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An effective-field theory framework, the Standard Model Extension, is used to investigate the existence
of Lorentz and CPT-violating effects during gravitational wave propagation. We implement a modified
equation for the dispersion of gravitational waves that includes isotropic, anisotropic and birefringent
dispersion. Using the LIGO-Virgo-KAGRA algorithm library suite, we perform a joint Bayesian inference
of the source parameters and coefficients for spacetime-symmetry breaking. From a sample of 45 high-
confidence events selected in the GWTC-3 catalog, we obtain a maximal bound of 3.19 x 1075 m at 90%

5)

CI for the isotropic coefficient kEv)oo

when assuming the anisotropic coefficients to be zero. The combined
)

V)ij
coefficients. We study the robustness of our inference by comparing the constraints obtained with different
waveform models, and find that a lack of physics in the simulated waveform may appear as spacetime-

measurement of all the dispersion parameters yields limits on the order of 10~!* m for the 16 k

symmetry breaking-induced dispersion for a subset of events.
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I. INTRODUCTION

In the search for a fundamental unified theory of physics, it
may be imperative to reconsider the axioms underlying
General Relativity (GR) and the Standard Model (SM) of
particle physics. Many theoretical proposals argue for a
possible breaking of spacetime symmetries, including
Lorentz invariance (LI) and CPT symmetry [1-6], in such
a way that it may be detectable in sensitive tests. The direct
detections of gravitational waves (GWs) reported by the
LIGO-Virgo-KAGRA (LVK) collaboration provide a new
channel to test the rich phenomenology induced by space-
time-symmetry breaking in the gravitation sector [7-11].

The effective-field theory referred to as the Standard Model
Extension (SME) is a theoretical framework dedicated to
derive the observable consequences of spacetime-symmetry
breaking that is punctilious and model independent. The
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framework comprises the action of GR and the SM plus all
possible terms obtainable from GR and SM field operators
contracted with coefficients for spacetime-symmetry break-
ing, including local Lorentz, CPT, and diffeomorphism
breaking terms [12-21]. Extensive constraints have been
derived on these terms within the matter sector and in the
gravity sector [22], the latter having been studied with a wide
range of astrophysical probes [15,19,20,23-25]. Existing
analysis includes short-range gravity tests [26-28], gravim-
etry tests [29-35], astrophysical tests with pulsars [36-38],
solar system planetary tests [39—41], near-Earth tests [42—45],
and tests with gravitational waves (GWs) [19,46-51]. We
complement those searches with further study of the LI and
CPT-violating effects on propagation of GW. We use
dynamical equations for the metric fluctuations derived from
the action of the SME, and the resulting effects include
dispersion, anisotropy, and birefringence.

Several tests of GR have been performed with the GW
events detected by the LVK [47-50,52-54]. Some related
works focus on parametrizations of the deviations from
GR [9,10,55,56], including waveform consistency tests,
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modification of the GW generation, presence of extra polari-
zation modes, and tests using specific models [55,57-62].
The current searches for LI violation performed by the
LVK Collaboration notably rely on a modified dispersion
relation that includes isotropic and polarization-independent
effects [53,63,64]. Using the SME framework, we extend this
phenomenology by measuring the coefficients for LI and
CPT violation, including anisotropic and polarization-
dependent dispersion. First estimates of those coefficients
have been derived using posterior probabilities released with
previous GW catalog releases, effectively neglecting the
correlations between the parameters describing the source
and the spacetime-symmetry breaking coefficients [49,50].
In this article, we present a joint measurement of the source
parameters and the coefficients, alongside studying the
robustness of the results we obtain.

Section II summarizes the derivation of the phenom-
enology induced by LI and CPT violation in the SME
framework. Section III details the methodological aspects,
including the dataset used for the measurement of the
spacetime-symmetry breaking coefficients. Section IV
presents the obtained results, as well as a discussion of
the impact of the underlying gravitational waveform model
and correlations with source parameters. Section V dis-
cusses those results in light of existing studies and future
GW instrument sensitivities. Theoretical portions of this
paper work with natural units, where #=c =1 and
Newton’s gravitational constant is Gy # 1, while our data
analysis work follows SI units. Greek letters are used for
spacetime indices while Latin letters for spatial indices. We
work with the spacetime metric signature (—, +, +, +).

II. THEORETICAL DERIVATION
OF A DISPERSION RELATION
FOR GRAVITATIONAL WAVES

We summarize previous derivations in [19,65,66], focus-
ing on gravity-sector terms within the SME framework.
The spacetime metric is expanded as fluctuations about the
Minkowski metric, g, = hy, + 1,,, and we consider up to
second order in h,, for the action, which is sufficient to
characterize propagation effects. This gives the following
action:

1 X
= / d*xh,, K\ Dwrep, (1)

The operator K(9##7 consists of partial derivatives that act
on hy,,

K(dpvpo — K(d)ﬂwaelmed_zael 0, s (2)
and K(4#vpoer-—€aa are general background coefficients that

are considered small, constant and control the size of any
Lorentz or CPT violation.

Ensuring linearized gauge symmetry, ie., h,, —
h,, +9,&, + 0,&,, and retaining only terms that contribute
to the resulting field equations, we arrive at the following
Lagrange density [19]:

1
L= e, 0,05h

po

1 [AUPVG AUPVC T UPVG
+§hﬂy(s”/’ +§"" 4 K hp (3)

The first term is the standard GR term written with the
totally antisymmetric Levi-Civita tensor density e#/?*, and
the remaining terms contain all additional Lorentz-invariant
and -violating terms, organized into three terms based on
symmetry properties: § is CPT even with mass dimension
d > 4; § is CPT odd with mass dimension d > 5; k is CPT
even with mass dimension d > 6. Details of these terms
including the corresponding Young Tableaux can be
found in Table 1 of Ref. [19]. As an example, for mass
dimension 5,

grove = gSmperlorg 0Oy, (4)

where g(>#7¢*¢ox has 60 independent components. Note that
the gauge-symmetry requirement can be relaxed [20,67],
but we do not consider such terms here. The origin of the
effective action for h,, resulted from explicit symmetry
breaking or spontaneous-symmetry breaking as discussed
elsewhere [15,19,68,69].

Performing the variation with respect to 4, on the action
(3) results in the vacuum field equations,

0=GH — %(gﬂpua + §ll6up) + %]}Wﬂv

+ (aﬂpyo’ + @U/}M{S + q;,mz//) + @l/()‘ﬂ/)) h/m' (5)

0| —

Assuming plane-wave solutions, P_zw = Awe"'lja"a, where
x* is spacetime position and p* = (w, p) is the four-
momentum for the plane wave, and transforming into
momentum space with d, = —ip, the dispersion relation
can be obtained independently of gauge conditions, as
shown in Refs. [20,70]. The dispersion relation for the two
propagating modes is given by

o=pl(1-¢ =

); (6)

where

8=+ @+ @) (7)

and
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A
=g (73
1

(Cl)z + (6.:2)2 = W <kﬂyp0kuu/m - kﬂpupkyo'ya

1 v jpo
+§kﬂ ﬂpkﬂ /)(r)a

1 I, . . .
(§3)2 = W <_§ qﬂpyaqﬂpya - qﬂypaq/,w/)a

+ (Q”[wp + QD[)Mp)anyly) . (8)

We retrieve the GR case when symmetry-breaking coef-

ficients, i.e. ¢° and |Z], vanish. Note that this result holds at
leading order in the coefficients for Lorentz violation;
hence, higher modes do not contribute in this perturbative
treatment [20,70]. Relaxing some of the assumptions in this
framework, allowing for other fields to contribute dynami-
cally to the action, could result in additional modes [71,72].

GR predicts two linearly independent polarizations for
GWs propagating in vacuum, traveling at the speed of light.
Possible modifications for observable Lorentz and CPT
violating effects from (6) include birefringence, e.g., altered
relative travel speeds between the polarizations, which

result from the two possible signs for |E | in (6), requiring
a minimum mass dimension 5. Furthermore, the presence
of higher powers of frequency and momentum in the terms
above indicates beyond GR dispersion as well. All of these
effects depend on the sky location of the propagating wave,
and thus a breaking of rotational isotropy occurs.

To take into account the sky localization dependence of
the source in the detector frame, it is advantageous to
project the SME coefficients onto spherical harmonics [70],

0= 0™y, (k). 9)

djm

. _ A~ d . (d
OFil =0 V@)K, ik, (10)

djm

. A d
€3 = de 4ij(n)kgv))jmv (1 1)
djm

where —j < m < j, the Y,,(fi) are the standard spherical
harmonics while ,,Y;,(f) are spin-weighted spherical
harmonics, and 7 = —p.

Expressions for the two linearly independent GW polar-
izations, in the transverse-traceless gauge, result in a phase

shift from the additional symmetry-breaking effects,

h(y) = e®(cosfp—i sin § cos ¢ sin f)h(],
— e sin B(cos 9 + i sin Isin go)h(LX'>
h(xy = €(cos f + i sin § cos ¢ sin ﬂ)h(LX’)

+ e sinf(cos 9 — i sin I sin p)h(]), (12)
where

5= a)d_3TC(d)0,

B = wd—3T|E(d)

’

and the modified redshift becomes

[r (T4z)*
T_/OdZT(Z) . (13)

For notational convenience, the angles in (12) are defined
by the expressions below:

1 o :#2 3
sin&—%, cos&—%,

1 :#2
eTio = ¢ Fie (14)

VT + ()

One of the key features of spacetime-symmetry break-
ing, as evidenced in the equations above, is the breaking of
isotropy. The strength of the LI violation can change with
source location [66]. Unless otherwise stated, the spherical
coefficients in (9)—(11) are expressed in the Sun-Centered
Celestial Equatorial reference frame (SCF), as is standard
in the literature [22,73], and allows comparisons with other
non-GW tests in the gravity sector. Rotations and boosts of
the spherical coefficients relative to this frame must be
taken into account, as discussed elsewhere [74].

III. DATA AND PARAMETER INFERENCE

A. Bayesian inference of source
and symmetry-breaking parameters

For mass dimension 4, LI violation leads to a modifi-
cation of the GW group velocity that can be measured with
multimessenger signals; constraints on the § operator of
Eq. (3) have been obtained from the observation of
GW170817/GRB170817A [47] comparing light and GW
travel time, and travel time across the Earth [48].

In this analysis, we focus on the coefficients for Lorentz
and CPT violation contained in the operator g for d =5
[see Eq. (5)], with the first mass dimension in the action
series (3) where GW dispersion occurs. We probe the
impact of isotropic and anisotropic dispersion, as well as
birefringence, with a joint estimation of the source param-

(5)

eters and the 16 a priori independent k(v)ij coefficients of
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Eq. (11). Specifically, we are considering in this work a
subset of (12), where 6 = 0. In this case the remaining
coefficients are contained in f. The expression is lengthy
but takes the form [66]

0?7

) 3o i) —ip ()
N kw)oo—\/;smé(e ¢k(v)11 +e ¢k(v)11)

—|—x/§cos€k%‘3)10+-~‘, (15)

/3(5)

with the superscript (5) meaning all quantities are evaluated
with d =5 like Eq. (13).

Using a Bayesian inference framework, we compare the
strain detected by the LVK interferometers with a template
bank of gravitational waveforms modified as outlined in
Eq. (12). The strain takes the form

Sa = Fyhi) + Fioheo, (16)

where h(y ) are the expressions (12), and F(, , are the
standard detector response functions. The rotation angles
relating different frames are included in the expressions
for F, .. These are defined in the LALSuite software,
including the source frame and the detector frame. Again,

the coefficients kgf))ij in (15) are left in the SCF.

We use the LALSuite algorithm package, modifying the
LALSimulation subpackage to generate dispersed waveforms
and performing the parameter estimation with a custom
version of LALInference [75]. For a single event, LALInference
evaluates the posterior probability with a Markov-chain
process using the matched-filtered likelihood:

- - 2 Zil’ - il[ 5 ,5 2
R e T

-%mg(%)), (17)

where ; is the template signal, d; is the interferometer
datastream, 7 is the duration of the signal, and S, the power
spectral density (PSD) of the detector noise. Included in the

vector set of GR prior parameters fgg, are the intrinsic
parameters describing the binary system (e.g. the masses
and spins), as well as the (extrinsic) astrophysical envi-
ronment parameters (e.g. the sky location, distance, incli-
nation). The additional parameters 5SME contain the SME
5
Vim

The analysis is performed in the frequency domain, as
detailed in [66]. The configurations of the Bayesian
inferences, including the Markov-chain algorithms and
parameters, PSD, and calibration envelopes, are the same
as the ones used by the LVK collaboration for parameter
estimation. They are retrieved with the PESummary

coefficients k

package [76], selecting the options associated with the
IMRPhenomPv2 waveform model [77].

For each GW event, we first measure the isotropic
?/))00
of (15) where we temporarily ignore the sky-angle depend-
ence and assume a flat prior on the SME coefficient.
We then combine individual posterior probability den-
sities to obtain a measurement of the 16 anisotropic

dispersion coefficient \kg |, by taking a limiting case

coefficients kgf,))ij while taking into account the source
sky localization via the full expression in (15). We perform
the combination by interpreting the sampled parameter as
the linear combination:

g _vy.r®
K=Y k(V)ij’ (18)
where K is the vector of N = 45 posteriors of kgf/))oo /Y00, Y

is the matrix of spherical harmonics Y (0, ¢) with 6 and ¢

the sky coordinates, and ké?/))l.j corresponds to the n = 16
SME coefficients. To invert Eq. (18) while the dimensions

of the vectors K and kg,))i

N x n can be decomposed with the singular value decom-
position (SVD) method:

; are unequal,the ¥ matrix of size

o
K=UsVT k).

(19)
where U is an N x n matrix of the YY” orthonormal
eigenvectors, X is an n x n diagonal matrix of the square
root of the YT'Y eigenvalues, and V7 is the transpose of the
n x n matrix of the ¥TY orthonormal eigenvectors. The X
elements are the singular values o, _,, chosen to be in
decreasing order: 6; > 0, > ... > 6,. Inverting Eq. (19)
results in

k=VEUTK, (20)

which is equivalent to performing the linear least-square
minimization of ||K — ¥ - ]}’Ezf))i”
urement of /?ESV))U without joint inference of the source
parameters [49,78]. We highlight that the results obtained
with this method may differ from other types of multi-
parameter inference, such as inferring the coefficients from
multiple events at the time (currently infeasible due to the
long sampling time it requires) or using Bayesian hierar-
chical inference. We chose this method motivated by two
aspects: (i) to compare our results with previous estimates,
highlighting the differences due to the joint inference of
source and symmetry-breaking parameters, and (ii) realiz-
ing that due to the dimensionality and ordering of the X
matrix, this method effectively put more weight on the 16

events performing the best combination of kgf,))ij para-

5, as done in the meas-

meters, effectively leading to an “optimal” estimate.
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B. Dataset from the GWTC-3 catalog

We perform our analysis on the events detected during the
three first observing runs, corresponding to the cumulative
catalog GWTC-3 [11]. All the GW detections originate from
the coalescence of binary systems of black holes and/or
neutron stars, and the catalog reports 90 events with a
probability of astrophysical origin larger than 50%. The
study of GW residual shows that after subtraction of the best-
fitted waveforms assuming GR, the leftover signals are
consistent with noise, indicating that deviations from GR are
higher-order terms inducing small modification of the signal
morphology [53]. Therefore, low-sensitivity events are
unsuited for tests of GR as they may lead to false apparent
deviations due to transient noise or incomplete modeling of
the gravitational waveform [79,80]. To prevent such unde-
sirable features, we add the following requirements: (i) the
false-alarm rate must be lower than 1073 yr~!, in order to
only use high-confidence signals; and (ii) the event must
have been selected by the LVK to test the modified
dispersion relation, as while we use a different theoretical
framework and phenomenology, we are also performing a
measurement of GW dispersion. The final selection contains
45 events (10 events first reported in GWTC-1, 23 events in
GWTC-2, and 12 events in GWTC-3), with signal-to-noise
ratio comprised within [9.2; 26.8] and luminosity distances
within [0.32, 4.42] Gpc.

IV. MEASURING SPACETIME-SYMMETRY
BREAKING PARAMETERS

A. Constraints with GWTC-3

The marginalized posterlor distribution of the isotropic
dispersion coefficient |k(V ool 1s obtained for all the events
described in Sec. III B. As shown in Fig. 1, most events are

compatible with a zero value of |kEf/>) 00

GR case. The 68.3% upper bounds range between O(107'4)
and O(1071%) according to the event, with 10 events
presenting a 68.3% credible interval not compatible with
GR. Only one event, GW190828 0655009, is not compat-
ible with GR at 90% CI. There have not been any transient
noise (or “glitch”) requiring data-quality mitigation
recorded at the same time as the GW signals leading to a
deviation, from GR, indicating that instrumental or envi-
ronmental artifacts are unlikely to be the cause.

The combined constraint from all events on |k< ) ool 18
3.19x 1071 m at 90% CL At 68.3% CI, the combmed

bound is 5.62x10‘16<|k(v)00|<2.81><10‘15m. This

deviation from GR is driven by the events GW190720
000836, GW190828 065509, GW200225_ 060421,
and is alleviated when removing the three posteriors from
the combination.

Using the fact that we have more individual events than
coefficients, we perform a sky localization dependent
analysis to extract the 16 kE ))l.]. coefficients from the

%101

3.5 GWTC-3 (combined)
GWTC-3 (individual)
GW170729
GW170814
GW190517_055101
GW190519 153544
GW190521_074359
GW190706-222641
GW190720-000836

2.0

Posterior probability density

L0 GW190828 065509
05 GW191129.134029
: GW200225 060421
0.0
0.0 0.2 0.4 0.6 0.8 1.0 .
(d=>5 x107 &
|k(V)O[]| [m]
FIG. 1. Posterior probability on the isotropic dispersion co-

efficient |k<V) ool from individual events. The events in color
presents a 68.3% CI not compatible with the GR case of
|k(5 00| = 0, while the events in gray (individual) are compatible.

The thick gray line (combined) is the joint constraint when
combining all 45 posterior probability densities.

|kES\)/))00| posteriors, separating the anisotropic coefficients

into real and imaginary components. Applying the SVD
inverting method described in Sec. Il A, we obtain the
posterior probabilities on the joint estimates shown in Fig. 2
alongside the correlations between the parameters. We note
that during the combination of the posteriors from multiple
events, information from the sky localization distributions
are transferred to the joint posteriors as explicit in Eq. (18).
The dimensionality reduction of the SVD method not being
suitable to perform the common procedure of variable
transform that would alleviate the effect of the nonflat prior,
we observed the impact of the angular dependence by
performing event-per-event single transformation of one

parameter into another (e.g. kE%OO to kgf/))lo’

one nonzero parameter at the time). Comparing posterior

probability densities on kEs))

without a flat prior in kE )) we noticed that the distribu-

assuming only

for single events with and

tions were very similar and therefore the impact of the sky
localization prior negligible. The bounds on the spacetime-
symmetry breaking coefficients are extracted from the
marginalized one-dimensional posterior probability distri-
butions displayed diagonally in Fig. 2, and summarized in
Table 1. All the anisotropic coefficients are compatible with

(5)

the GR case. The isotropic coefficient k(v)oo presents a

deviation towards values superior to 0, driven by the events
presenting a deviation in Fig. 1. When removing those 10
events, the deviation from GR does not appear anymore.
The joint estimation is however less constraining than the
individual one, as the bounds are three orders of magnitude
larger than the combined constraint of individual events
assuming the anisotropic coefficients to be zero.
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FIG. 2. Posterior probability of the k(f,)l“ coefficients (in 107!2 m). For the two-dimensional distribution, dark blue are the 68.3%

credible intervals and light blue the 90% credible intervals.

B. Robustness tests

The events shown in color in Fig. 1 present a 68.3% CI
not compatible with the GR case of |k(‘:',) ool =0 m. We
have surveyed the results presented by the LVK in their
articles summarizing several tests of GR to look for other
pathological behavior from those events [9,10,53]. We find
two events from O2 (GW170729, GW170814) and two
from O3 (GW190828 065509, GW200225 060421)
that have been shown to drive a bias in the estimation of
the modified dispersion relation parameters. Three O3
events (GW190519 153544, GW190521 074359,
and GW190828 065509) present deviations in para-
metrized post-Newtonian tests, while one O3 event
(GW200225_060421) presents poor score in residual
tests. Those features indicate a lack of new physics in

the model used to generate the GR parts h(Li) and h(LXI) of

Eq. (12), which may originate from the lack of dynamical
effects of features of a new theory. The mismodeling or lack
of modeling of dynamical phenomena, such as an approxi-
mation of precession or assuming circular orbits, can
impact the estimation of beyond-GR parameters [80].

In order to investigate the robustness of the results, we
inferred |k§?/))00| using different waveform models for
several binary black hole events, as shown for two
cases in Fig. 3. We compared the posterior probability
densities obtained with IMRPhenomPv2 with the ones
inferred with the SEOBNRv4, which uses an effective
one-body description of the dynamics of spinning bina-
ries [81]; and IMRPhenomXPHM, an updated version of
IMRPhenomPv2 including higher harmonics and updated

064031-6
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TABLE 1. Credible intervals on the k(7). coefficients (in

10~"3 m), determined from the marginalized posterior probability

distributions estimated with the joint estimation of the 16 k)

(V)ij
coefficients shown in diagonal in Fig. 2.
907% 68.3% ks
o 3% (V)ij 68.3% 90%
lower lower coefficient upper upper
0.51 1.21 koo 4.38 7.37
—4.54 -2.13 kio 1.19 391
-2.30 -1.00 Re(k;) 1.73 3.39
-3.64 -1.21 Im(ky;) 2.35 4.45
-7.40 -3.75 ko 1.10 3.78
-1.75 -0.61 Re(ky) 1.43 3.02
—-2.77 -1.16 Im(ky) 1.71 3.67
-3.58 -1.72 Re(ky) 1.02 2.55
-2.49 -0.96 Im(ky,) 2.80 5.58
—-6.40 -3.31 k3o 1.17 3.57
-3.34 —-1.65 Re(ks;) 0.98 2.48
-3.90 —-1.92 Im(k3;) 1.75 3.87
-2.76 -1.23 Re(k3;) 1.34 2.87
-2.26 -0.90 Im(ks,) 1.82 3.60
-3.95 -1.95 Re(ks3) 1.28 3.18
-3.22 -1.35 Im(ks3) 2.25 4.78

calibration to precession [82]. For the 23 events where we
compared IMRPhenomPv2 and IMRPhenomXPHM, only
four events showed a considerable modification of the
credible intervals with a mode different from zero for only
one of the models (GW190519 153544, GW190706
222641, GW200219 094415, GW200225_060421).

x 1013
8 GW190828 065509
6 —— IMRPhenomPv2
—— IMRPhenomXPHM
4 —— SEOBNRv4

GW190519 153544
—— IMRPhenomPv2
—— IMRPhenomXPHM

Posterior probability density
fe=]

0.0 0.2 0.4 0.6 0.8 113'0
d=5 x10™
[(yool ]

FIG. 3. Posterior probability on the isotropic dispersion co-
efficient |k2‘2/))00| obtained with different waveform models. The
top figure presents consistent estimation while the bottom figure
presents a case where the probability shape is different according
to the waveform model used for inference.

For the four events where we compared IMRPhenomPv2
and SEOBNRv4, two presented a modification of the
credible intervals (GW190630 185205, GW190720
000836). When investigating the events presenting a CI
not including 0, only three of the ten events are compatible
with the GR case with another model (GW190519
153544, GW190706_ 222641, GW190720 000836).
While this rules out mismodeling as the unique source of
tension, it points towards a lack of dynamics in the
underlying model for some cases, and highlights the
sensitivity of our analysis to spot deviations in GW signals.
However, as waveform models share some common
assumptions, and the uncertainty due to the modeling
process (i.e., their mismatch with numerical relativity
simulations) is not propagated during the analysis, more
detailed study about waveform accuracy must be carried
out before ruling it out as a cause for apparent deviations
from GR.

By measuring jointly the source and symmetry-breaking
parameters, the correlations between the variables are taken
into account during the inference. We evaluate them by

measuring the Pearson coefficients between \kg,)>00| and the

source parameters as shown in Fig. 4, where the events
presenting deviations from GR at 68.3% CI are highlighted.
Most events show no or very moderate correlations, and
amongst the highlighted events, while GW170814 and
GW190519 153544 present large (anti)correlation with
the mass and spin parameters, other events in agreement
with GR present larger correlations. Those results indicate
that a more accurate measurement of the source parameters,
as could be obtained from higher SNR or from the detection
of higher modes, can lead to an improvement of the
constraints on the SME coefficients.

0.31

0.2+

0.1+

—0.1+

Pearson coefficient
|
I

—0.2+1

—0.31

M. ¢ Dy ag ay 01 0y ¢ o 6

FIG. 4. Correlations between |k§':’/>)00\ and the source parame-
ters. The x axis shows the chirp mass M., the mass ratio g, the
luminosity distance D;, the spin magnitudes a; and a,, the spin-
tilt angles 6, ,, the projected angle difference between spins ¢,,
the right ascension «a, and the declination 6. The colored markers
corresponding to the events presenting a deviation on Fig. 1, with
GW170814 in pink and GW190519 153544 in blue; the gray
markers are the other events.
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V. DISCUSSION

This work presents a new probe of Lorentz and CPT
violation with GWs, extending the search for possible
signals from a unified theory of physics. Our analysis relies
on an effective-field theory framework, which allows one to
derive phenomenological consequences of spacetime-
symmetry breaking across many regimes. This work
complements existing parametrizations of LI violation in
GWs. We extend the measurement of SME coefficients to
higher mass-dimension terms in the action, compared to
constraints derived from speed of gravity tests, by probing
GW dispersion, including anisotropic and birefringence
effects. Our method goes beyond existing measurements by
performing a joint inference of source parameters and
symmetry-breaking coefficients, effectively taking into
account correlations. Compared to SME measurements
relying on time-delay measurements, estimated from
posterior probabilities inferred assuming GR, we find
milder constraints on the order of O(107!13 m) instead of
O(107'% m) [49,50]. These results indicate that correla-
tions between GR and SME coefficients must be taken into
account and the simplified treatments in earlier work
should be replaced with proper parameter estimation.

While this work was carried out, another team performed
an independent measurement of SME coefficients for
d =5 [51]. Our analysis differs by estimating the joint
d=5
EV)I'J')
perform a measurement of single and dual coefficients
only, assuming the remaining coefficients to be zero.
Consequently, our analysis includes possible correlations
between SME coefficients, as can be seen in Fig. 2. On the
methodological side, our analysis relies on the LALInference
software, while [51] relies on the bilby software. Using
different methods enables us to verify the validity of the
inferences provided by each software, and we find our
results to be in agreement as we both derive a joint

posterior probability for 16 k coefficients, while they

constraint around \kgf,;)so” < O(107'5 m) when assuming
that all other coefficients are zero.

Note also that the main measurement results in this
paper, the limits on coefficients in Table I, can be directly
compared to the results from other tests in gravity [22]. For
example, solar-system tests like lunar-laser ranging have
yielded measurements on 15 linear combinations of the 60
independent mass-dimension-5 coefficients in (g(°))*Pruro
in Eq. (3), with limits on the order of 10° m [44]. This
seems substantially poorer than the limits in this paper from

GWs, but the 16 %)
(V)ij

distinct linear combinations of the (¢©®))#7#¢ coefficients
from those occurring in lunar-laser ranging. Similarly,
limits from pulsars via orbital tests are on the order of
10° m [37], but probe distinct coefficients from GWs.
Should a nonzero detection occur, it will be important to
compare measurements in distinct tests.

coefficients probed in this paper are

While our global results are compatible with GR, a subset
of events shows nonzero k 31050 estimates. We investigated
possible shared features between those events, which do not
display similar sky localization nor other common param-
eters. Robustness tests indicate that for few events, the
addition of higher modes resolves the tension. However,
several events do not present modified posterior probability
profiles when using other waveform models, pointing to the
possibility that existing waveform models may lack dynami-
cal features degenerate with the effects of dispersion. The
current efforts in creating more accurate waveform templates,
e.g. with the addition of eccentric trajectories, will provide a
better understanding of the relevance of modeling accuracy
for SME tests in particular and tests of GR in general.

The analysis in this paper studies propagation effects
from LI violation. The addition of other possible effects
from higher-order (in h,,) terms in the SME on the
waveform itself, for example, via a post-Newtonian multi-
pole expansion in the SME framework, could provide new
tests. The latter work is in progess [24,69].
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