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The standard model extension (SME) is an effective field theory framework that can be used to study the
possible violations of Lorentz symmetry and diffeomorphism invariance in the gravitational interaction. In
this paper, we explore both the Lorentz- and diffeomorphism-violating effects on the propagations of
gravitational waves in the SME’s linearized gravity. It is shown that the violations of Lorentz symmetry and
diffeomorphism invariance modify the conventional linear dispersion relation of gravitational waves,
leading to anisotropy, birefringence, and dispersion effects in the propagation of gravitational waves. With
these modified dispersion relations, we then calculate the dephasing effects due to the Lorentz and
diffeomorphism violations in the waveforms of gravitational waves produced by the coalescence of
compact binaries. With the distorted waveforms, we perform full Bayesian inference with the help of the
open source software BILBY on the gravitational wave events of the compact binary mergers in the LIGO-
Virgo-KAGRA catalogs GWTC-3. We consider the effects from the operators with the lowest mass
dimension d = 2 and d = 3 due to the Lorentz and diffeomorphism violations in the linearized gravity. No
signature of Lorentz and diffeomorphism violations arsing from the SME’s linearized gravity are found for
most GW events, which allows us to give a 90% confidence interval for each Lorentz- and diffeomorphism-

violating coefficient.

DOI: 10.1103/PhysRevD.111.084064

I. INTRODUCTION

General relativity (GR) stands as the preeminent theory of
gravity, having undergone rigorous experimental validation
across a diverse range of scales with remarkable precision
[1-10]. Despite its empirical success, GR encounters sig-
nificant challenges related to the theoretical singularities and
issues of quantization, as well as the unresolved phenomena
of dark matter and dark energy. Conversely, several candi-
date theories of quantum gravity, including string theory
[11,12], loop quantum gravity [13], and braneworld scenar-
ios [14], propose frameworks wherein Lorentz and diffeo-
morphism invariances in the gravitational sector may be
spontaneously violated. This potential breakdown of
Lorentz and diffeomorphism invariances presents intriguing
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avenues for addressing some of the limitations of GR and
advancing our understanding of fundamental physics.

A common method to investigate potential violations
of Lorentz and diffeomorphism symmetries in gravity is
through the approach of effective field theory. The
Standard-Model extension (SME) offers a comprehensive
framework for examining deviations from Lorentz and
diffeomorphism invariance [15,16]. Within this approach,
any components that might disrupt Lorentz or/and diffeo-
morphism invariance can be systematically included in the
Lagrangian. Over recent decades, the SME has been widely
applied to test Lorentz invariance in the matter sector. In
the context of gravity, studies leveraging the SME to
evaluate the Lorentz violations have encompassed a range
of techniques including lunar laser ranging [17,18], atom
interferometry [19], cosmic ray observations [20], precision
pulsar timing [21-26], planetary orbital analyses [27], and
superconducting gravimeters [28]. Studies in the gravity
domain are primarily concerned with the interaction
between gravity and matter [29]. Our focus, however, is
on the Lorentz and diffeomorphism-violating effects on
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gravitational wave (GW) propagation in the pure gravity
sector within a linear approximation [30-32].

In linearized Lorentz-violating gravity, the possible
Lorentz-violating terms involving quadratic metric varia-
tions in the Lagrangian can be classified by their mass
dimension, d. These terms are further divided into two
categories: diffeomorphism-invariant terms and diffeomor-
phism-violating terms, depending on whether they remain
invariant under the gauge transformation h,, — h,, +
9,6, +9,¢,. Here, hy,, represents metric perturbations in
Minkowski space-time, and &, is an arbitrary small vector
field. Diffeomorphism invariance requires that d > 4 [32,33].
The effects of Lorentz violations on gravitational waves
(GWs) and their observational constraints have been exten-
sively studied for the diffeomorphism-invariant case; for
example, [32-43] and references therein. In contrast, for the
diffeomorphism-violating case, the Lorentz-violating terms
in the Lagrangian can have mass dimensions d = 2 or/and
d=3[32].

An exhaustive classification of Lorentz-violating
Lagrangians with quadratic metric variations, whether dif-
feomorphism-invariant or -violating, is provided in [32].
These terms modify GW dispersion relations, leading to
effects such as anisotropy, birefringence, and dispersion,
which alter GW waveforms. Waveform modifications for the
diffeomorphism-invariant case are discussed in [43] and can
be analyzed using Bayesian inference to compare observed
GW signals with theoretical models, constraining the
Lorentz-violating coefficients in the SME’s linearized grav-
ity sector. A parametrized framework for describing sym-
metry-breaking effects on GWs is presented in [37], which
has been used for calculating the symmetry-breaking effects
on the primordial GWs [44]. In this paper, we investigate
both Lorentz-violating and diffeomorphism-violating effects
on GW propagation and calculate the resulting dephasing in
waveforms from compact binary coalescences.

The direct detection of GWs from compact binary coa-
lescences by the LIGO-Virgo-KAGRA (LVK) Collaboration
has ushered in a new era of gravitational physics [45-52].
These GWs carry crucial information about the local
spacetime properties of compact binaries, enabling tests of
fundamental gravitational symmetries. Numerous studies
have tested Lorentz and parity symmetries using data from
LVK GW events [33,39-41,53-69]; see [70] for a recent
review. While previous tests in Lorentz-violating linearized
gravity for diffeomorphism-invariant cases focused on terms
with mass dimension d > 4, this paper examines the effects
of diffeomorphism violations induced by Lorentz-violating
terms with d = 2 and d = 3, along with their observational
constraints from LVK GW events. Using the SME frame-
work for Lorentz-violating linearized gravity, we perform
Bayesian inference with modified waveforms incorporating
diffeomorphism-violating effects on GW events from the
GWTC-3 catalog. We find no significant evidence of
diffeomorphism violations in most GW data and provide

90% confidence intervals for each diffeomorphism-violating
coefficient.

This paper is organized as follows. In the next section,
we provide a brief overview of GW propagation in the SME
framework, incorporating both Lorentz and diffeomor-
phism violations and their modified dispersion relations.
Section III examines phase modifications to GW wave-
forms caused by Lorentz-violating and diffeomorphism-
violating coefficients in the SME. In Sec. IV, we describe
the matched-filter analysis within Bayesian inference, and
in Sec. V, we present constraints on each diffeomorphism-
violating coefficient using data from GW events in the
GWTC-3 catalog. Finally, the conclusions and summary
are provided in Sec. VL

Throughout this paper, we adopt the metric convention
(=, +,+, +), with Greek indices (u,v, ...) running over 0,
1, 2, 3 and Latin indices (i, j, k) running over 1, 2, 3.
Natural units are used, setting 2 =c = 1.

II. GRAVITATIONAL WAVE PROPAGATIONS
IN THE LINEAR GRAVITY OF SME

In this section, we present a brief introduction to the
GWs in the linearized gravity sector of the SME and the
associated modified dispersion relation of GWs due to the
effects of the Lorentz and diffeomorphism violations.

A. Linearized gravity with Lorentz
and diffeomorphism violations

The quadratic Lagrangian density for GWs in the
linearized gravity sector of the SME is given by [32]

1
L= Ze"’"’”‘ewﬂﬂndhwaaaﬂhpa

1 .
+ Z hﬂyZ]C(d)ﬂl/ﬂahpm (2 1)
K.d

where one expands the metric g, of the spacetime in the
form of g, =n,, +h, with n, being the constant
Minkowski metric, and ¢*’* is the Levi-Civita tensor.
The first term in the above expression represents the
quadratic approximation to the Lagrangian density for
the Einstein-Hilbert action, while the second term which

consists of operators K% denotes the modifications due
to the Lorentz and diffeomorphism violations. The operator
K1 i the product of a coefficient K(Drroma -tz with
d — 2 derivatives 0y, 0y, -+ - 0y, ,, 1.€.,

’AC(d)MVPO' — K:(d)mxpaa]azund,zaalaaz . aa (22)

d-2"
The coefficient JC(@rereaiar-iz hag mass dimension 4 — d
and are assumed small and constant over the scales relevant
for the gravitational phenomenon considered in this paper.
As pointed out in [32], to contribute nontrivially to the
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equation of motion, the IAC (dppe has to satisfy the require-

ment K@#)0o) £ 4 ()

odd d and even d respectlvely.
According to the symmetries of the coefficient

[C(Drepoiar-aas ynder the permutations of its indices,

, where + corresponds to

A

K @rre can be divided into three different types,

”‘C(d);wpa — s(d)upro + a(d)ﬂpbo‘ + ]%(d)ﬂpl/o'. (23)
These three types of operators have different symmetries
in their indices. Specifically, 3(4#*% is antisymmetric in

ERIN

both “up” and “ve,” §9¥P¥7 is antisymmetric in “up” and

symmetric in “ve,” and kY** s totally symmetric. One
can further decompose each type of operator into several
irreducible pieces and explore their properties on the
gravitational wave propagations. It is shown in [32]
such a decomposition leads to 14 independent classes of
operators in total, as presented in Table I, see also Table I
of Ref. [32].

The s-type operators §(9#*% are CPT even, denoting that
these operators are invariant under the combined symmetry
of charge conjugation, parity transformation, and time
reversal (CPT). They consist of three irreducible pieces
in the decomposition,

sl dupro — §(dO)upvo | §(dVupro | §(d2)upro (2.4)
with
5(d-0)upro — s(d’o)ﬂﬂalwazaz---adfzaa . _@adiz’
s(d-Dppro — s(d~1)ﬂﬂv0a1~--adfzaal ciOg
S,(d,Q)ypva — S(d,Z)ﬂpa1v5a2a3...ad,zaa B 'aad,z . (25)

The g-type operators §@#”* are CPT odd, denoting that
they change sign under the symmetry of CPT. They consist
of six irreducible pieces in the decomposition,

f]<d>ﬂpy6 — q(d,O)ﬂpua 4 q(d,l)ﬂpyo 4 q(dl),upua

+ gdmeve 4 pldduwe 4 p(dSpwe (2 6)
where
gl(d_o)”,)yg _ q(d O)ppavayoazay...ay_ za ;- aad—z’
gl(d.])ﬂpua = q(d.])ypuoalaz...ad,z aa] a(ld—?’
51(11.2);4/)1/6 _ gl(d.z)ﬂ/)l/m(7(lz~~”d—za 6 2y 52
21(11,3”!/)1/5 — gl(d.3)ﬂ/1a]wmz...ad,z aa] 0(1,1_7 ,
q(d.4)}4/)l/0' — @(d~4)ﬂ/’l/(1|(7(12(13‘14-~-"d—2 aa, . -aa,,,z s
gl(d,S)ﬂ/wr; — gl(d.S)ﬂpa]y(zzml}m.n”d*Z a(l] = 'a(ld_z . (27)

And the k-type operators are CPT even and consist of five
irreducible pieces,

pduwpo _ j(d.0)uvpe + J(d-Dpepo + J(d-2)uepo
+ Rd3)pwpo  fpldduwpo (2.8)
where

J(dOprpo _ F(d0)uaivazpazoasas. ..aq- 20y, -+-0q,
I’%(d,l)/,u//m’ _ I’%(d,l)ﬂl//”"ll SOy aa] .. 'a(ld_z’
]’%(d 2)uvpo _ ]’%(d@)ﬂall/ﬁﬁal“2“‘”1/*2 am .. 'a(ld_z’
J(d3)ppo _ Fd3)pavarpoazas...aqs Og, -0y y»
Rddypo _ F(ddypavaspasoasas...azs R (2.9)

The properties of the above 14 coefficients are summarized
in Table I, see also Table I in [32] for more detailed
properties of these coefficients. These 14 classes thus
characterize all possible phenomenological effects in lin-
earized gravity, affecting the propagating properties of
gravitational waves.

If we restrict the theory to be diffeomorphism invariance,
the quadratic action S~ [ d*xL of the linearized gravity
should be invariant under the gauge transformation
hy, — h,w +9d,&, +9,8,, which requires the condition
KDweo) g — 4L Aeo))g holds. With this condition,
the operator K“*7? can only be decomposed into three
independent classes [32], which are represents by §(¢-0keve,
§(@Ompvs and k(4O regpectively. It is obvious that the
diffeomorphism-invariance case only allows the Lorentz-
violating operators with mass dimension d > 4, while the
diffeomorphism-violating case allows operators with mass
dimension d > 2.

B. GW propagations with Lorentz- and
diffeomorphism-violating effects

The equations of motion for GWs can be derived by
varying the quadratic action S ~ [ d*x£ with respect to hyy
with Lagrangian density £ given by (2.1), which yields

1
Enpl,eﬂpake””ﬁlaaaﬁhm — 5M‘”’””hp,, =0, (2.10)
where the tensor operators
1 1.
SMHwPe — — — ( SHpvo 4 gmﬂfp) — L
1 . . .
_ g (q,u/)l/{r + qu/mn' + qﬂﬁlf/) + quﬂ/}>. (211)
Here
guove = gl (2.12)
d
(2.13)

grrve = Z@(d)ﬂﬂw’
d

084064-3



WANG, YAN, ZHU, and ZHAO

PHYS. REV. D 111, 084064 (2025)

TABLE I. Properties of the coefficients K\@##®1%-= in each irreducible class. A similar table can also be found in Table I of

Ref. [32].
Coefficients (@Hrom--aas Young Tableau d Number
§(d10)ﬂ/’(lll/0aza3--»ad—2 i v as ‘ B ‘ad—Q‘ Even d > 4 (d - 3)(d - 2)(d -+ 1)
p o
a1 a2
s(d-Dpproay...ay_ L v al ‘ o ‘ad72‘ Even d > 2 (d - 1)(d + 2) (d + 3)
p o
p v [as]oas | |aws
g,(d,Z)/zpalwaza3...(xd,2 P o Even d > 4 %(d — 2)d(d + 2)
a1
1 v [ (6%} ‘ ‘Ocd72‘
q(d,O)ﬂpalyaznaJW...ad_z p o a3 Odd d>5 %(d - 4)(d - 1)(d + 1)
al
§(d-Dproaas .. plv[olafas] - [aas] Odd d >3 Hd=3)(d+4)(d+1)
p
gld-2pvenoa...as s plv[olas] - |ausg] Odd d >3 (d—1)(d+2)(d+3)
P aq
plv]ola] e
@(dﬁ)[lﬂ(llbo'(lz.u(ld,z o Odd d>3 %d(d =+ 3)(d + 1)
a1
g(d.4)/4/walo'aza3a4H.(z,,,z H v g a3 | (4 ‘ o ’ad72‘ Odd d>5 2 (d — 3)(6[ + 2) (d + 1)
14 a1 a2 3
plv]olas[ai] - [aas]
@(d.s)[lﬂ!llb(lz(ﬂlyl./p-A(I,[_z p Qs Odd d>5 %(d + 2)d(d - 2)
&3]
l’%(d,O);m]uazpa3aa4a54..a‘1,2 M v P g @5 ‘ o l()édle Even d Z 6 3 (d — S)d(d =+ 1)
a1 a2 a3 (e %} 2
I’%(d,l)uupam.“ad,z ’ I | v | p | o | o1 ‘ < ’ad—Q‘ Evend >2 é(d =+ 3)(d =+ 4)(d + 5)
I’%(d.Z)ﬂa]bpaalag.”ad,z Olj v | P | i | @2 | a3 ‘ ‘ad_Q‘ Even d Z 4 %(d + 1)(d —+ 3)(d + 4)
1
]’%(d,3);4a]ua2paa3a5.4.ad_z H v P | g | as ‘ o ’ad_Q‘ Even d > 4 (d - ])(d + 2) (d + 3)
aq (6%)
2(d D pavaypazoaas...og_ H v p g | Q4 | as ‘ ‘adiZ E d>6 S(d—
FldA)pa 300y =) - o o ven d > 3(d 3)(d+2)(d+1)
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oo (2.14)

— T Dmpro
2

In GR, the metric perturbation 4, contains only two
degenerate, traceless, and transverse tensor modes.
However, when Lorentz-violating and diffeomorphism-
violating modifications are introduced, h,, may acquire
additional degrees of freedom, depending on the specific
nature of the violations. These include two scalar modes
and two vector modes. As shown in [34], in Lorentz-
violating linearized gravity, the extra scalar and vector
modes of gravitational wave (GW) polarization can be
directly induced by the two tensorial modes. Here in this
paper we restrict our study to the two transverse and
traceless modes of GWSs. Observationally, all the GW
signals observed by the LIGO/Virgo/KAGRA collabora-
tion exhibit compatibility with the two tensor polarization
modes, showing no statistically significant signatures of
additional polarization modes [46]. Even if additional
modes exist, their effects are expected to be be subdomi-
nant compared to the two tensorial modes. In this paper,
assuming these additional modes are small, and following a
similar treatment to that in [33], we focus exclusively on the
effects of Lorentz- and diffeomorphism-violating modifi-
cations on the two traceless and transverse tensor modes.
We note that this assumption imposes certain limitations, as
our conclusions may not fully account for scenarios where
such subdominant modes play a more substantial role. We
left the analysis with the vector and scalar modes for future
studies.

With the above considerations, we restrict our analysis to
the modes £;; that satisfy the conditions
Under these constraints, the equations of motion for GWs
given in Eq. (2.10) reduce to

(07 = V2)hii + 26Mimnp,,, = 0. (2.16)
In the linearized gravity sector of SME, it is convenient to
decompose the GWs into circular polarization modes. To
study the evolution of 4;;, we expand it in terms of spatial
Fourier harmonics as

. &k
hij(e,x) = > /W

A=R,L

ijs

ha(z.k)e el (k). (2.17)

where e . are the circular polarization tensors, and R and L
denote the right-handed and left-handed GW polanzatlons
respectively. The circular polarization tensors e? ; satisfy the
relation

clik

nel, = ipaell, (2.18)

with pg = 1 and p; = —1. Using this decomposition, the
equations of motion in Eq. (2.16) can be rewritten as
ha + K*hy + 2e}sMm"e

B hy=0, (2.19)

or equivalently, in matrix form

02 + K2+ 2eRSMimeR,
2e[;6MUm e,

X (hR ) =0.
hy

Then, following methods developed for the study of
Lorentz violation in the photon sector of the SME [71] as
well as GW propagations with diffeomorphism invariance,
the modified dispersion relation of GWs with 4-momentum
k* = (w,k) can be derived by requiring the determinant
of the above 2 x 2 matrix vanishes, which yields (see also
in [33])'

2efsMimnel,
07 + K>+ 2ef;6M M e,

(2.20)

o= (1-C"£[5])k]. (2.21)
where
1 . .
0 _ R ijmn ,R L ijmn ,L
V= —W(ei]ﬁMf emn + € 0M M ey,),  (2.22)
and
1
2 _ R5M1]mn R _ L5M1]mn L \2
|§| 4|k|4 [( mll e )
+ 4(efoMiimnel,,) (ef,oMMPaeR ). (2.23)
And [Z]> = (¢1)* 4+ (£2)* + (£7)? with
(-l = T | 5 (efamiimneL, ), (2.24)
gl —1—14’2 | | ( L(SMtjmn R >’ (225)
1
3 _ R5Mtjmn R _ L5Mtjmn L . 2.26
& = e e ehgMimel,).  (226)

The modified dispersion relation in the above leads to the
phase velocities (v = w/k) of the GWs

ve=1-0"% 8. (2.27)

"It is worth noting here that the Lorentz- and diffeomorphism-
violating operators introduced in (2.1) only affect the dispersion
and the corresponding phase velocities of GWs. It is shown in
[57,58,72,73] that the Lorentz-violating terms with mixed time
and spatial derivatives can change the damping rates of GWs.
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Here “+4” correspond to two modes propagating at different
velocities. Therefore, the two tensorial modes can be
decompose into two modes propagate at different veloc-
ities, one is the fast mode (denoted by £, with velocity v )
while another is the slow mode (denote by A, with
velocity v_).

Now we need to connect (hy, hy) with the circular
polarization modes (h;, hg). For this purpose, one can
substitute the dispersion relation in Eq. (2.21) to the
equation of motion (2.20) for fast and slow modes
respectively. Note that in the substitution, we use the
relation 07 = —w?. For fast mode, by using the expressions
of £y and ¢ in Egs. (2.22) and (2.23), one has

- =g/ \ e

éfl + lCz
This equation admits a set of solution in the form of

h e~ /2 cos g
() = (i) e
hL fast 4 Slnj
where the angles ¢ and & are defined as
02 2\2
sind = M, (2.30)
(4
3
cosd = =—, 2.31
€ 230
) 1:|: 2
et = ¢ EC (2.32)

VEN?+ ()

h) V2

And inversely,

/2 cos — e7/? sind

()=7
hy V2 \ —ie—ie/? sind — ie'?/? cos

In the modified dispersion relation (2.21), the coefficient
¢% and ¢ are functions of the frequency  and wave vector
k [40]. Considering it is also direction-dependent and
to describe its effects on the propagation of GWs, it is
convenient to expand its coefficients in terms of spin-

weighted spherical harmonics Y ,,(f) as

_ ay oy @
L= oY @)k,

d,jm

(2.40)

—ei?/2 gin 2 —ip/2 9
<hf> 1 e’ “sing + e cos3
e/2cosd + e=/2 sind

Similarly, for slow mode, one has

—e~i0/2 gin 2

<hR> B e sin
B )2 9

hL slow el(p/ Cos 5

Therefore, Egs. (2.29) and (2.33) can be written as a unique

equation as
hg e"2cosy  —e 2 sing\ /hy (2.34)
hy )\ eivl2 sind  e/2cosd hy) .

It is also convenient to express (h;, h;) in terms of

(hR, hL) as
e /2 gin 2 h
2 R
. . 2.35
emiv/? COS§> <hL> ( )

<hf) B ei?/2 cos ¥
hy —e'/% sin ¥

The circular polarization modes hp and h; relate to the
modes h, and h, via

(2.33)

hy + hg
h, = , 2.36
+ \/E ( )
hy — hg
h, = . 2.37
\/ii ( )

Then we can write (g, hy) in terms of i and A, as

ie'/2sind + ie=/2 cos§ hy
. - < ) (2.38)
—ie'?/? cosd + ie'?/? sin %) hy
e /2 cos Y + /2 sin g h
o <f> (2.39)
—ie?sind + ie=0/2 cos? | \ hy
|
. - [ d
CHF i = >0t ) K, £ RG] 241
d,jm
_ o (d
8= 0™, Mk, (2.42)
d,jm
where n = —k is the direction of the source, Y, (h) =

oY, () is the scalar spherical harmonics function, and

084064-6



MODIFIED GRAVITATIONAL WAVE PROPAGATIONS IN ...

PHYS. REV. D 111, 084064 (2025)

|s| < j <d—2.Theindex m takes —j, ..., j. The spherical
coefficients for Lorentz and diffeomorphism violations
kg;i))jm, kEdE))jm, kE?)jm, and k%))jm are linear combinations
of the tensor coefficients in Eqs. (2.5), (2.7), (2.9), which

obey the relation kLD = (- l)mkﬁi)m. The expansions of the

jm
coefficient 0, ¢' +i¢?, and &3 are also a combination of
operators at multiple mass dimensions, but they have
different expansion properties. The mass dimension d of
the expansion coefficients can take even numbers of d > 2
for the expansion of ¢, odd numbers of d > 3 for £, and
even number of d > 6 for ' +i>.

For convenience, the frequency and direction depend-
ence can be separated, and we introduce several energy-
independent coefficients as

Zij o (2.43)

(n) F i, (n)
=Y W[, ik, (244)
Z jm(B)k (2.45)

Then the phase velocity of the GWs can be rewritten as
vy = 1 - a)d_4 |:C?d) (n)

F \/(Cl

for a specific mass dimension d. The new effects arising
from the Lorentz and diffeomorphism violations in the
linearized gravity of SME are fully characterized by
the coefficients, kE?;jm, kgf,))jm, and kggjm + ikg‘;))jm. These
coefficients determine the speed of the GWs and all lead to
frequency- dependent dispersions. Specifically, the coeffi-

cients k( ) and k( + kD
(V)jm (1)jm (B)jm
of two independent tensorial modes of GWs, a fast mode /¢
and a slow mode hg, as we mentioned in Eq. (2.35).
Therefore, the arrival times of the fast and slow modes

could be different. This is also called the velocity birefrin-

(&) (P + (E,y 2|, (246)

lead to different velocities

gence of the GWs. The coefficients kEf;jm induce the

nonbirefringent dispersion of GWs. For this case (except
d = 4 case), the two independent tensorial modes have the
frequency-dependent velocity in the same form. For d = 4
case, the velocity is independent of the frequency of the

GWs. In addition, all the coefficients, k<d>. , k(d) -
W (D)jm> (V) jm
@

(E)jm + ikE?)jm are also direction-dependent if j # 0 and

and

induce the anisotropic phase effects on the propagation of
the GWs.

In summary, all the coefficients can provide frequency
and direction-dependent phase modifications to the GWs.
In the following, we are going to study the phase mod-
ifications due to these Lorentz- and diffeomorphism-
violating coefficients in detail.

III. PHASE MODIFICATIONS
TO THE WAVEFORM OF GWS

In this section, we consider the propagation of GWs
with Lorentz- and diffeomorphism-violating effects in a
Friedman-Robertson-Walker (FRW) background, whose
metric is given by,

ds* = —dt* + a*(t)dr?, (3.1)
where ¢ is the cosmic time, a(¢) is the scale factor governing

the expansion of the universe. Now we consider a graviton
emitted radially at r = r, and received at r = 0, we have

G=-i-esyerrerier] e

Integrating this equation from the emission time (when
r =r,) to arrival time (when r = 0), one obtains

re:/tetoacz;)_wd_4 [é«(()d)(n)
= |G W)+ @y )+ @] [
(3.3)

Considering gravitons emitted at two different times ¢, and
t,, with wave numbers k and &/, and received at corre-
sponding arrival times 7, and ¢, (r, is the same for both).
Assuming A = ¢, — £, < a/a, then, the difference in their

arrival times is given by

Atg=(1+2)At,+ (@™ -

#/(l

of )|y

P+ @) [
G4

where z = 1/a(t,) — 1 is the cosmological redshift.

Let us focus on the GW signal generated by nonspin-
ning, quasicircular inspiral in the post-Newtonian approxi-
mation. Relative to the GW in GR, the Lorentz- and
diffeomorphism-violating effects modify the phase of
GWs. The phase corrections to the GR-based waveform
due to Lorentz- and diffeomorphism-violating effects can
be computed using the stationary phase approximation
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(SPA) during the inspiral phase of the binary system
[54,74]. As demonstrated in [75], the waveforms modified
by propagation effects and derived using the SPA agree
with those derived using the WKB approximation. In WKB
approximation, the corrections to the GR-based waveform
are only due to the propagation effect, and thus it is in
principle independent of the GW emission mechanism or
radiated stages of the binary system [75]. This implies that
one can extend the modified waveforms obtained using
the SPA [54,74] to the entire signal including the inspiral,
merger, and ringdown phases of a coalescing binary
system.

In the SPA, the Fourier transform of /4(¢) can be
obtained analytically, which is given by [76]

() = ZLL v,

NZTIT

where f is the GW frequency at the detector, A4 (f) is the
amplitude, and W is the phase of GWs. In [2,74], it was
proved that the difference of arrival times in (3.4) induces
the modification to the phase of GWs ¥ in the following
form,

(3.5)

W(f) = WOR(f) + 8¥(f).

where WOR(f) is the phase predicted in GR and 6¥(f) is
the phase corrections due to the Lorentz- and diffeomor-
phism-violating effects. According to the time difference in
Eq. (3.4), the phase corrections can be divided into two
parts,

(3.6)

SY(f) =F o¥,(f.n) + 6%,(f . n), (3.7)
where 6%, (f,n) corresponds to the velocity birefringence
effect and 5%, (f, n) represents the nonbirefringent effects.
0¥, is induced by the Lorentz- and diffeomorphism-

+ ik

(B)jm’ while

violating coefficients kgf,))jm and kgf))j
8%, is induced by kEj’;jm.

For d # 3, where F correspond to fast and slow modes,
respectively, and

2d—3 d-3
¥ (f,n) = m#
X\ (€ (M) + (82 () + (& (m)?
th d
9d-3 ,d-3 o d
P = ) [ (39

where u = zMf with f = w/2x being the frequency of
the GWs, M = (1 4+ z) M, is the measured chirp mass,

and M, = (mym,)*>/(m, + m,)'/> is the chirp mass of
the binary system with component masses m; and n,. When
d = 3, the phase corrections 6¥; and ¥, are given by

o) = /(€ ()7 + (3 () + (&, (m)?

fo
xlnu/ at, (3.10)
1,
1
5, = g?d)(n)lnu/odt. (3.11)
1,

In this paper, we adopt the above modified waveforms for
later analysis with the open data of compact binary merging
events detected by the LIGO-Virgo-KAGRA collaboration.

Let us turn to derive the modified waveform of GW with
Lorentz- and diffeomorphism-violating effects in the lin-
earized gravity sector of the SME. For this purpose, we
closely follow the derivation presented in [43,54,77]. Then
the fast and slow modes (4, h,) with phase corrections can
expressed as

hy = h§Re@¥aro%1), (3.12)

A (3.13)

By using the relation in (2.35), one can transform the above
results to the circular polarization modes

hg = e [(cos S¥, — icosdsin ¥, )hGR

— isin e~ sin 5\1'1th} , (3.14)
h; = e [(cos W, + icosdsin ¥, )hGR
— isin 8¢ sin 5?1th} . (3.15)
The corresponding waveforms for 4, and h, are
h, = e [(cos S¥, — icos @sin 9 sin 5¥, ) AR
— (cos § + isin 9 sin @) sin 5‘I’1h§R}, (3.16)
hy, = e [(cos SW| + icos ¢ sin 9 sin 5¥, ) SR
+ (cos & — iin 9sin ) sin 5P HGR . (3.17)

Here we would like to add two remarks about the above
modified waveforms and their tests with GW signals
detected by LIGO-Virgo-KAGRA detectors. First, the
modified waveform presented in the above represents the
most general waveform with Lorentz- and diffeomorphism-
violating effects in the linearized gravity. Here we note that
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the modified waveforms with Lorentz-violating but diffeo-
morphism invariant coefficients for d > 4 has been consid-
ered in Refs. [33,38—41]. The waveforms with phase correc-
tions presented above generalize those in Refs. [33,38-41] to
the Lorentz- and diffeomorphism-violating case, valid for
d > 2. Second, the constraints on the Lorentz-violating
coefficients with mass dimensions d =5 and d = 6 have
been studied by comparing the above modified waveforms
with GW signals detected by LIGO-Virgo-KAGRA detec-
tors have been performed in Refs. [38—40]. And the main
purpose of the rest part of this paper is to use the above
modified waveforms to derive the constraints on the Lorentz-
and diffeomorphism-violating coefficients for d =2 and
d = 3 cases.

Then we would like to consider several special limits of
the above general waveform. Considering that the operators
with the lowest mass dimension are expected to have the
dominant Lorentz- and diffeomorphism-violating effects on
the propagation of GWs, in the following we only discuss
specific cases with relative lower mass dimensions, for
example, d =2, 3, 4, 5, 6. Note that Ref. [78] explores
isotropic Lorentz-violating effects on GWs, which corre-
spond to operators with mass dimensions d = 7 and d = 8.

A. Nonbirefringent dispersion
by the even d coefficients k(;l)im
(d)
(1)j
birefringent dispersion of GWs,

The coefficients k - for even d > 2 induce the non-

_ .\ (d
= (1 — ol 4Zij(n)kE1)>jm>|k|. (3.18)
jm
This leads to the nonbirefringent phase velocity of GWs,

v=1- a)d“‘Zij(ﬁ)kEf))jm. (3.19)
jm

This phase velocity is direction-independent for j = 0 but
(d)
(Dj
obvious to see that the phase modification 6¥; = 0. In the
following, we consider the phase corrections for mass

dimensions d = 2, d = 4, and d = 6, respectively.

anisotropic for j # 0. For the effect induced by k. , it is

1.d=2
For mass dimension d = 2 case, since 0 < j <d -2, j

and m have to take j = 0 = m. For this case, kEf))jm only has

one component k%) which is obvious direction indepen-

00’
dent. The phase correction for this case is given by

(zf)™! @

)
o, ==k / adi.  (3.20)

As we mentioned, the d = 2 case can only be induced by
the diffeomorphism violations of the linearized gravity
described by the Lagrangian (2.1).

2.d=4

For the d = 4 case, the phase velocity is independent of
the frequency of the GWSs, so they do not give any
observable dephasing effects and modify the speed of
GWs in a frequency-independent way. This effect can be
constrained by comparison with the arrival time of the
photons from the associated electromagnetic counterpart.
For the binary neutron star merger GW170817 and its
associated electromagnetic counterpart GRB170817A [79],
the almost coincident observation of the electromagnetic
wave and the GW place an exquisite bound on

— ~ 4 —
=7 x 1077 < 3y, ()k(),, <3 x 1071,

jm

(3.21)

Since this case does not lead to any dephasing effects, we
are not going to include this case in our later analysis with

GW signals in GWTC-3. In addition, it is shown in [34] that

with the effects of the anisotropic coefficients kE‘;))jm, the
extra polarizations of GWs can be directly generated by the
two tensorial modes under certain conditions.

3.d=6

For the mass dimension d = 6 case, the index j can take
0, 1, 2, 3, 4, and the index m runs from —j to j. Note that

(6)
each of k( 1jm

O _ (_1ymp©
kyjm = (1" Ko

components for coefficients kgf))jm are (d —1)? = 25. The

are complex function which satisfies

Thus the number of independent

phase correction in the modified waveform for this case is
given by

(‘)‘\Pz =

W | co

o d
P (S rm@n, ) [ %

jm

(3.22)

The coefficients kg’))jm can be constrained by comparing the
modified waveform with the GW strain data from the GW
detectors, see Ref. [70] for a review. The analysis with the
isotropic effect of Lorentz violation which corresponds to
J = 0 in the linearized gravity has been carried out through
full Bayesian parameter estimations on the GW events
observed by the LIGO/Virgo/KAGRA detectors in a series
of papers [37,57,67-69], while the anisotropic case has
been considered in [38].
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B. Birefringent dispersion by the
odd d coefficients k'?)

(V)ym
The coefficients kE“i,))jm for odd d >3 produces fre-

quency-dependent dispersion and birefringence effects in
GWs, ie.,

w= (1 + o® 421/}," (f)k

Note that here F corresponds to the fast and slow modes
respectively. This leads to the birefringent phase velocity
of GWs,

)|k| (3.23)

(3.24)

L =1+l 42 im(

Similarly, this velocities are direction-independent for j =
0 but anisotropic for j # 0. In this case, the fast and slow
modes are circularly polarized, and we have 9 = 0, z. For

(d)

the effects induced by kw)jm, it is obvious that the phase

corrections 6%, = 0.

1.d=3

For mass dimension d = 3 case, the index j can take 0
and 1, and index m runs from —j to j. Considering

kgf,))*jm = (—l)mkﬁ))j_m, it is known that there are only 4
®3)

independent components for the coefficients k(v)jm, they

®3) 3) 3) () : ©)
(V)00° k( V)10° Rek< Vi and Imk< V)i in which k(v)11 is

a complex function so it contains two independent com-
ponents. The phase correction for this case is given by

(7 )
5l111—1nu<zyjm(n)k§*v>>jm> / dr.  (3.25)

jm

are k

Similarly, one can constrain the coefficients kgf,))].m by
comparing the modified waveform with the GW strain
data from the GW detectors. The analysis with the isotropic
effect for d = 3 case (which corresponds to j = 0 case) has
been performed in Refs. [37,57,80].

2.d=5
For mass dimension d = 5 case, the index j can take 0, 1,
2, 3, and index m runs from —j to j. Here the coefficients
)
k(y)jm have (d -
corrections for this case are given by

5%, = 2(xf) (ZY,mﬁ ) / “a2di. (3.26)

The constraints on the isotropic effect for d =35 case
have been performed in a series of papers, see

1)? = 16 components in total. The phase

Refs. [37,53,55,57,60], while the anisotropic effects has
been constrained in [39,40,42,81].

C. Birefringent dlspersmn by the
even d coefficients k n and k d)

(B)yjm
The coefficients k 4. and k( ) for even d>6
(E)jm (B)jm

produces frequency-dependent dispersion and birefrin-
gence effects in GWs, i.e.,

= (1 o fiy P+ @ 7 I G27)

For this case, we have 9 = z/2 and 6%, = 0.
For mass dimension d = 6, the index j = 4 and index m

runs from O to 4. In this case, the coefficients kEdE))]m and

kEdejm have 18 components in total. The phase corrections

for this case is given by

0, =S P [P+ @7 [ ar. 329)

The constraints on the coefficients k<d). and k<d>. for
(E)jm (B)jm

d = 6 case have been performed in [40,42,81].

IV. BAYESIAN INFERENCE
AND PARAMETER ESTIMATION

In this section, we present a brief introduction to the
Bayesian inference used to constrain the coefficients of
Lorentz and diffeomorphism violation in the linearized
gravity in the framework of the SME. Bayesian inference
plays a pivotal role in modern astronomy, enabling the
extraction of physical parameters from observational data.
Given GW data d;, we compare it with the predicted GW
strain incorporating Lorentz- and diffeomorphism-violating

effects to infer the posterior distribution of parameters 0
that characterize the waveform model. According to Bayes’
theorem, the posterior distribution is expressed as

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

POl ) ==y

(4.1)

where P(§|d, H) represents the posterior probability dis-
tributions of the model parameters 5, and H is the wave-
form model. P(6|H) is the prior distribution for parameters

0, P(d|5, H) is the likelihood function for a given set of
model parameters and P(d|H) is the normalization factor,
commonly referred as the “evidence”
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)P(O1H).

P(d|H) = / doP( (4.2)

In most cases, GW signals are weak and embedded
within noise, making matched filtering a crucial method for
signal extraction. Assuming Gaussian and stationary noise

[82—84], the likelihood function for matched filtering is
given by

P(d

o [ e-ttrtord—hio, (4.3)
i=1

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

(A|B) = 4Re [ A “A<J‘S>5§f>*

where * denotes the complex conjugate, and A(f) repre-
sents the measured GW strain signal at the LIGO/Virgo/
KAGRA detectors, and B(f) represents the theoretical GW
predicted by the waveform model. S(f) is the power
spectral density (PSD) of the detector. To ensure stable
and reliable parameter estimation, we use the PSD data
provided in the LVK posterior sample, which is more
robust compared to PSDs derived from strain data using
Welch averaging [48,85,86].

We consider the cases of Lorentz- and diffeomorphism-
violating waveforms in (3.16) and (3.17) with different mass
dimension d separately. It is mentioned in the previous
section that the cases with mass dimensionsd = Sandd = 6
have been explored in Refs. [38—40,42,81], which will not
be considered here. For this reason, we explore the cases
with d =2 and d = 3 cases in this paper. To perform the
parameter estimation on the modified waveforms (3.16)
and (3.17) with the Lorentz- and diffeomorphism-violating
effects, we employ the Python package BILBY [87,88]. We
perform Bayesian inference on GW data from the 88
compact binary coalescence events in GWTC-3, which
include binary neutron stars like GW170817, neutron
star—black hole binaries, and binary black holes. Two events,
GW200308_173609 and GW200322_091133, are excluded
in our analysis due to the possible uncertainties of their
inferred source properties [46]. It is also shown in [89] from
a new analysis that these two events could be generated by
Gaussian noise fluctuations. We use the IMRPhenomXPHM
template [90-92] for the GR waveform hSR (f) except
for the binary neutron star event GW170817, and use
IMRPhenomPv2 NRTidal for GW170817.

Considering that the spherical expansion coefficient
formulas in Egs. (2.46), (2.44), and (2.45) provide a general
solution for different events within the same coordinate
system, we can combine the posterior distributions of
individual events as

a’f] , (4.4)

P@{d}. H) « [ P@ld;. H). (4.5)

i=1

where d; represents the data from the ith GW event, and N
is the total number of selected GW events.

V. RESULTS

In this section, we present the results of the constraints
on the Lorentz- and diffeomorphism-violating coefficients
for mass dimensions d =2 and d =3 cases. In the
following, we present the results for d =2 and d =3
separately.

A.d=2

For the mass dimension d = 2 case, the phase correc-
tions (with 6%, = 0) in the modified waveform in (3.16)
and (3.17) is expressed

oY, = Aﬁ(ﬂf)_] (5.1)
where
(1+2)
A, = / d7. (52
g 4\/_ OO Hy/Q,(1+7) +Q, 52
Here we adopt a Planck cosmology with Q, = 0.315,

Q, =0.685, and H,=144x10"* GeV [93]. The
parameter Aj; is the parameter we sampled in the
Bayesian inference along with other GR parameters. We
use the uniform prior for parameter A in our analysis. Then
from the marginal posterior distributions of A; and the
redshift z of the analyzed GW events, one can obtain

posterior distributions of kE?;OO. In Fig. 1 we display the

marginalized posterior distributions of kg))oo 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 Lorentz and diffeomorphism violation due

)

to the coefficient k< 100" A few events that suggest nonzero

values for the non-GR coefficients A; are excluded from
our analysis due to their contradiction with GR. The

posterior posterior distributions for kgfoo from the excluded

GW events are presented in Fig. 2. It is mentioned
in [60,66] that these results may arise from limitations in
current waveform approximants, such as systematic errors
during the merger phase or unaccounted physical effects
like eccentricity. Consequently, we have excluded these
events from our analysis. Table II presents the list of
excluded events along with the estimated constraints on

kg))oo for each excluded event.
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1.6

GW200128_022011 :
GW190521 1
GW190413_134308 :
GW190731_140936
GW200224_222234
GW191222 033537
other GW events

== 10% lower limit
4 == 90% upper limit

1.4 1

=
N

=
o
L

Probability Density
o o
()] ©

0.4 1

—o 5 0.0 0.5 1.0 1.5
k), [10-62GeV2] for d =2

FIG. 1. The posterior distributions for k( 100 from selected GW
events in the LIGO-Virgo-KAGRA catalog GWTC-3. The legend
indicates the events that give the six tightest constraints. The

vertical dash line denotes the 90% interval for k(1)oo from

combined results. Note that we have excluded a few events in
our analysis (as shown in the list presented in Table II).

0.7
—— GW190408_181802
0.6 GW190701_203306
—— GW200112_155838
5. 05 —— GW200311_115853
G —— GW190630_185205
§ 0.4- —— GW200225_060421
> GW190503_185404
303 —— GW200216_220804
s GW190519 153544
o
2 0.2
0.1
0.0 — =S . .
0 5 10 15 20 25

k{?ho [10752GeV?] for d =2

FIG. 2. The posterior distributions for k@oo from 9 excluded
GW events (the excluded events are listed in Table II).

(2)

In addition, we consider the coefficient k(I)OO as a

universal parameter for all GW events, then we obtain
its combined constraint by multiplying the posterior dis-
tributions of the individual events together, which gives

—0.5 % 1075 GeV? < k(;jpy < 1.3 x 1075 GeV?

o (5.3)

at 90% confidence level. The lower and upper limits of
kg))oo are represented by the vertical dash line in Fig. 1.

B.d=3

For the mass dimension d = 3, the phase correction
(with 6%, = 0) in the modified waveform in (3.16) and
(3.17) takes the form

TABLE II
d = 2 case and their constraints on kg))oo at 90% confidence

The list of the excluded events in the analysis for

interval. It is obvious that these constraints favor nonzero values
of the non-GR coefficient kg))oo

Coefficient Events Constraint (10792 Gev?)
k(?)oo GW190408_181802 (15.2, 20.9)

0 GW190503_185404 (3.5, 12.6)
GW190519_153544 (1.5, 3.3)
GW190630_185205 (5.9, 8.3)
GW190701_203306 (11.5, 19.1)
GW200112_155838 8.2, 12.9)
GW200216_220804 2.7, 4.9)
GW200225_060421 4.2, 23.5)
GW200311_115853 (8.1, 11.6)

5‘1’1 = A” In u, (54)
with
_ ~\7.(3)
- (znmmm)m)
1+27)7!
/ ) . (5.5)
Ho\/gm(l‘f'Z )+ Qn
Here A, is the parameter we sampled in the Bayesian

inference along with other GR parameters. We use the
uniform prior for parameter A, in our analysis. As we
mentioned, for mass dimension d = 3, the coefficients

() )
k(v jm ko

RekE ))11, and Im kEV))ll' These components are entirely

have four independent components, kE V)00°

tangled together. Here we adopt an approach by using the
“maximum-reach” method, with which one can constrain
each of these components separately [40,42,81]. This
implies that when one considers one of these components,
the others are set to zero.

3
(Vim
can be calculated from the marginal posterior distributions
of A, right ascension (ra), declination (dec), and redshift z
of the analyzed GW events, via Eq. (5.5). Figure 3 presents
the marginalized postenor distributions of kE ))00, kg/))lo’

RekE )11, and Imk

GWTC-3. The lower and upper limits of each coefficient

(3) 3) (3) (3) (6)
k(V)OO’ k( V)10° Rek( )11’andlmk(vm k(l)jm

by the vertical dash line in each figure of Fig. 3. For most
GW events we analyze in each test, we do not find any

significant signatures of Lorentz and diffeomorphism

violation due to the coefficient kg,)ﬁj.

Then the posterior samples of each component of k

from selected GW events in the

are represented

In addition, for each
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1.8
—— GW200128_022011
1.6 - GW190413_134308
—— GW200208_130117
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FIG. 3. The posterior distributions for k<3)) (V)10° V)11

(V)00

and Im k(3)

GW200208_130117 [ !
GW200128_022011

2.0 4 —— GW190413_134308
-~ GW190915_235702

- ——— GW190828_063405
.*ﬁ —— GW200224_222234
S 1.54 == 10% lower limit
a == 90% upper limit
>
=
£ 1.0
Q
o
2
a

0.5 A1

-02 00 02 04 06 08
k)10 [107%°GeV1] for d =3

-06 -04

-~ GW190503_185404
GW200208_130117
1.0 1 — GW190915_235702
—— GW190828_063405
—— GW150914
— GW170814
other GW events
== 10% lower limit
== 90% upper limit

°
o
)

Probability Density
=} o

Imk{);; [1074°GeV—1] for d =3

R from selected GW events in the LIGO-Virgo-KAGRA

catalog GWTC-3. The legend indicates the events that give the six tightest constraints. The vertical dash lines denote the 90% intervals

for the coefficients kg/))oo’ kg/))lo’ Rekg/))11 from combined results.
: (3) (3) 3) 3)
coefficient of k(v)oo’ k(V)lO’ Rek(v)”, and Im k(V)“, we

consider each of them as a universal parameter for all GW
events, and then we obtain their combined constraints
separately by multiplying the posterior distributions of the
individual events together. Table. III summarizes the

90%

®3)
koo

confidence interval of each coefficients k(s)

(V)00
Rekg,)m, and Im kﬁ/))n- From both the Fig. 3 and

TABLE III.  90% confidence interval of each component of the
Lorentz- and diffeomorphism-violating coefficients k& from
90 GW events in the GWTC-3 catalog.

jm

j m Coefficient Constraint (107*" Gev™)
3) -0. .
0 0 K (=0.65.1.13)
3) -0.3,0.
I 0 K0 (~0.3,0.9)
3
1 Re ki), (—4.2,3.2)
®3)
Im &), (~1.2.42)

Table III, it is obvious that the posterior samples and the
3
EV))ij
consistent with zero, which indicates there are no signa-
tures of the Lorentz and diffeomorphism violations arising
in the linearized gravity of SME has been found in the GW
signals.

90% confidence interval of each coefficient k are all

VI. CONCLUSION

The detection of GW signals by the LIGO-Virgo-
KAGRA Collaboration marked the beginning of a new
era in testing gravity in the strong-field regime. In this
study, we investigate the effects of Lorentz- and diffeo-
morphism-violating effects in the linearized gravity on GW
propagation within the framework of SME. Using an
approach similar to that in the photon sector of the SME
[71], we derive a modified dispersion relation for GW's with
the Lorentz- and -violating effects, which lead to
anisotropy, birefringence, and dispersion effects in the
propagation of gravitational waves. With these modified
dispersion relations, we then calculate the dephasing effects
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due to the Lorentz and diffeomorphism violations in the
waveforms of gravitational waves produced by the coa-
lescence of compact binaries.

With the distorted waveforms, one can test the Lorentz
and diffeomorphism invariance of gravity by comparing the
modified waveform with the GW strain data from the GW
detectors. Several previous works have been carried out for
testing Lorentz symmetry in Lorentz-violating linearized
gravity for mass dimension d > 4 cases. This study explores
the effects of diffeomorphism violations induced by
Lorentz-violating terms with mass dimensions d = 2 and
d = 3 respectively. Using the SME framework for Lorentz-
violating linearized gravity, we perform Bayesian inference
with modified waveforms incorporating diffeomorphism-
violating effects on GW events from the GWTC-3 catalog.
We find no significant evidence of diffeomorphism viola-
tions in most GW data and provide 90% confidence intervals
for each diffeomorphism-violating coefficients.

Our results, illustrated in Fig. 1 for d = 2 case, and Fig. 3
and Table III for d = 3 case, show no evidence of Lorentz
and diffeomorphism violations. Accordingly, we report

constraints on the coefficients kg))oo describing anisotropic
nonbirefringent effects for d =2 and coeffcients kg/))
kgx))m’ Rekg))n, and Im kS/))n
anisotropic effects for d = 3. Nevertheless, the medians
of all components remain near zero and thus are consistent
with the results of GR prediction. Looking to the future, the
next generation of GW detectors, with enhanced sensitivity
and the ability to observe lighter and more distant binary
black hole (BBH) and binary neutron star (BNS) systems,
is anticipated to tighten further constraints on Lorentz and
diffeomorphism violations induced dispersions in GW
propagation.

The data analyses and results visualization in this work
made use of BILBY [87,88], DYNESTY [94], LALSuite [95],
Numpy [96,97], Scipy [98], and MATPLOTLIB [99]. This
research has made use of data or software obtained from
the Gravitational Wave Open Science Center [100].
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