, 3, M%7 with 5, = 2, and M4 with
pz = 2, 4 from selected GW events in the GWTC-3. For
most GW events we analyze in each test, we do not find any
significant signatures of parity and Lorentz violations.
The parameters M5, M ;f,“, and M2, M Ef,” in each test
are universal quantities for all GW events. Therefore we can
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FIG. 1. The posterior distributions for M;{;” with , = 1, M;é“ with g, = -1, 3, ME{,” with g, = 2, and Mlj\ﬂ,” with ; = 2, 4 from
selected GW events in the GWTC-3. The legend indicates the events that give the tightest constraints. The vertical dash line in each

figure denotes the 90% upper limits from the combined result.
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TABLE III.  The list of excluded GW events in each analysis.

Models The excluded events

GW190521
GW191204_110529
GW191219_163120

GW200208_222617
GW190403_051519

GW190413_134308
GW190521
GW190910_112807
GW200208_222617

GW151012
GW190521
GW190527_092055
GW190805_211137
GW190926_050336
GW200216_220804
GW191204_110529

Py =2

None

None

obtain their combined constraints for each analysis by
multiplying the posterior distributions of the individual
events together, which are presented as the 90% upper
limits by the vertical dash line in each figure of Fig. 1.
These upper limit values then can be straightforwardly
mapped to bounds on Mpy and My for each analysis, as
summarized in Table IV. Note that in deriving the bounds of
Mpy and M;y, we do not transform their priors to be
uniform, except for the case of Mpy with g, = —1.
Comparing with previous results, the bounds on Mpy for
p, =1, B, =3, and Myy for f; = 4 improves those given
in [16,18] by a factor of 4.0, 1.2, and 1.4, respectively. They
represent the most stringent constraints for parity and
Lorentz violations in these cases. The bounds on Mpy
for f, = —1 and My y for f; = 2 are compatible with those
obtained in [17] and [13-15] from different waveform

templates and methods. We also obtain the first bound on
M,y for B; =2, which stands for the Lorentz-violating
damping effect in GWs.

In obtaining the constraints on the parity and Lorentz
violations from the six separate tests, we have excluded a
few GW events that favor nonzero values for non-GR
coefficients A,, A,, A;, and A;. These results are in
contradiction with GR. Similar results for constraining
parity violation with event GW190521 have also been
reported in [20]. It is mentioned in [20] that such result may
be caused by the limitations of the existing waveform
approximants, such as systematic errors during the merger
phase of the waveform, or by the existence of physical
effects such as eccentricity which are not taken into account
by the current waveform approximants. For this reason,
we exclude these events in our analysis. The list of the
excluded GW events for each test is presented in Table III.
As a complete analysis, in Appendix A, we present the
posterior distributions of M35, ML, and M7, MIj{},’-‘ for
the GW events listed in Table III in each test and the
combined results by including all the 88 GW events in our
analysis.

IV. SUMMARY AND DISCUSSION

We have derived new constraints on parity and Lorentz
violations in gravity by using the GW data of the compact
binary merger events of GWTC-3. We began with a
systematic parametrization to the modified GW propaga-
tion which could arise from a large number of modified
theories of gravity, allowing us to analyze the GW data
with the parity- and Lorentz-violating GW waveforms. By
excluding a few GW events that favor non-GR values of
parity- and Lorentz-violating parameters in certain tests,
our new results provide several strongest constraints on the
gravitational parity and Lorentz violations and the first
constraint on the Lorentz-violating damping effect. These
constraints are essential in the study of both parity and
Lorentz symmetries as fundamental properties of GR,
an endeavor that should provide deep insight into the

TABLEIV. Results from the Bayesian analysis of the parity- and Lorentz-violating waveforms with GW events in GWTC-3. The table
shows 90% credible upper bounds on Mpy, for 5, = —1 (for velocity birefringence) and lower bounds on Mpy and M, y for other cases.
We also include bounds for several cases derived from existing tests with GWTC-1/GWTC-2/GWTC-3 in Refs. [ 13—18] for comparison.
The bounds on My from the results of the parameters A, in [13—15] are derived via M3 = h*A, with % being the reduced Planck
constant. Note that in deriving the bounds of Mpy and Mpy, we do not transform their priors to be uniform, except for the case of Mpy

with f, = —1.
Mpy (GeV) My (GeV)
p=1 Bu=-1 Bu=3 P =2 Pa=2 fa=4
GWTC-1 1.0 x 10722 [16] 0.8 x 10711 [13]
GWTC-2 6.5 x 107%2 [17] 1.0 x 10714 [18] 1.3 x 10711 [14] 2.4 x 10710 [18]
GWTC-3 1.8)(10_11 []5]
This work 4.0 x 1072 8.0 x 10742 1.2 x 10714 1.4 x 1072 1.2 x 1071 3.4 x 10716
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construction of the quantum theory of gravity. Note that we
also provide an appendix to present the results from
combining posteriors of all 88 GW events.

Here we would like to address some remarks about using
the results here for constraining the specific modified
theories mentioned in Table I. In our analysis, we have
considered the six different effects separately, which means
in each test, we only sampled one non-GR parameter
(which corresponds to one of the six tests) at one time.
However, as shown in Table I, some of the specific
modified theories, may induce more than one non-GR
parameter. In principle, one can consider all the effects
together in the same analysis. However, in practice, this is a
little difficult. The main reason is that for different effects,
the associated coefficients are in general independent of
each other. This means if one would like to derive bounds
on these parameters by comparing the modified waveform
with GW data, one has to sample all these independent
parameters in the same analysis. This makes the simulation
very computationally intensive. One strategy is to consider
each effect separately, in which different effects are induced
only by one or two coupling coefficients in the theory so
that although it can induce different effects, one only needs
to sample one or two extra parameters in the simulation.
This strategy works well for most of the modified theories
since the bounds on the same parameter (if it appears in
several different terms in Table I) from constraining differ-
ent effects (for example, the six different models analyzed
in this paper) are different by many orders of magnitude. In
this case, one can only use the tightest one to derive the
bound on the parameter by skipping others.

There still be some modified theories, which may induce
different effects by independent coupling coefficients
but can not be directly constrained by using the results
presented in this paper. For these specific theories, one has
to consider them case by case and needs to simulate the
modified waveform with GW data by sampling all the
relevant coefficients at one time. We expect to consider
this case in our future works.
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APPENDIX: RESULTS BY INCLUDING THE GW
EVENTS LISTED IN TABLE III

In this appendix, we present the posteriors of M;@,
M ;f,”, and M7, M;f,’ for the excluded GW events listed in
Table III in each test and the combined results by including

all the 88 GW events in our analysis.
Figure 2 illustrates all the posteriors of Myb*, M ;@“, and

M[(”;, Mgf,ﬁ for the GW events listed in Table III in each
test. It is easy to see from these figures that these events
favor nonzero values for Myb, M;@“, and M, M;{?.
These results are in contradiction with GR.

In Fig. 3, we also present the combined posterior of
My, M;,f,", and M%7, M;(j,“ in each test by including the
posteriors of all 88 GW events in GWTC-3. For the results
on My for p, =1 and M% for f; =2, including the
excluded events in the analysis shows strong impact in
biasing the combined posteriors, leading to nonzero values
for Mpy,, My, comparing to the combined results shown in

Fig. 1. For the results on M;f/‘ for p, = -1 and g, = 3,
including the excluded events in the analysis only slightly

change the bounds on M ;(i". The 90% credible intervals on
My, M;\ﬂ,”, and M%7, Mlj\ﬂf‘ from the analysis of com-
bined posteriors by including the 88 GW events in each test
are shown in Table V.
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in Table III.
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TABLE V. The 90% credible intervals on M;@, M;f,”, and

Mi{jf, Mi\ﬂ,‘ from the analysis by combining posteriors of all

88 GW events in each test.

90% credible intervals

Myl = 2.63703¢ x 102! GeV~!
Mpy < 8.5 x 107! GeV
Mz < 6.0 x 104 GeV~3

Models
p,=1
pu=-1
By =
fr=2
Pa=2
Pn=4

M3 = 1.82709¢ x 10 GeV—2
Mid < 7.3 x10?! GeV~?
Mié < 7.5 x 1080 GevV™
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