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Searching for a modified dispersion relation is one of the general relativity tests performed by the
LIGO-Virgo-KAGRA Collaboration with each new cumulative Gravitational Wave Transient Catalog
(GWTC). It considers classes of theories that modify the dispersion of gravitational waves by introducing a
massive graviton or breaking Lorentz invariance. The symmetry breaking is parameterized phenomeno-
logically by a momentum power law term pα added to the dispersion relation, with the test placing
constraints on the amplitude Aα of the introduced deviation. In this work, we implement improvements to
the test, chief among them group velocity parameterization, a better sampling procedure, and extension to
negative exponents α of p. We then reanalyze the events from the third catalog, GWTC-3, with our
improved method. Compared with GWTC-3 results, the individual event posteriors have significantly
higher effective sample size and fewer multimodalities. The combined posteriors on the amplitude
parameters Aα are, on average, 19% narrower. The 90% upper bound on the graviton mass changes from
2.42 × 10−11 to 2.21 × 10−11 peV. For the extension of our test to α∈ f−1;−2;−3g, we find no evidence
in favor of general relativity violation.

DOI: 10.1103/bgvh-c1wj

I. INTRODUCTION

A. Search for modified dispersion relation

The detection of gravitational waves (GWs) by the LIGO-
Virgo-KAGRA (LVK) Collaboration [1] marked a turning
point in astronomy, offering a new way to study the universe
[2–5] through the ripples in spacetime. These observations,
particularly those from merging black holes and neutron
stars, provided unprecedented opportunities to test Einstein’s
general theory of relativity (GR) with great precision on the
data from GWTC-1-3 catalogs [6–8]. While GR has con-
sistently held up under scrutiny, researchers are always

searching for potential deviations. One approach involves
utilizing alternative theories of gravity, comparing the
predicted gravitational waveforms from these models with
the actual data collected by GW detectors. However, explic-
itly calculating thesewaveforms fromalternative theories can
be a complex and computationally challenging task.
Therefore, researchers often turn to theory-agnostic para-

meterized studies. Here, they do not rely on specific theories
but instead quantify deviations from GR through effective
measurable parameters [8–15]. For instance, there are many
alternative theories of gravity predicting modifications to
the dispersion relation of GWs [16–20]. While the details
of these theories differ and those details matter for GW
generation, they all predict modification to the propagation
of GWs in a way that can be captured by simple parameter-
izations. By studying GW propagation, we can test new
ideas about gravity without needing a complete theory. This
allows us to set strict limits on parameters that tell us how
much a theory might violate GR.
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Here, we consider a test of GR performed by con-
straining a modified dispersion relation (MDR) [11]. In
GR, GWs travel at the speed of light, resulting in a
dispersion relation of the form E2 ¼ p2c2. We can consider
a generalized deviation from this relation, of the form

E2 ¼ ðpcÞ2 þ AαðpcÞα; ð1Þ

where α parameterizes the kind of deviation and the
phenomenological amplitude parameter Aα quantifies the
size of the deviation from GR. This type of dispersion
relation is capable of capturing both low-energy (α < 1)
and high-energy (α > 1) modifications to the dispersion,
predicted by various alternative theories. For example, the
case α ¼ 0, A0 > 0 describes theories with massive grav-
iton, such as de Rham et al. [21]. The LVK Collaboration
has performed this test on α∈ f0; 0.5; 1; 1.5; 2.5; 3; 3.5; 4g,
with both positive and negative amplitudes, to capture a
wide range of possible deviations (the case α ¼ 2 is
excluded, as it is equivalent to a redefinition of the speed
of gravity, so it does not result in dispersion).
Since its first implementation, the MDR test [6] has

remained largely unchanged, with only the waveform
approximant updated to more advanced versions between
the observing runs. In this paper, we extend the test to cover
more dispersion relations, describe in detail every improve-
ment to the analysis process, rerun the updated test on all 43
events the test was run on in O1-O3b using the publicly
available strain data [22,23], and compare our updated
results with the results of the GWTC-3 testing GR
paper [8].
After the initial analysis, two longstanding errors

common in the field of GW data analysis were discovered:
the use of incorrect calibration uncertainty, described in
detail in Baka et al. [24], and the incorrect incorporation of
data windowing to the likelihood function [25]. All the
results presented here were corrected for these errors in
postprocessing by reweighting.

B. Analysis overview

The MDR analysis is based on Bayesian parameter
inference. The posterior probability distribution of model
parameters θ conditioned on the observed data d is given by
Bayes’ law,

pðθjdÞ ¼ LðdjθÞπðθÞ
Z

; ð2Þ

where LðdjθÞ is the likelihood of the data realization given
model parameters, πðθÞ is the prior probability, andZ is the
normalization factor called the evidence

Z ¼
Z

LðdjθÞπðθÞdθ: ð3Þ

For the purpose of this analysis, the data vector d consists
of N independent observations (one for every GW event),
which can be written as d ¼ ðd1; d2; � � � ; dNÞ. Similarly,
the model parameter vector can be decomposed as
θ ¼ ðη; θ1; θ2; � � � ; θNÞ, where η is vector of model param-
eters shared between observations (GR violating parame-
ters in case of MDR) and θi is the vector of parameters
unique to event i. With this decomposition and using the
independence of different observations, we get

pðθjdÞ ∝ Lðd1; d2; � � � ; dNjθÞπðη; θ1; θ2; � � � ; θNÞ

¼ πðηÞ
YN
i¼1

Lðdijη; θ1; θ2; � � � ; θNÞπðθiÞ

¼ πðηÞ
YN
i¼1

Lðdijη; θiÞπðθiÞ

¼ πðηÞ1−N
YN
i¼1

Lðdijη; θiÞπðηÞπðθiÞ

∝ πðηÞ1−N
YN
i¼1

pðη; θijdiÞ: ð4Þ

In the MDR analysis, we focus on the posteriors of GR
violating parameters, pðηjdÞ, which can be obtained by
marginalization of the equation above:

pðηjdÞ ¼
Z

dθ1dθ2 � � � dθNpðθjdÞ

∝ πðηÞ1−N
YN
i¼1

Z
dθipðη; θijdiÞ

∝ πðηÞ1−N
YN
i¼1

pðηjdiÞ; ð5Þ

i.e., the combined marginalized posterior is proportional to
marginalized posteriors of individual events, multiplied by
πðηÞ1−N prior factor.
As is standard for parameter estimation (PE) of GWs, we

assume Gaussian stationary noise, so the likelihood takes
the form [26]

lnLðdijη; θiÞ ¼ hdi − hðη; θiÞjdi − hðη; θiÞi þ const; ð6Þ

where hðη; θiÞ is a frequency-domain template waveform
and hajbi is the noise-weighted inner product defined as

hajbi ¼ 4ℜ

�Z
aðfÞb�ðfÞ

SðfÞ df

�
; ð7Þ
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with T the signal duration and SðfÞ power spectral density
(PSD) of the interferometer.
For the MDR test, we use a sampling algorithm to

estimate the individual event posteriors pðηjdiÞ and then
combine them to place bounds on MDR amplitudes Aα. To
better understand the difference between the analysis
performed in the GWTC-3 testing GR paper [8] and our
analysis presented here, we compare the two analyses
below. Each step is explained briefly, with the full explan-
ations in Sec. II.
For the analysis performed in the GWTC-3 testing

GR paper:
(1) The frequency domain IMRPhenomXP [27] waveform

model is modified to include effects of MDR,
derived by considering the propagation of different
frequency components at particle velocity. The
correction manifests itself as a frequency-dependent
phase term.

(2) For every event, eight different MDR corrections are
considered, for α∈ f0; 0.5; 1; 1.5; 2.5; 3; 3.5; 4g, i.e.,
corrections due to different α values are sampled
discretely. For each case, PE is performed using
LALInference [28] software.

(3) For every MDR exponent α, two PE runs are
launched, one for positive and one for negative
phenomenological amplitude parameterAα. The sam-
pling is performed in the parameter log10 λeff, with the
corresponding uniform prior. Here, λeff is the effective
length scale corresponding to the amplitude Aα (16).

(4) The log10 λeff samples are transformed to the corre-
sponding Aα samples.

(5) The samples for negative and positive Aα are merged
into a single set and reweighted to account for
different evidence Z of the positive and negative
branches.

(6) The samples are reweighted to correct for the
difference between sampling prior flat in log10 λeff
and analysis prior flat in Aα.

(7) Kernel density estimation is performed on the
posterior samples to approximate pðAαjdiÞ. A Gaus-
sian kernel is assigned to every sample; the samples
are then added together to produce a continuous
distribution.

(8) Probability Distribution Functions (PDFs) from
different events are combined together, to obtain
the combined result pðAαjdÞ ∝

Q
i pðAαjdiÞ.

With our improved and extended method, we take the
following steps:
(1) The frequency domain IMRPhenomXPHM [27] wave-

form model is modified to include effects of MDR,
derived by considering the propagation of different
frequency components at group velocity (Sec. II B).

(2) For every event, ten different MDR corrections
are considered, for α∈ f−3;−2;−1; 0; 0.5; 1.5; 2.5;
3; 3.5; 4g. We extend the analysis to negative values

of α, associated to new physics at low energies/
frequencies (Sec. II F). For each case, PE is per-
formed using the Bilby [29,30] software with the
DYNESTY [31] sampler (Sec. II A).

(3) The sampling is performed in the parameter Aeff,
with a corresponding uniform prior. For the case
α ¼ 0, an additional run sampling in mg;eff with a
corresponding flat prior is performed (Sec. II D).

(4) The Aeff samples are transformed to the correspond-
ing Aα samples.

(5) The samples are reweighted to a prior flat in Aα.
(6) Kernel Density Estimation (KDE) is performed on

the posterior samples to approximate the continuous
PDF pðAαjdiÞ.

(7) PDFs from different events are combined together, to
obtain the combined result pðAαjdÞ ∝

Q
i pðAαjdiÞ.

In Sec. II, we explain why our modifications should lead
to an improvement over the GWTC-3 results. In Sec. III, we
test our analysis on injected signals and reanalyze GWTC-3
data. In Sec. IV, we draw our conclusions and suggest
future improvements.

II. IMPROVEMENTS

A. Bilby software

Up until GWTC-3, PE performed for the MDR analysis
used the LALInference package [6–8,28]. It is PE software
programmed in C that was instrumental during the first two
observing runs. Since then, it has been phased out in favor
of the Bilby [29,30] package for LVK analysis. This Python-
based package was developed with the goal of being more
user-friendly, making it easier to learn and modify the
software and the analysis. We take this opportunity to
migrate the MDR codebase to a Bilby-compatible format.
We implement the MDR test as part of the Python-based

Bilby_TGR [32] package. It extends Bilby by providing
code necessary to perform the Test Infrastructure for
GEneral Relativity (TIGER) [9,33,34], MDR, Flexible
Theory Independent (FTI) method [10], pSEOB [13,35–37]
(pSEOBNRv4HM Ringdown Analysis), Spacetime Symmetry
Breaking (SSB) [38,39], and Spin-Induced Quadrupole
Moment (SIQM) [40,41] analysis for testing GR. We kept
the code structure as similar as possible to Bilby, making it
easy to include the MDR effect on top of any current
analysis. There are three important modules located in
Bilby_TGR.MDR:

(i) Source: Implements waveform source models that
include the effect of MDR. Compatible with all
frequency-domain LALSimulation waveform approx-
imants.

(ii) Conversion: Implements conversion functions be-
tween different parameterizations of MDR (like
converting between the amplitude A0 and the grav-
iton mass mg parameterizations).
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(iii) Postprocessing: Implements functions to reweight
samples to different analysis priors.

Additionally, we made the MDR analysis compatible with
the Asimov [42] package for automating GW parameter
estimation by implementing it as the BilbyMDR pipeline.
The Bilby package can perform PE with a variety of

samplers. In this work, we have been exclusively using the
DYNESTY nested sampler [31,43–47]. The accuracy of
nested sampling algorithm is controlled by the number
of live points—a set of samples replaced one by one during
iterations of the algorithm. In our testing, we found 1200
live points to provide sufficient accuracy for the posteriors,
but for safety, we chose 1500 live points when running the
analysis on GWTC-3 events.

B. Group velocity parameterization

1. Difference between particle velocity
and group velocity parameterizations

The MDR test, as implemented in the past GWTC
papers, uses the correction derived in Mirshekari et al.
[11]. We summarize important steps here.
Starting with Eq. (1), we can rewrite it to obtain an

equation for the particle velocity vp ¼ c2p=E of GWs [11]

vp
c

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − AαEα−2

q
≈ 1 −

1

2
AαðhfÞα−2; ð8Þ

with c the speed of light, h the Planck constant, and f the
frequency of the signal. The equation is approximated to
linear order by assuming small dispersion AαðhfÞα−2 ≪ 1.
Different frequency components travel at different

speeds, resulting in the dispersion of the gravitational signal
emitted by the source, i.e., the waveform emitted at the
source is not the same as the waveform arriving at the
detector. This is intuitive since different frequency compo-
nents arrive at the observer with different time separations
compared to how theywere emitted at the source. Compared
to the GR case, the waveform accrues a frequency-depen-
dent phase modification

hðfÞ ¼ hGRðfÞeiδΨðfÞ; ð9Þ

where the phase correction δΨðfÞ is given by [11]

δΨðfÞ ¼

8>><
>>:

πDαhα−2ð1þzÞα−1
ðα−1Þc Aαfα−1 α ≠ 1

πDαð1þzÞα−1
hc Aα ln

�
πGMf

c3

�
α ¼ 1

; ð10Þ

where z is the cosmological redshift andM is the chirpmass
of the system. Dα is a distance measure defined as

Dα ¼ ð1þ zÞ1−α
Z

ta

te

aðtÞ1−αdt; ð11Þ

where z is the redshift, aðtÞ is the cosmological scale factor,
te the emission time of the signal, and ta the absorption time.
It has a similar form to the luminosity distanceDL, and for a
dark-energy-matter dominated universe they have the forms

Dα ¼
cð1þ zÞð1−αÞ

H0

Z
z

0

ð1þ z̄Þðα−2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩMð1þ z̄Þ3 þ ΩΛ

p dz̄; ð12Þ

DL ¼ cð1þ zÞ
H0

Z
z

0

ð1þ z̄Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩMð1þ z̄Þ3 þ ΩΛ

p dz̄; ð13Þ

with ΩM the matter density parameter and ΩΛ the vacuum
energy density parameter.
While Eq. (10) is the most direct way of stating the result

of the derivation in Mirshekari et al. [11], it is not the form
used in the MDR test performed in GWTC-3; there are two
differences [6–8].
First, it is inconvenient to use Dα for PE. As sampling is

usually performed in luminosity distance, obtaining Dα

would require numerically solving the distance–redshift
relation for redshift z and then integrating to obtain Dα.
This is computationally expensive and would greatly slow
down the sampling. Instead, an effective parameter Aeff was
introduced

Aeff ¼
Dα

DL
ð1þ zÞα−1Aα; ð14Þ

which modifies Eq. (10) to

δΨαðfÞ ¼

8><
>:

πDLhα−2

ðα−1Þc Aefffα−1 α ≠ 1

πDL
hc Aeff ln

�
πGMf

c3

�
α ¼ 1

: ð15Þ

Second, the amplitude parameter Aα was instead
expressed in terms of an effective wavelength parameter

λeff ¼ hcjAeff j1=ðα−2Þ; ð16Þ

leading to

δΨαðfÞ ¼ sgnðAαÞ
8<
:

πDL
α−1 λ

α−2
eff ðfcÞα−1 α ≠ 1

πDL
λeff

ln
�
πGMf

c3

�
α ¼ 1

: ð17Þ

The above derivation rested on an important assumption:
the graviton travels at particle velocity. This makes sense in
light of the origin of the MDR test as an extension of
massive graviton tests. GW propagation is interpreted as a
stream of particles, and for the massive graviton dispersion,
group and particle velocities are equal, so the distinction is
not important.
For a general MDR, this is no longer true. In Ezquiaga

et al. [48], the authors have pointed out that the dispersion
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of GWs should be treated as a wave packet traveling with
the group velocity vg ¼ dω=dk. This gives a result con-
sistent with solving the equation of the propagation of GWs
using the Wentzel–Kramers–Brillouin (WKB) approxima-
tion, corresponding to what is actually happening to the
waveform. Using the modified dispersion Eq. (1), we get,
up to linear order in Aα,

vg
c
¼ 1 −

1

2
ð1 − αÞAαðhfÞα−2: ð18Þ

Compared with Eq. (8), the difference between the two is
just a rescaling of the phenomenological amplitude param-
eter Aα by a factor of 1 − α, resulting in the same form of
the MDR waveform as with particle velocity.
The rescaling factor 1 − α singles out an exceptional

case: α ¼ 1. In that case, the group velocity reduces to the
speed of light c and there is no dispersion. The waveform is
still modified, though. The phase velocity does not vanish,
so GWs accumulate a constant phase offset, independent of
frequency. For a signal with only the dominant (2,2)-mode
present, this corresponds to a redefinition of the phase at
coalescence, and therefore cannot help to constrain the
amplitude A1. But if higher modes (HMs) are present, this
lifts the degeneracy, enabling us to test for constraints
on A1.
Taking the above into consideration, we follow Ezquiaga

et al. [48] and choose our new MDR phase modification
to be

δΨðfÞ ¼ −
πDLhα−2

c
Aefffα−1; ð19Þ

where, similar to Eq. (15), we are using the effective
amplitude Aeff to speed up sampling.

2. More on the α= 1 case

As MDR parameterized in terms of group velocity
substantially differs from the parameterization in terms
of particle velocity only for α ¼ 1, this case merits a more
in-depth look.
The MDR waveform depends directly on the MDR

phase offset δΨ, which is a cyclic variable. If we consider
data d from a single observation, the posterior p condi-
tioned on this data will necessarily reflect this symmetry:
pðδΨjdÞ ¼ pðδΨþ 2πnjdÞ, with n an arbitrary integer.
To make statements about the physics of the possible

dispersion,we should re-express the posterior in terms of the
phenomenological amplitude parameter A1, since the same
value should be shared acrossmultiple events, enabling us to
combine constraints. By inverting Eq. (19) for the case
α ¼ 1, and taking into account the cyclic nature of δΨ,
we get

A1;n ¼ −
hcδΨ
πDα

þ 2hc
Dα

n: ð20Þ

The posterior onA1 therefore splits intomultiple branches
A1;n. Each branch carries equal probability mass, but differ-
ent location (mean) and width (standard deviation).
Because the branches are spaced uniformly from −∞ to

þ∞ (with separation 2hch1=Dαi) and each carries the
same probability distribution, the resulting posterior on A1

is not normalizable. We cannot therefore place a bound on
possible deviation from GR—there would always be
infinite probability mass outside of it.
The problem is worse still. Because of the uniform

spacing of the branches, the posterior is approaching
uniform distribution far away from A1 ¼ 0. As we combine
multiple observations by multiplying their posteriors, we
again end up with a combined uniform posterior (far away
from A1 ¼ 0). The combined posterior is still not renor-
malizable. No matter how many events we combine, we
still are not able to place a constraint on the A1 amplitude
parameter.
To illustrate the point, we injected a GW190412_

053044-like signal into the Livingston-Hanford-Virgo
(LHV) detector network with Gaussian noise. We chose
the injected MDR amplitude to be A1 ¼ 0. In Fig. 1, we can
see the resulting posterior of δΨ—the HM content is
enough to constrain the parameter over uniform posterior
expected with no HM present. In the upper panel of Fig. 2,
we plot the corresponding A1 posterior, where for clarity we
plotted only five branches out of infinitely many. Near
A1 ¼ 0, the peaks in the posterior are sharp and branches do
not overlap. As we go further away, the peaks get broader,
with the widths of different branches becoming more than
the separation between them. While the peaks of different
branches decrease away from A1 ¼ 0, suggesting that the
posterior is concentrated near the origin, we have to keep in
mind that the further away we move, the more branches
overlap. Those two effects cancel each other exactly, which

FIG. 1. Posterior on the MDR phase correction δΨ for a
GW190412_053044-like injection (GR). The HM content in
the signal produces constraints on the possible values of δΨ, in
contrast to the uniform posterior expected from a signal with no
HM content.
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results in a uniform posterior (far away from A1 ¼ 0),
shown in the bottom panel of Fig. 2.
We reiterate that this problem with placing bounds on the

A1 parameter is an inherent effect of the periodicity of the
MDR correction for α ¼ 1, and not an artifact of any
sampling method—there is an infinite number of A1 values
that give the same phase correction. Combining multiple
observations will not reduce bounds on A1 (which cannot
be placed in the first place), and therefore we do not do so in
this paper. This is in contrast to previous test of GR with
MDR, where constraints on A1 could be placed due to the
parameterization by particle velocity.

C. Inclusion of higher-order modes

Until now, the MDR test was performed using waveform
models containing only the dominant (2,2)-mode of
the signal, with no HMs present: PhenomPv2 [49] for
GWTC-1 [6] and IMRPhenomXP [27] for GWTC-2,3 [7,8].
This has not been a major problem, as of the 43 events the
MDR test was run on, just two, GW190412_053044 and
GW190814_211039, had significant subdominant modes
present [50,51].
In this work, we reanalyze all 43 events the MDR test

was run on in GWTC-1-3 with an updated waveform
model, IMRPhenomXPHM [27]. For GW190412_053044 and
GW190814_211039, we additionally analyze the events
with the IMRPhenomXP waveform, keeping all the other
settings the same. This enables us to isolate the effect of the
inclusion of HM on the posteriors from other improvements
on the MDR test. We compare the posteriors in the results
Sec. III B.

D. Sampling flat in Aeff

The MDR test performed in GWTC-3 was inefficient in
the sampling of the parameter space. This can be traced to
the MDR waveform being parameterized by Eq. (17) in
terms of the effective wavelength parameter λeff, with
log-uniform sampling prior. This oversamples points near

the GR value Aα ¼ 0, which then need to be rejected during
the reweighting.
With our new method, the sampling is performed on the

Aeff parameter, following Eq. (19). Compared to the old
method, we do not have to split our PE between positive
and negative Aα. But it is the reweighting of the priors
where we obtain the biggest improvement over the old
method.
Let us consider the reweighting process in detail. We

take a waveform parameterized during sampling by the
parameters θi, with the corresponding prior πðθiÞ. The
posterior samples are drawn from the posterior

pðθijdÞdθi ∝ LðdjθiÞπðθiÞdθi; ð21Þ

with LðdjθiÞ the likelihood and pðθijdÞdθi the posterior
probability mass corresponding to the sample; by dθi, we
mean dθ1dθ2 � � � dθN . We are interested in the result para-
meterized by a different parameterization θ0i under the
corresponding prior π0ðθ0iÞ. This means we have assigned
the wrong probability mass to each sample during the
sampling. We should have instead assigned

p0ðθ0ijdÞdθ0i ∝ Lðdjθ0iÞπ0ðθ0iÞdθ0i: ð22Þ
We can correct this discrepancy by assigning weights wi to
the samples, representing the effective number of samples
with the given parameters

wi ¼
p0ðθ0ijdÞdθ0i
pðθijdÞdθi

¼ Lðdjθ0iÞπ0ðθ0iÞdθ0i
LðdjθiÞπðθiÞdθi

¼ π0ðθ0iÞ
πðθiÞ

dθ0i
dθi

¼ π0ðθ0iÞ
πðθiÞ

���� ∂θ0i
∂θj

����; ð23Þ

where the last equality comes from the transformation law
of volume elements (they transform by the determinant of
the Jacobian matrix of the transformation).
For the MDR test performed in the GWTC-3, sampling

was done in log10 λeff . This corresponds to vectors of
parameters θi ¼ ðlog10 λeff ; DLÞ, θ0i ¼ ðAα; DLÞ, where
we omitted parameters unimportant for reweighting. The
priors were chosen to be πðlog10 λeffÞ ¼ π0ðAαÞ ¼ 1, with
all the other parameters unchanged by the transformation,
resulting in πðθiÞ ¼ π0ðθ0iÞ. This led to the weights

wi ¼
���� ∂θ0i
∂θj

���� ¼
���� ∂Aα=∂log10λeff ∂Aα=∂DL

∂DL=∂log10λeff ∂DL=∂DL

����
¼

���� ∂Aα=∂log10λeff ∂Aα=∂DL

0 1

���� ¼
���� ∂Aα

∂log10λeff

����
¼

����1=ðα − 2Þ ∂log10Aα

∂Aα

����−1 ∝ jAαj: ð24Þ

This poses a problem: for practical reasons, we cannot
set the priors to extend over all the values of Aα: we have to

FIG. 2. Posterior of the A1 amplitude parameter for a
GW190412_053044-like injection. Top: Multiple values of A1

correspond to the same correction to the waveform phase δΨ,
splitting the posterior between different branches. Bottom: On a
large scale, this results in a uniform A1 posterior.
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bound it by limiting values Amin and Amax, or more to the
point, log10 Amin and log10 Amax. The upper bound poses no
problem. As higher Aα corresponds to stronger deviation
from GR, we expect the data to exclude the region above
Amax from the posterior. But for Aα < Amin, the data offers
no constraining power at all—all the values of Aα in the
region are close enough to GR that the likelihood assigns
the same probability to them. If we set the lower bound too
low (compared with the width of the posterior), the
reweighting will exclude most of the samples and the
weights close to the lower bound Amin, proportional to jAαj,
will effectively be zero. This drastically reduces the
effective sample size neff . If we set the lower bound too
high, we get railing in the posterior, manifesting after the
reweighting as a dip in the posterior near Aα ¼ 0. Only Amin
2–3 orders of magnitude smaller than the width of the
posterior would lead to a good posterior with large effective
sample size and no artificial dips in PDF.
We found that this was the biggest issue with the MDR

test done in the GWTC-3 testing GR paper. Priors on
log10 λeff were too wide, resulting in low effective sample
size neff for many events. This was especially pronounced
for the α∈ f0; 0.5g MDR tests, resulting in many multi-
modal posteriors.
Our new parameterization during sampling avoids

this problem. With our choice of parameters and priors,
we have θi ¼ ðAeff ; DL;…Þ, θ0i ¼ðAα;DL;…Þ, and πðθiÞ ¼
π0ðθ0iÞ ¼ 1. Following the same steps as in Eq. (24), we get

wi ¼
���� ∂Aα

∂Aeff

���� ¼
���� ∂

∂Aα

Dα

DL
ð1þ zÞα−1Aα

����−1

¼
���� Aα

Aeff

����: ð25Þ

For any given event, the uncertainty in the DL posterior
is small on cosmological scales (i.e., the range of redshift z
in the posterior samples is narrow). As both DL and Dα

increase approximately linearly for small redshift, their
ratio stays close to constant. This results in nearly equal
weights, so we expect the effects of reweighting from Aeff
to Aα to be minimal with our choice of sampling prior.
We can quantify the effect of reweighting on our samples

by introducing sampling efficiency ηeff, defined as

ηeff ¼
ðPN

i wiÞ2
N
P

N
i w2

i
; ð26Þ

where N is the total number of samples. We will use
it later in Sec. III C when assessing the impact of the
reweighting process on the posteriors.

E. Graviton mass posterior

The MDR analysis tests different dispersion relations,
distinguished by the value of the α parameter. The case

α ¼ 0 is of special interest as it corresponds to the massive
graviton dispersion, where A0 ¼ m2

gc4; this dispersion
relation can also correspond to a charged graviton [52].
We can thus use the test to place constraints on the possible
graviton mass mg. The previous results [8] suffer from the
reweighting issue described in Sec. II D, so let us examine
how to sample mg more efficiently.
One approach is to sample directly in mg. The Bilby

package, for which we implemented our test, can handle
mismatches between different parameterizations of the
prior and the waveform model, as long as an appropriate
conversion function is provided. Similar to sampling on Aα,
to avoid issues with having to calculate DαðDLÞ during
sampling, we sample in the effective graviton mass param-
eter meff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ zÞα−1Dα=DL

p
mg.

After the sampling, we follow the example of Eq. (24)
and reweight from prior πðmeffÞ ¼ 1 to prior π0ðmgÞ ¼ 1,
with weights

wi ¼
���� ∂mg

∂meff

���� ¼
����� ∂

∂mg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dα

DL
ð1þ zÞα−1

s
mg

�����
−1

¼ mg

meff
; ð27Þ

where, similar to our sampling of the amplitude parameters,
we expect this to lead only to negligible reweighting.
Sampling separately on A0;eff and meff is not necessary,

though. Since massive graviton dispersion is equivalent to
dispersion with A0 > 0, we can obtain the posterior from
our A0;eff samples. The weights needed to reweight from the
sampling prior πðAeffÞ ¼ 1 to the analysis prior π0ðmgÞ ¼ 1

are

wi ¼
���� ∂mg

∂Aeff

���� ¼
���� ∂mg

∂meff

∂meff

∂Aeff

���� ¼
���� mg

meff

∂meff

∂ðm2
effc

4Þ
����

∝
mg

meff

1

meff
¼ mg

m2
eff

: ð28Þ

These weights pose a problem due to a singularity at
mg ¼ meff ¼ 0. We expect a finite posterior probability
there (given consistency with GR), so samples from this
region would get assigned infinite (or in practice very high)
weights, which would result in a very low effective sample
size neff . Direct reweighting of samples is therefore not
practical.
We are interested not in the samples, though, but in the

continuous PDF, which we need for combining posteriors
frommultiple observations. After obtaining the weights, we
use them to perform a weighted KDE to get this PDF. We
can solve the problem of singular weights by reversing
the order of operations: we first perform KDE and then
transform to the new prior.
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To be specific, we start the process with the pðA0jdÞ
distribution marginalized over all the other parameters θ,
which is already smoothed out by the KDE and trans-
formed to a prior flat in A0. We wish to transform it to a
posterior p0ðmgjdÞ conditioned on the prior uniform in mg.
These posteriors can be written as

pðA0jdÞdA0 ∝
Z

dθLðA0; θjdÞπðA0ÞπðθÞdA0;

p0ðmgjdÞdmg ∝
Z

dθLðmg; θjdÞπ0ðmgÞπðθÞdmg;

pðA0jdÞ ∝ pðA0Þ
Z

dθLðA0; θjdÞπðθÞ;

p0ðmgjdÞ ∝ p0ðmgÞ
Z

dθLðmgðA0Þ; θjdÞπðθÞ;
p0ðmgjdÞ
pðA0jdÞ

∝
π0ðmgÞ
πðA0Þ

¼ 1;

p0ðmgjdÞ ∝ pðA0ðmgÞjdÞ: ð29Þ

We see that the posterior does not transform under our
change of variables, or to be more precise, the trans-
formation of the posterior due to the change of variables
cancels out with the simultaneous change of priors. In the
results Secs. III E and III F, we will compare the posteriors
obtained by the two approaches outlined above.

F. Extension to negative αs

1. Theoretical motivation

When probing dispersion relations of the form (1), we
ultimately test the speed of GWs as a function of frequency.
We can make this more explicit in the following way:

E2 ¼ p2c2 þ Aαpαcα ¼ p2c2
�
1�

�
p
p⋆

	
α−2

�
;

⇒ c2gw ¼ c2
�
1�

�
f
f⋆

	
α−2

�
: ð30Þ

Here,p⋆ and f⋆, implicitly defined in the above, correspond
to momentum/frequency reference scales (here made
explicit before being absorbed into the dimensionful Aα

parameter). Viewed in this way, it is clear that α > 2
corresponds to high-frequency/high-energy modifications
of the dispersion relation and hence the speed of GWs, while
α < 2 corresponds to a low-frequencymodification.Models
with a nonzero graviton mass (α ¼ 0) are an example of a
well-known low-energy (infrared) modification.
As discussed above, previous MDR analyses have

focused on α ≥ 0, and we consider here in addition regions
of parameter space with negative α, i.e., additional low-
frequency modifications. A key motivation for doing so
comes from dark-energy-related physics: if dark energy is
dynamical in nature, it is typically associated with one or

more new particles/fields. Such fields would also couple to
gravity and act as a “medium” that GWs propagate through.
Naturally, this medium can affect the speed of those waves,
and constraints from current cosmological data sets are
consistent with Oð1Þ deviations away from the speed of
light [53,54]. However, dark-energy theories that do affect
cgw generically only describe frequency/energy scales up to
at most Oð102Þ Hz [55].1

This means that, for such theories, an (unknown) high-
energy completion of the fiducial new dark-energy physics
becomes relevant (and eventually dominates) as one
approaches this cutoff, i.e., close to or somewhat below
the LVK band.2 As we know from existing LVK measure-
ments, this high-energy completion will enforce cgw ¼ c to
high accuracy at frequency/energy scales in the LVK band
and above. So, in the context of theories that significantly
affect cgw on cosmological scales, one therefore naturally
expects a frequency-dependent transition back to cgw ¼ c
upon approaching the LVK band; see Refs. [55–58] for
recent related studies of this frequency dependence. (The
tail of) such a transition is what we can probe with
dispersion relations, cf. Fig. 3. From the point of view
of parameterizing dispersion relations in the LVK band, this
can give rise to a negative α correction.
To see why, it is instructive to consider a template for

such a transition [58]

δcgwðfÞ ¼ δcð0Þgw

�
1

2
−
1

2
tanh ½σ · log ðf=f⋆Þ�

	
: ð31Þ

Here, δcgwðfÞ≡ ðcgwðfÞ − cÞ=c denotes the fractional
difference of the speed of GWs cgw from the speed of

light c as a function of frequency, δcð0Þgw is the low-frequency
limit of this expression, f⋆ controls the frequency where
the transition to cgw ¼ c takes place, and σ controls how
quickly this transition takes place. We will assume this
expression to be small, i.e., δcgwðfÞ ≪ 1. Asymptotically,
at frequencies larger than f⋆, one then finds

f≫ f⋆∶ δcgw ∝
�
f
f⋆

	
−2σ

⇒ α¼ 2−2σ; ð32Þ

1This is analogous to how GR can only describe energy scales
up to at most Planck energies, while a new high-energy
completion is required to make predictions for higher energies.
In the context of the dynamical dark-energy theories discussed
here, this cutoff is significantly lower than the Planck scale
and can instead be located close to the energy scales probed by
the LVK.

2Note that the cutoff is the largest possible energy/frequency
scale, where the high-energy completion can take over, but this
can already take place at significantly lower energies/frequencies.
Theoretically predicting the precise scale would require detailed
knowledge about such a fiducial (currently unknown) high-
energy completion.
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where we have indicated how σ maps to α in this limit. If
the transition is fast enough (σ > 1), it will register as a
dispersion with negative α. Interestingly, sufficiently slow
transitions with σ ¼ 1 can therefore asymptotically mimic
the α ¼ 0 case otherwise associated with the presence of a
massive graviton. See Harry and Noller [58] for further
details on this and existing constraints on negative α
using existing LVK (as well as forecasted LISA) observa-
tions. Note that the precise nature of this transition, and also
the numerical value of the corresponding negative alpha
coefficient, depends on the (unknown) nature of the high-
energy completion and is, therefore, a currently unknown
parameter in such theories to be measured.3 By probing
dispersion relations with negative α in the LVK band, we
are therefore testing and constraining the nature of dark
energy in a complementary regime to that tested by
cosmological observations.

2. Implementation details

The model of low-energy modification discussed in the
subsection above is compatible with the extension of our
analysis to any α < 0, including arbitrary real values. For
practical reasons, however, we must limit ourselves to a
discrete set to probe.4 We have chosen to extend the MDR
test to α∈ f−3;−2;−1g, bringing the total number of

tested dispersions to ten (We tried to keep the number
low, as our analysis already requires significant computa-
tional resources for sampling.) Note that, contrary to cases
of α > 0, we do not investigate half-integer values in the
negative regime. This is because we found that our choice is
a sufficient discretization, in the sense that we would pick
up on possible deviations for any α∈ ½−3; 0�; we show this
in Sec. III D.
Another problem that needed to be resolved was deter-

mining appropriate ranges for the uniform prior distribu-
tions used for Aeff and Aα. Although we used GWTC-3
results to place appropriate prior bounds for α ≥ 0, we were
unable to do this for negative α values. Therefore, in order
to estimate the detectable order of magnitude of Aα for
α < 0, we used the following argument.
If the true signal follows GR, then Aα must be small in

the sense that the MDR waveform is close to that which
would be generated according to GR. The effect of
dispersion is to accumulate additional phase δΨαðfÞ
compared to GR. If this phase is of the order of one full
cycle, then the waveforms would be nothing alike and the
posterior probability of Aα would go to 0. Therefore, the
values for the posterior bounds on the amplitude parameter
can be estimated using jδΨαðfref ; AαÞj ∼ 2π, where fref is
some reference frequency dependent on the system param-
eters and detector PSDs. Substituting into Eq. (19), we get

ΔAeffðαÞ ∼
2hc
DL

ðhfrefÞ1−α; ð33Þ

where ΔAeffðαÞ is the width of pðAeff jd;αÞ, the posterior of
the effective amplitude parameter for a given α. Comparing
widths for different dispersions,weget a scaling relationship

ΔAeffðαÞ
ΔAeffðα0Þ

¼ ðhfrefÞα0−α; ð34Þ

which we use in order to set the prior ranges for α < 0 using
our priors for the α ¼ 0 and α ¼ 0.5 dispersions. Note that
this should hold true only for α < 1 which gives low-
frequency corrections to the phasing. The α > 1 dispersions
give a high-frequency correction, so the reference frequency
used in the derivation is likely to be different. We verify this
scaling relationship in Sec. III D for our 43GWTC-3 events.

III. RESULTS

A. Injection tests

In our improved MDR test, we have changed the nested
sampler, switched the parameters we sample over, and
expanded the analysis to cover more possible dispersion
relations. Before reanalyzing the real events, we perform an
injection campaign to test the validity of our analysis.
We have chosen to analyze 100 BBH injections. We

sample the injection parameters from standard Bilby PE
priors, with two exceptions: we limited our chirp mass

FIG. 3. Example frequency-dependence of the speed of GWs
cgw, where approximate LVK and LISA bands are highlighted. The
behavior shown here is representative of what can be encountered
in theories of dark energy that affect cgw on cosmological scales,
with an asymptotic low-frequency speed cgw ¼ cgwð0Þ and a
transition to cgw ¼ c as one approaches the LVK band. The
high-frequency tail of this transition is what the MDR analyses
in the LVK band test, and this corresponds to probing negative
values of α in (30). See the main text for further details.

3As a related comment, note that while we test (half) integer
values of α here, this should be interpreted as a coarse-grained
search and not as motivated by underlying theoretical reasoning.

4In principle, our implementation of the MDR analysis is
compatible with setting a continuous prior on α, but we have
found this sampling method unstable in practice and were often
unable to recover the injected parameters during sampling. This is
likely due to the dimensions of Aα depending on α.
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Mc to a 10.2 − 50M⊙ range and luminosity distance DL
to a 1–750 Mpc range. The former was done for computa-
tional considerations, to limit our signals to an 8 s
window; the latter was done to ensure only sufficiently
loud signals are analyzed. We provide a summary of the
chosen priors in Table II in the Appendix.
The signals were injected into a 3 detector HLV network,

into Gaussian noise based on Advanced LIGO/Virgo
design sensitivity noise curves [59]. The minimum fre-
quency was set to 20 Hz, while the maximum was set to
2048 Hz, based on the sampling frequency of 4096 Hz. The
time window was set to 8 s. For the nested sampler, we
chose 1200 live points, to get well-behaved posteriors in a
reasonable time frame. The sampling priors were chosen to
be the same as the injection priors.
For every tested value of α (type of dispersion), 100 Aeff

samples were drawn from a uniform distribution—one for
every simulated BBH signal. The widths of those distri-
butions were chosen based on the posteriors from the
GWTC-3 MDR test: wide enough to include any recovered
value of Aeff for any individual event. Again, these injection
priors are summarized in Table II.
We found no problems with PE—we can always recover

the injected Aeff , as well as the GR parameters. We have
additionally performed the percentile–percentile (pp) test,
to investigate the self-consistency of our posteriors.
The results are presented in Fig. 4. For clarity, we have
chosen to show pp-plots only for Aeff parameters, with full
results summarized in Table III in the Appendix. The
p-values for individual parameters were computed using
the Kolmogorov–Smirnov test (KS test) [60] and combined
together using Fisher’s combined probability test [61].
We see that our posteriors are consistent with a uniform

distribution of percentiles, with the lowest p-value 0.1
obtained for α ¼ 2.5 and a combined p-value of 0.49.
There is, in general, no problem with the recovery of GR
parameters, with the notable exception of the α ¼ 2.5
injection set. This case has some of the lowest p-values,
particularly for the time of coalescence tc (0.001) and
primary spin magnitude a1 (0.005). Refer to the Appendix
for a detailed discussion.

B. Higher-order modes

As mentioned in Sec. II C, GWTC-3 has two events,
GW190412_053044 and GW190814_211039, with sig-
nificant HM contribution. As such, it is instructive to
see how accounting for HM affects the posteriors for
these events. We compare the posteriors obtained with
IMRPhenomXPHM and IMRPhenomXP waveform models while
keeping all the other sampler settings the same. We addi-
tionally compare it to the GWTC-3 results, rescaled to
account for changing the particle velocity parameterization
to group velocity.
We show an illustrative result in Fig. 5. Our posterior

obtained with the IMRPhenomXP waveform is close to the

GWTC-3 posterior, but without any secondary peaks, with
similar width, and shifted in a few cases. Compared to
our IMRPhenomXP posterior, our posterior obtained with
IMRPhenomXPHM is narrower with the peak shifting closer
to the GR value of Aα ¼ 0. This behavior is expected, as we
know the signal has an HM contribution. By neglecting it,
we are intentionally mismodeling the signal. This is
common for the two HM events across all the values of
α, but most pronounced for α < 1. For GW190412_053044,
the α ¼ 0 case posterior narrows enough that the GR value
lies outside 90% credible interval (CI). For α > 1, both
posteriors are more similar in shape, but still with noticeable
narrowing when including HM. Similar behavior occurs for
the GR parameters of the signal (e.g. chirp mass Mc).

FIG. 4. The pp-plot for the injection test of MDR. For clarity,
we plotted just the sampled non-GR parameter (Aeff , meff or
δΨMDR, depending on the injection set). The p-values were
computed from KS statistics, and are consistent with a uniform
distribution of percentiles. The combined p-value across the non-
GR parameters is 0.49.

FIG. 5. The GW190412_053044 posteriors for α ¼ 0 (left) and
α ¼ 3.5 (right) dispersions. Three posteriors are plotted: one
obtained using the IMRPhenomXPHM waveform (blue), one using
the IMRPhenomXP waveform (orange), and one from the GWTC-3
MDR analysis (green), also using the IMRPhenomXP waveform.
Dashed vertical lines indicate the median and the 90% CI. For
α ¼ 0, we see a drastic reduction in the width of the posterior,
while the width stays similar for the α ¼ 3.5 case. These are
illustrative for other analyses of events with significant HM
content.
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For GW190412_053044, we see a small multimodality in
Aα posterior for α ¼ 3.5 (and α ¼ 4.0; not shown). This is
unrelated to the presence of HMs. While Aα posterior is
unimodal for most events, a few show bimodalities for either
low or high values of α. They persist across different sampler
settings and random seeds, and are accurate posteriors for
the given realization of the interferometer data.

C. Effects of reweighting on the posteriors

As we explained in Sec. II D, a poor choice of the
sampling parameter in GWTC-3 resulted in a low effective
sample size in the posteriors. For some events, as much
as 95% of the samples were lost during the reweighting
process.
Our sampling in Aeff is much more efficient. The

histogram in Fig. 6 describes the sampling inefficiency
1 − ηeff of our results—the effective fraction of rejected
samples during the reweighting process. Only in 10% of the
cases do we lose more than 2.2% of the samples, with the
worst-case scenario of losing 8% of the samples. Compared
to the issues encountered by the GWTC-3 analysis, this is
minuscule and the effects of resampling on the posteriors
are minimal.
Consider the case GW200219_094415, α ¼ −3: the

analysis with the worst resampling efficiency
(ηeff ¼ 92%). In Fig. 7, we show two 1D posteriors for
this event before and after resampling. The effect is small—
in the A−3 posterior, there is a slight change in probability
between the two peaks of the distribution. We stress that
this is the worst-case scenario—for most of the reanalyzed
events, there is no visible change between the posteriors
before and after reweighting.

D. Testing extension of MDR to negative α

1. Recovery with mismatched dispersion template

As we already mentioned in Sec. II F, we pick values of
α∈ f−3;−2;−1g as our extension of the MDR test to
negative exponents. Since a priori, α could lie in between
the chosen values, in this section we will investigate
whether we can still recover a GR violation in this regime
if we were to perform PE assuming a kind of dispersion
(value of α) different from the one we actually inject.
We performed three sets of injections into Gaussian

noise with dispersions given by parameters αi ∈ f−0.5;
−1.5;−2.5g, each consisting of the same 50 simulated
BBH events. We chose the MDR amplitudes Aαi such that
each combined posterior shows a clear (but weak) deviation
from GR.5 Then, for each αi, we checked whether we again

recover a deviation from GR if we assumed values of
αr ∈ fαi � 0.5g (with consistent noise realization between
each set of PE runs).
In Fig. 8, we show an example of this process for

αi ¼ −0.5 and A−0.5 ¼ 8.1 × 10−23 peV2.5. The plots show
combined Aα posteriors recovered assuming dispersions
α∈ f0;−0.5;−1g, respectively. When correctly modeling
the injected dispersion (α ¼ −0.5), we recover the GR
value of Aα at the 0.80% percentile. If we perform PE of the
same injection with a different dispersion model, we
recover GR at the 0.17% (α ¼ 0) and 2.40% (α ¼ −1)
percentiles instead. The shift in percentiles is tiny, sug-
gesting that mismodeled dispersion would still correctly
recover a deviation from GR (for α ¼ 0, the deviation is
even slightly stronger than the true one).
We saw similar behavior for the other two injection sets as

well: instead of the GR percentile of 0.59% ð0.62%Þ when
recovering the parameters with the injected αi ¼ −1.5 (−2.5),
when assuming dispersion with αr ¼ αi � 0.5, we recover
GR at the 0.23% and 2.24% (the 0.24% and 1.44%)

FIG. 6. Resampling inefficiency (fraction of samples effec-
tively rejected during resampling) 1 − ηeff when transforming
from sampling posterior (uniform in Aeff ) to analysis posterior
(uniform in Aα). The dotted line indicates the 90% percentile. The
resampling is very efficient—in 90% of the cases, we keep more
than 97.8% of the samples.

FIG. 7. Posterior probability for the GW200219_094415,
α ¼ −3 PE run. This is the analysis with the worst resampling
efficiency, ηeff ¼ 92%. Posteriors on A−3 (left) and DL (right) are
plotted, both before (blue) and after (orange) reweighting. Only a
small change in posteriors is visible.

5Aαi ¼ 0 is recovered at the edge of the distribution—we
aimed around the 0.01 quantile. If the injected deviation from GR
was stronger, such that the GR value Aα ¼ 0 lies completely
outside the posterior distribution, then the small effect of
mismodeling the dispersion would still show a GR violation.

TESTING GENERAL RELATIVITY WITH GRAVITATIONAL … PHYS. REV. D 113, 064064 (2026)

064064-11



percentile, respectively—again, we pick up on the injected
GR violation.
Next, we compare the Bayes factors Bαr

αi between differ-
ent hypotheses (different dispersion relations in recovery
templates), with αi being the actual injected value and αr
the value used in the recovery. We can see the results in
Fig. 9, where we plot the individual as well as the combined
Bayes factors for all 50 simulated events.
In each case, we see no significant preference when

looking at individual events: values of lnBαr
αi lie in between

−1.37 and 0.87. When combining all 50 events together, for

αi∈f−0.5;−1.5;−2.5g, the respective values of lnBðαiþ0.5Þ
αi

are 4.48, 2.15, and −1.97, while for lnBðαi−0.5Þ
αi they are

−5.50, −3.86, and −0.37. To within the uncertainty on the

combined Bayes factor, σ ¼ 1.93, there is no strong
preference towards any value of α. This is consistent with
the combined Aα posteriors discussed above, where pos-
teriors are shifted just slightly when recovering them with
different α.
All this leads us to conclude two things. Firstly, probing at

α∈ f−3;−2;−1g should be sufficient to detect a possible
GR violation for any exponent between values of −3 and 0;
the GR value of Aα would still be recovered outside the bulk
of the posterior. Secondly, in the event a deviation is picked
up on, it may be hard to determine the specific nature of
the dispersion. If, for example, we were to conclude that
there is evidence for dispersion at α ¼ −1, wewould have to
perform further testing to rule out the possibility of α ¼ −1
masking as another dispersion. The corresponding con-
straints on the amplitude parameter Aα would, in contrast,
strongly depend on the value of α we choose.

2. Confirming hypothesis on ΔAα scaling

In Sec. II F, we predicted that the width of the posterior
distribution of the effective MDR amplitude parameter
ΔAeffðαÞ should scale as a power law with the exponent
“−α” for any given event. We confirm this hypothesis here
using the posteriors of all 43 GWTC-3 events we analyzed
in this paper.
Consider again Eq. (33). Taking the natural logarithm of

both sides, we establish a linear dependency of lnΔAeffðαÞ
on α, with the slope “− ln ðhfrefÞ” (common for different
MDR dispersions for any given event, but not necessarily
between different events):

lnΔAeffðαÞ ∼ − ln ðhfrefÞαþ const: ð35Þ

In practice, we define here ΔAeffðαÞ as the width of the
90% CI of the posterior pðAeff jd; αÞ. We then perform a
linear regression of lnΔAeffðαÞ½peV2−α� as a function of α

FIG. 8. Combined posterior distributions of the MDR ampli-
tude Aα for 50 simulated signals, with the injected dispersion
given by parameters α ¼ −0.5 and A−0.5 ¼ 8.1 × 10−23 peV2.5

(orange, solid line). The injected GR violation is also recovered
when assuming α ¼ 0 (left) and α ¼ −1 (right), at percentiles
0.17% and 2.40%, respectively (red, dashed lines). When instead
we assume the injected α ¼ −0.5 (middle), it takes the value
0.80% (green, dotted lines). Note the different energy dimensions
for Aα.

FIG. 9. Histograms showing how the Bayes factors lnBαr
αi

change when recovering the injected GR violation assuming
different forms of the dispersion. We compare mismatched form
of the dispersion αr ∈ fαi � 0.5g with the true injected dispersion
αi ∈ f−0.5;−1.5;−2.5g. There is no strong preference between
hypotheses for individual events. Above the histograms, we show
combined Bayes factors, each with uncertainty σ ¼ 1.93.

FIG. 10. Scaling of the width of the Aeff posterior as a function
of considered form of dispersion α for four illustrative events
from GWTC-3. The logarithm of width scales linearly with α,
indicating a power law relationship. The light gray lines in the
background correspond to the average slope between the events.
The worst fit to a linear function among all 43 GWTC-3 events is
GW190412_053044 (shown above in red).
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in the regime α < 1 to confirm the predicted scaling of the
posterior widths.
We show some illustrative examples of the fits in Fig. 10.

We see that, for most events, a linear function is a good fit
to our data, indicating that the widths of AeffðαÞ posteriors
are indeed well described by the proposed power law. The
event GW190412_053044 is an exception and was
included as it shows the worst fit to the power law among
all 43 events. The slope factor “− ln ðhfrefÞ” is in a similar
range for all of the considered events, with the average
value of 2.44, minimum of 1.88, and maximum of 2.72.
(The respective reference frequencies are 21, 37, and
16 Hz.) This agrees with our prediction that for each event,
the posterior widths scales as ΔAeffðαÞ ∼ ðhfrefÞ1−α with
different fref between events.6

For our extension of the MDR test, we stopped at
α ¼ −3. With the results above, we can extrapolate what
constraint we could place on the Aα parameter if we were to
extend our analysis to other negative powers.

E. Posteriors of individual GWTC3-events

In this section, we compare our new results with the
results from GWTC-3 for all 43 events included in the
MDR analysis. Before the comparison, we must stress two
points, related to us changing the parameterization from
particle velocity to group velocity.
First, as explained in Sec. II B, changing the parameter-

ization rescales the results from GWTC-3: Aα ⇒ Aα=
ð1 − αÞ. This has a double effect of automatically narrow-
ing all the Aα posteriors (apart from the α ¼ 1.5 case, where
the scaling factor is 1=ð1–1.5Þ ¼ −2) and reflecting them
for α > 1. When comparing our result to the GWTC-3
results, we mean GWTC-3 results transformed this way
unless noted otherwise.
Second, we do not perform a comparison for the α ¼ 1

dispersion. As demonstrated in Sec. II B, parameterization
in terms of the group velocity means we can no longer place
any bounds on A1, so comparison with GWTC-3 results is
not possible.
With the preliminaries out of the way, the changes in the

posteriors between our results and GWTC-3 results fall
into two broad categories—significant improvement or a
minor difference. We will illustrate this on an example
event, GW191204_171526. The dispersion α ¼ 0 gives a
drastically better posterior than the GWTC-3 result, while
α ¼ 3.5 is consistent with the old result. Both can be seen
in Fig. 11.
For the α ¼ 0 case, note the abrupt cutoff in the GWTC-

3 posterior—it is not associated with any railing in the
prior. The KDE performed for GWTC-3 results was

bounded—PDF outside the range determined by the mini-
mum and maximum sample was forced to be zero. If these
samples come from the tail of the true underlying distri-
bution, this does not cause any problems—probability
density near these samples is close to zero, so bounding
the KDE has almost no effect on the resulting distribution.
But with the low effective sample size neff caused by the
reweighting, the extremal samples can come from the
region of high probability density. The bounded KDE
introduces sharp artificial cutoffs in these cases.
While this can drastically alter the shape of individual

posteriors, it has no effect on the combined posteriors. With
43 events combined, the PDF near the edges of the
distribution will quickly go to 0 and the posteriors would
look the same either for a bounded or unbounded KDE.
Next, note the triple peak in the GWTC-3 posterior.

Again, this is caused by the low neff—we do not have
enough samples to adequately represent a wide single peak.
The clusters of the few samples in this peak we do get show
as multiple smaller peaks.
Both of the above problems disappear with our MDR

test—we obtain a unimodal posterior without any boundary
problems.We find this behavior common for the α ¼ 0 case,
with 30=43 events showing similar improvements from
GWTC-3 results. The case α ¼ 0.5 follows a similar pattern,
with 25=43 posteriors showing significant improvements.
For α∈ f1.5; 2.5; 3; 3.5; 4g, only 16=43 events show notice-
able improvements in the posterior, usually on a lesser scale
than the α ¼ 0 and α ¼ 0.5 cases (multiple peaks and sharp
cutoffs are less common for GWTC-3 results in this group).
This behavior is again consistent with the problem being
caused by reweighting.We explain in Sec. II D that the prior
width has a significant effect on the final result, and each α
has it own choice of prior. InGWTC-3, priors forα > 1were
better chosen than for α < 1—the latter had too wide

FIG. 11. The Aα posteriors of GW191204_171526. The new
results (blue) are compared with GWTC-3 results (orange). The
dashed lines indicate 0.05, 0.5, and 0.95 quantiles. Left: the low
effective sample size in GWTC-3 often resulted in multimodal,
sharply cut off posteriors corrected by our improved analysis, like
for α ¼ 0 dispersion. Right: in other cases, like for α ¼ 3.5, our
new results closely match the old ones. Both posteriors are
consistent with GR.

6The reference frequencies are all around 20 Hz, which is the
lower cutoff frequency in our analysis. MDR gives the largest
modification to the phase of the waveform at this frequency, for
α < 1.

TESTING GENERAL RELATIVITY WITH GRAVITATIONAL … PHYS. REV. D 113, 064064 (2026)

064064-13



bounds, resulting in very significant sample loss during
reweighting. Even for α > 1, the posteriors of individual
events vary in width, so for some of the events, the chosen
priors were too wide and we can see improvement in the
posteriors with our method.
For the second category of improvements (little to no

improvements in the posteriors), consider the A3.5 posterior
in Fig. 11. Both GWTC-3 and our results have a strong
single peak at the same location. The main differences are
tiny secondary peaks near the tails of the GWTC-3
posterior that are not present in our result. The new
posterior is slightly narrower than the old, which is a
common behavior in this group. We never observe a case
where our new posterior is noticeably worse than the
old one.
For the extension of the MDR test to α∈ f−1;−2;−3g,

the GR value Aα ¼ 0 is distributed uniformly among the
quantiles of the posterior, with the KS test returning
p-values 0.70, 0.40, 0.99 respectively. The posteriors are
mostly unimodal, with just 6=43 events having secondary
peaks. For those, the GR value is recovered in one of
the peaks.
As for the graviton mass posteriors, we mentioned in

Sec. II E how we can obtain them by sampling either inmeff
or Aeff, and then transforming the posterior. We compare
the two approaches together with the GWTC-3 results.
In Fig. 12, we show posteriors for GW190421_213856,
GW190512_180714, which exhibit features common
across events.
For 14=43 events, our new mg posteriors look very

similar to the old GWTC-3 posteriors, with just minor
changes in their shape (Fig. 12, left). For the remaining 29
events, there is a clear difference between the old and new
results (Fig. 12, right). This can again be attributed to the
low effective sample size in GWTC-3.
The posteriors do not always peak at mg ¼ 0 like for

GW190421_213856. In 16=43 cases, like for GW190512_
180714, posteriors peak away from 0. This is easily
understood in terms of the A0 ¼ m2

gc4 parameterization.
Assuming GR to be true, we expect the peak of the A0

posterior to be centered equally likely on negative and
positive values. When transforming to the mg posterior,
negative values have to be rejected, so the peak moves to
mg ¼ 0, while in the positive case the peak survives and
shows in the mg posterior, away from 0.
Posteriors sampled onmeff or Aeff follow the same shape,

with posteriors matching almost exactly (like for
GW190421_213856) or showing noticeable deviation in
some regions (like GW190512_180714, near the peak of
the posterior, Fig. 12). In all cases, the posteriors are more
similar to each other than to the equivalent GWTC-3
posterior. These discrepancies are most likely attributed
to the finite sample size leading to uncertainty on the
posteriors. In particular, transforming an A0-sampled pos-
terior to an mg posterior can drastically reduce the number

of samples (we have to reject samples with A0 < 0),
making its shape more prone to errors.

F. Combined bounds on amplitude parameters
and the graviton mass

For combining information from multiple events, we can
use Eq. (4) due to the independence of separate observa-
tions. As we have chosen a uniform prior, the combined
posterior is just proportional to the product of the individual
posteriors. We plot the result in Fig. 13 and summarize the
results in Table I.
We see that even with significant differences in individ-

ual posteriors between GWTC-3 and our results, the
difference in combined posteriors is more modest. On
average, we observe a 17% reduction in the width of the
combined Aα posteriors, with the smallest improvement of
6% for α ¼ 2.5 and the biggest improvement of 27% for
α ¼ 4. This includes the effects of transforming GWTC-3
posteriors to the group velocity parameterization.7 For
α∈ f0.5; 1.5; 2.5g, the quantile at which GR is recovered
moves further away from the median in our results,
compared to GWTC-3 results. α ¼ 1.5, 2.5 are also the
only cases where GR is recovered outside the 90% CI, at
quantiles 1.3% and 96.3%, respectively.8 Similar to
GWTC-3, where α ¼ 1.5, 3 recovered GR outside 90%
CI, this is primarily driven by GW200219_094415 and
GW200225_060421, which recover GR near the edge of

FIG. 12. Comparison of graviton mass posteriors when sam-
pling on mg (blue) or A0 (orange) with the old GWTC-3 results
(green). Left: For some events, like GW200129_065458, all
posteriors closely match each other. Right: For others, like
GW190521_074359, the shapes of the posteriors differ. Our
new results are more similar to each other (between sampling
methods) than to the old posteriors. Dashed lines indicate 90%
bounds on the graviton mass.

7Without this process, our new posteriors for α ¼ 1.5 and
α ¼ 2.5 are actually wider.

8This is not entirely unexpected—we are testing ten param-
eters, so just by statistical fluctuations we would expect around
one parameter to be recovered outside 90% CI.
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their posteriors. Without inclusion of these two events, all
the combined posteriors would recover GR inside the 90%
CI. We did not find any problems in the analysis of these
events and so kept them in the combined analysis. As the
apparent tension with GR is driven by two extreme events,
we expect it to disappear in the future, when more events
are analyzed. For the newly tested cases of
α∈ f−3;−2;−1g, GR is very well recovered with the
median within 1σ of the GR value Aα ¼ 0.
Notice that the worst deviations from GR (and the widest

posteriors) occur near α ¼ 1 and α ¼ 2—dispersions we
excluded, as it is impossible to get any constraints on those
parameters.
In Fig. 14, we show the combined graviton mass

posterior, under a prior flat in graviton mass. We see that
our new 90% bound on the graviton mass moved from
2.42 × 10−11 peV to 2.21 × 10−11 peV (2.62 × 10−11 peV
when sampling on meff instead of Aeff ). This relatively
small change from the original results suggests that the

effect of low effective sample sizes in individual GWTC-3
posteriors canceled out when combined, and the result is
similar to the one obtained with our improved sampling
method.
We note a concerning feature whereby the posterior has a

peak away from zero when sampling in meff with a shape
noticeably different than when sampling in Aeff and then
transforming the samples. In principle, these posteriors
should agree, and this is indeed the case on an event-by-
event basis.However,KDE introduces different errors on the
posteriors depending onwhich space they are performed (mg

versusA0). Themg case has to contendwith boundary effects
near mg ¼ 0 that distort the shape of the individual poste-
riors, which are then magnified when we combine the
posteriors together. As a result, the posterior is less stable
against the choice of the kernel bandwidth used than the
posterior obtained from KDE in the A0 space. As such, we
decide to rely on the transformation of theA0 posterior when
quoting our combined bounds on graviton mass.

FIG. 13. Posteriors on the amplitude parameters Aα. Results from GWTC-3 (corrected for the change of parameterization to group
velocity) are indicated by a shaded light-gray area, while our new results are represented by blue curves. The error bars indicate 90% CIs.
Posteriors are close to each other, but the new posteriors are on average 17% narrower and shifted towards GR, apart from α ¼ 2.5
dispersion, which moves away from GR. For α ¼ 1.5 and α ¼ 2.5, GR lies outside the 90% CI.

TABLE I. Combined results of the MDR analysis compared with the GWTC-3 results. The table shows 90% CIs for dimensionless
graviton mass m̄g ¼ mg=ðpeV=c2Þ and the dimensionless amplitude parameters Āα ¼ Aα=peV2−α. The quantiles of the GR hypothesis
QGR ¼ PðAα < 0Þ are included as well.

mg Ā−3.0 Ā−2.0 Ā−1.0 Ā0.0 Ā0.5

90% 5% 95% QGR 5% 95% QGR 5% 95% QGR 5% 95% QGR 5% 95% QGR

½10−11� ½10−24� % ½10−23� % ½10−22� % ½10−21� % ½10−20� %

GWTC-3 2.42 −2.07 0.43 86.3 −1.13 0.10 91.2
Updated 2.21 −0.38 1.59 15.7 −0.53 1.42 22.3 −0.86 1.04 45.6 −1.63 0.41 84.1 −0.94 0.07 92.2

Ā1.5 Ā2.5 Ā3.0 Ā3.5 Ā4.0

½10−20� % ½10−20� % ½10−20� % ½10−21� % ½10−21� %

GWTC-3 0.96 8.11 1.9 −2.19 0.35 87.5 −1.28 −0.14 97.8 −5.18 0.29 92.9 −2.74 0.46 85.7
Updated 0.95 6.83 1.3 −2.50 −0.11 96.3 −0.85 0.09 90.4 −3.89 0.85 85.0 −1.69 0.64 75.3
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IV. CONCLUSIONS

We have improved on the MDR test performed in
GWTC-3 [8] and verified on an injection campaign that
it produces consistent, well-behaved posteriors. For many
events, our method performs significantly better than the
method employed in GWTC-3, giving more accurate
posteriors with better effective sample sizes. This does
not extend to combined results, with only a small difference
between our result and GWTC-3. This reassures us that
conclusions drawn from GWTC-3 about modified
dispersion should remain correct.
For follow-up work, we plan to apply our MDR analysis

in the tests of GR with the upcoming GWTC-4. With the
amount of analyzed events expected to roughly double, we
expect tighter constraints on the amplitude parameters and
graviton mass. For dispersions showing currently a tension
with GR values (like α ¼ 1.5 recovering the GR value at
the 1.8% percentile), analyzing additional events might
help to resolve it.
Our improvements to the MDR test might affect the

MDR analysis with population-informed inference [62].
The authors of the paper show substantial improvement on
the bounds of the graviton mass by incorporating popula-
tion information about the distribution of astrophysical
masses. Our results should more accurately recover the
component masses (due to the low effective sampling size
of GWTC-3 results), which can affect selection effects due
to population models. Additionally, the authors had to
combine the posteriors on mg in the log space for well-
behaved results. We predict that with our results it should
be possible to combine posteriors directly in mg space.
We have not done any testing of our improved method on

binary neutron stars or neutron-star-black-hole systems.
Those kinds of signals were excluded from GWTC-3
analysis due to computational constraints (long duration
of the signals), and we ran into the same problem with
parameter estimation taking too long. As these kinds of

events are rarer and tend to be closer to us, excluding them
should not have a significant effect on the combined
posteriors. Nevertheless, in the future, we will investigate
possible speed-up algorithms for the MDR test to make the
analysis of long signals feasible.
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APPENDIX: FULL RESULTS OF PP-TEST

In Sec. III A, we performed an injection campaign to test
the self-consistency of posteriors obtained with our MDR
test. In Table II, we provide the priors we used for drawing
our injection parameters and sampling. The first part of the

FIG. 14. Combined graviton mass posteriors for the 43 GWTC-
3 events. The posterior obtained from sampling in mg (blue) is
compared with one obtained from sampling in A0 (orange) and
with the old GWTC-3 results (green). Dashed lines indicate 90%
bounds on graviton mass.
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TABLE II. Priors chosen for our injection campaign and for generating pp-plots.Mc stands for chirp mass, q for
mass ratio, ai for the dimensionless spin magnitude of the binary component, with θi the corresponding angle
between the spin and the orbital angular momentum; ϕ12 is the azimuthal angle separating the spin vectors and ϕJL
is the cone of precession around the total angular momentum;DL is the luminosity distance, while DEC and RA are
the declination and right ascension; θJN is the angle between the binary’s angular momentum and the line of sight, ψ
is the polarization angle, and ϕ and tc are the phase and time at coalescence. Other parameters parameterize
deviation from GR for different dispersions.

Parameter Prior Minimum Maximum Unit

Mc Uniform in components 10.2 50 M⊙
q Uniform in components 0.05 1 � � �
a1, a2 Uniform 0 0.99 � � �
θ1, θ2 Sine 0 π � � �
ϕ12;ϕJL Uniform 0 2π � � �
DL Uniform source frame 1 750 Mpc
DEC Cosine −π=2 π=2 � � �
RA Uniform 0 2π � � �
θJN Sine 0 π � � �
ψ Uniform 0 π � � �
ϕ Uniform 0 2π � � �
tc Uniform −0.1 0.1 s

Aeff
−3 Uniform −1.7 × 10−22 1.7 × 10−22 peV5

Aeff
−2 Uniform −2 × 10−21 2 × 10−21 peV4

Aeff
−1 Uniform −2.5 × 10−20 2.5 × 10−20 peV3

Aeff
0

Uniform −3 × 10−19 3 × 10−19 peV2

Aeff
0.5 Uniform −2 × 10−18 2 × 10−18 peV1.5

Aeff
1.5 Uniform −6 × 10−18 6 × 10−18 peV0.5

Aeff
2.5 Uniform −2 × 10−18 2 × 10−18 peV−0.5

Aeff
3.0 Uniform −9 × 10−19 9 × 10−19 peV−1.0

Aeff
3.5 Uniform −7 × 10−19 7 × 10−19 peV−1.5

Aeff
4.0 Uniform −1 × 10−18 1 × 10−18 peV−2.0

meff
g Uniform 0 5.5 × 10−10 peV

ΨMDR Uniform 0 2π � � �

TABLE III. Results of the p-p test for all sampled parameters. For the dispersion case A1, we sampled in the MDR
phase, ΨMDR. The bottom row displays the combined p-value for a given injection set across all the parameters.

A−3 A−2 A−1 A0 A0.5 A1.5 A2.5 A3 A3.5 A4 mg A1

Mc 0.75 0.43 0.21 0.95 0.77 0.09 0.70 0.65 0.88 0.91 0.23 0.20
q 0.82 0.94 0.64 0.53 0.25 0.08 0.62 0.56 0.36 0.27 0.59 0.60
a1 0.42 0.26 0.16 0.25 0.05 0.81 0.00 0.07 0.02 0.20 0.81 0.51
a2 0.15 0.11 0.03 0.08 0.15 0.15 0.03 0.11 0.15 0.13 0.24 0.04
θ1 0.74 0.51 0.82 0.73 0.38 0.31 0.45 0.75 0.60 0.85 0.65 0.54
θ2 0.55 0.49 0.74 0.52 0.69 0.71 0.08 0.31 0.63 0.54 0.62 0.44
ϕ12 0.51 0.86 0.85 0.91 0.85 0.55 0.95 0.92 0.88 0.99 0.67 0.07
ϕJL 0.19 0.45 0.29 0.11 0.36 0.15 0.48 0.67 0.48 0.10 0.44 0.48
DL 0.26 0.37 0.10 0.06 0.11 0.04 0.36 0.21 0.48 0.87 0.59 0.01
DEC 0.79 0.97 0.96 0.42 0.87 0.40 0.89 0.89 0.28 0.34 0.87 0.77
RA 0.51 0.33 0.82 0.99 0.57 0.10 0.42 0.51 0.84 0.46 0.30 0.79
θJN 0.19 0.07 0.41 0.05 0.01 0.25 0.03 0.23 0.09 0.05 0.27 0.17
ψ 0.57 0.92 0.88 0.23 0.55 0.42 0.87 0.60 0.69 0.90 0.88 0.38
ϕ 0.33 0.89 0.64 0.69 0.33 0.27 0.25 0.82 0.91 0.40 0.48 0.54
tc 0.56 0.24 0.40 0.41 0.51 0.46 0.01 0.05 0.05 0.13 0.35 0.26
Aeff 0.66 0.95 0.61 0.20 0.25 0.29 0.10 0.59 0.22 0.49 0.77 0.28

0.76 0.73 0.62 0.22 0.13 0.05 0.01 0.47 0.26 0.38 0.90 0.09
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table details priors common for each tested modified
dispersion, while the second part details priors on the
non-GR parameters, unique for every tested dispersion.
In the main body of the paper, we provided results of the

pp-test only for GR-violating parameters, as those are of
interest for performing MDR tests. In Table III, we present
the full result of our pp-test for every parameter and every
dispersion case considered. As before, these are calculated
using the KS test.
We obtain the lowest combined p-value (0.01) for

α ¼ 2.5 dispersion. It is driven primarily by the recovery

of spin magnitudes (a1;2), time of coalescence (tc), and
the angle between the total angular momentum and the
line of sight (θJN). This points to a possibility that our
chosen number of live points (n ¼ 1200) for our injec-
tion test might have been too low to obtain fully accurate
16-D posteriors, at least for α ¼ 2.5 dispersion. For our
test, we need only the marginalized Aeff posteriors
though, and we have not found any problem with those
in our injection tests. Still, while running the MDR test
on real events, we have raised the number of live points
to 1500.

[1] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 061102 (2016).

[2] B. P. Abbott et al. (KAGRA, LIGO Scientific, and Virgo
Collaborations), Living Rev. Relativity 21, 3 (2018).

[3] J. Aasi et al. (LIGO Scientific Collaboration), Classical
Quantum Gravity 32, 074001 (2015).

[4] F. Acernese et al. (Virgo Collaboration), Classical Quantum
Gravity 32, 024001 (2015).

[5] Y. Aso, Y. Michimura, K. Somiya, M. Ando, O. Miyakawa,
T. Sekiguchi, D. Tatsumi, and H. Yamamoto (KAGRA
Collaboration), Phys. Rev. D 88, 043007 (2013).

[6] B. P. Abbott et al. (LIGO Scientific, Virgo, and KAGRA
Collaborations), Phys. Rev. D 100, 104036 (2019).

[7] R. Abbott et al. (LIGO Scientific, Virgo, and KAGRA
Collaborations), Phys. Rev. D 103, 122002 (2021).

[8] R. Abbott et al. (LIGO Scientific, Virgo, and KAGRA
Collaborations), Phys. Rev. D 112, 084080 (2025).

[9] M. Agathos, W. Del Pozzo, T. G. F. Li, C. Van Den Broeck,
J. Veitch, and S. Vitale, Phys. Rev. D 89, 082001 (2014).

[10] A. K. Mehta, A. Buonanno, R. Cotesta, A. Ghosh, N.
Sennett, and J. Steinhoff, Phys. Rev. D 107, 044020 (2023).

[11] S. Mirshekari, N. Yunes, and C. M. Will, Phys. Rev. D 85,
024041 (2012).

[12] N. V. Krishnendu, K. G. Arun, and C. K. Mishra, Phys. Rev.
Lett. 119, 091101 (2017).

[13] E. Maggio, H. O. Silva, A. Buonanno, and A. Ghosh, Phys.
Rev. D 108, 024043 (2023).

[14] K. G. Arun, B. R. Iyer, M. S. S. Qusailah, and B. S.
Sathyaprakash, Classical Quantum Gravity 23, L37 (2006).

[15] N. Yunes and F. Pretorius, Phys. Rev. D 80, 122003
(2009).

[16] G. Calcagni, Phys. Rev. Lett. 104, 251301 (2010).
[17] G. Amelino-Camelia, Nature (London) 418, 34 (2002).
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