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In this work, we study the implications of GW230529 on gravity theories and the charge of black holes.
The GW230529, which was initially released in O4a, is most likely neutron-star-black-hole mergers. We
reanalyze the data from the GW230529 event to obtain bounds on the Einstein-dilation-Gauss-Bonnet
(EdGB) gravity parameter

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
and the electric charge of compact binary systems. The event places a

90% credible upper bounds on
ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
of ≲0.298 km. After including high order corrections of EdGB

gravity, the bounds improve to
ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p ≲ 0.260 km. Analyses of GW230529 also yield a 90% credible
upper bounds on the combination of charge-to-mass ratio of the binary components ζ ≲ 0.024. The
constraints are more stringent than those derived from previously observed single gravitational wave
merger event.

DOI: 10.1103/PhysRevD.110.044022

I. INTRODUCTION

The fourth observing run (O4) of the Advanced LIGO
(aLIGO), Advanced Virgo, and KAGRA observatory net-
work commenced on May 24, 2023. The first part of the
fourth observing run (O4a) concluded at 16:00 UTC on
January 16, 2024. Shortly after the start of O4a, aLIGO
detected a gravitational wave (GW) signals GW230529_
181500 (hereafter referred to as GW230529) with a signal-
to-noise ratio of 11.6. GW230529 was emitted from the
coalescence of a compact binary star with masses in the
ranges of 2.5 − 4.5M⊙ and 1.2 − 2.0M⊙, as measured at
the 90% credible intervals [1]. The analysis of GW230529
does not provide information about the tidal deformability
of the secondary object and the primary object’s tidal
deformability is estimated to peak at zero. Based on the
GW data alone, definitively identifying the components of
GW230529 remains challenging. However, by considering
existing estimations for the maximum neutron star mass [2],
the most plausible interpretation is that GW230529 resulted
from the merger of a neutron star and a black hole. Notably,
the extended inspiral signals observed by aLIGO in
GW230529 could provide more stringent constraints on
deviations fromgeneral relativity or the presence of charge in
black holes within the parametrized post-Einsteinian (ppE)
framework [3,4].

Scalar Gauss-Bonnet (sGB) gravity extends general
relativity (GR) by incorporating a dynamical scalar field
coupled to the Gauss-Bonnet invariant. This modification
introduces a coupling constant αGB, which has a dimension
of length squared. The literature on sGB gravity and its
implications is extensive and continues to evolve (see, for
instance, Refs. [5,6] for comprehensive reviews and
Refs. [7–13] for recent developments). A particular variant
of sGB gravity, Einstein-dilaton Gauss-Bonnet (EdGB)
gravity, introduces a dilaton scalar field, motivated by
string theory and cosmological inflationary models [14,15].
Significant effort has been devoted to constraining the
parameter

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
, with a comprehensive summary avail-

able in Table I. In addition to studying constraints from
ground-based GW detectors, there are some researches on
constraints from future space-based GW detectors. For
instance, the TianQin mission is expected to refine these
constraints to an order of Oð0.1Þ km using extreme mass
ratio GW sources [16]. Additionally, the capability of
space-based GW observatories such as LISA, TianQin,
and Taiji to constrain EdGB gravity has been discussed in
recent literature [17–19]. For events involving high-mass
systems, the quasinormal mode corrections of EdGB
gravity are significant [20]. GW from extreme mass ratio
inspirals have also gained noticeable attention due to their
potentiality in testing deviations from Kerr geometry
[21,22]. This paper focuses on the corrections in the
inspiral phase, as both components of GW230529 are of
relatively low mass.
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Astrophysical black holes (BHs) are typically assumed
to be Kerr black holes due to decharging processes from
their surrounding environments. However, GR [33,34] and
theories beyond the Standard Model [35] suggest that BHs
can possess various types of charges. Moreover, observa-
tional evidence confirming the charge neutrality of BHs
remains elusive. Consequently, there is a strong impetus to
determine the electric charge of BHs. Several method-
ologies have been developed to limit the electric charge of
BHs. For example, imaging supermassive black holes with
the Event Horizon Telescope has provided constraints on
the charge-to-mass ratio at a 68% credible level, yielding a
value of 0.72 [36–38]. Additionally, studies on the brems-
strahlung emission profile of BHs [39,40] have established
an observational upper bound on the charge of Sgr A�,
which ≲3 × 108 C. The presence of electric charge in BHs
could also alter the waveform of GW during the coales-
cence of binary compact objects. This modification pro-
vides a novel avenue to constrain BH charges through GW
events. Specifically, the inspiral, merger-ringdown signals,
and electromagnetic counterparts associated with GWs can
individually provide bounds on the charge of BHs [41–46].
In this work, by incorporating modifications to the GW

phase within the ppE framework, we conduct Bayesian
analyses using GW230529 data to constrain parameters in
EdGB theories and the potential charge of black holes. The
refined results from the inspiral signal of the GW data
establish more stringent limits compared to previous
studies. The methodology employed, involving the ppE
framework and Bayesian analysis, is detailed in Sec. II. The
main findings are discussed in Sec. III, and a summary of
the study is presented in Sec. IV. Throughout this paper, we
adopt units where G ¼ c ¼ 1, unless otherwise specified.

II. METHOD

The ppE framework was originally introduced to inves-
tigate possible deviations from GR and probe alter-
native theories of gravity [3]. The ppE waveform model in
inspiral regime is formulated as follows: h̃ppEðfÞ ¼
h̃GRðfÞð1þ αuaÞeiβub , where ðα; a; β; bÞ are the ppE param-
eters. Here u ¼ πMf is the inspiral reduced frequency, and
M ¼ ðm1m2Þ3=5=ðm1 þm2Þ1=5 is the chirpmass. Thework

by Tahura et al. [28] shows that sole phase corrections are
capable of providing reliable constraints. Consequently, we
focus onphase corrections arising fromnon-Kerr effects. The
ppE waveform model can be simplified as h̃ðfÞ ¼
AðfÞeiΨGRðfÞþiβEdGB;chargeðπMfÞb , where the additional modifi-
cations to the GW phase appear at −1PN for both EdGB
gravity and charge effect of BHs. Specifically, for EdGB
gravity, the ppE parameters are [47]

βEdGB ¼ −
5

7168

ðm2
1s

EdGB
2 −m2

2s
EdGB
1 Þ2

η18=5M4

16πα2EdGB
M4

; ð1Þ

where η ¼ m1m2=M2 is the symmetric mass ratio, M ¼
m1 þm2 is the total mass, and sEdGBi ¼ 2ð

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2i

p
− 1þ

χ2i Þ=χ2i are the dimensionless BH charges in EdGB gravity.

Here, χi ¼ Si
!

· L̂=m2
i represents the dimensionless spins

component of the BHs in the direction of the orbital angular
momentum. In a neutron-star-black-hole (NSBH) binary
system, the scalar charges sEdGB vanish for neutron stars
[48]. Considering that the phase corrections stemming
from EdGB modifications are small perturbations com-
pared to the GR contributions, the coupling parameters
must satisfy the small coupling approximation ζEdGB ¼
16πα2EdGB=m

4
s < 1. Following Refs. [25,27,31], we use the

threshold

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
≤

ms

ð32πÞ1=4 ¼ 0.466
ms

M⊙
½km�; ð2Þ

where ms is the smallest mass scale of a system and M⊙
means solar mass.
In general, the waveform models of GW do not include

the charge of BHs. By considering the charge effects as a
perturbation in the inspiral stage, the corrections due to the
electric dipole radiation on the waveform can be captured
by the ppE framework. The coefficients can be written as
[35,41,49],

ΔΨcharge ¼ βchargeðπMfÞb;

¼ −
5

3584
η2=5ζ2κ2ðπκMfÞ−7=3; ð3Þ

TABLE I. Constraints on αEdGB in previous studies.

LMXB NS GW(BBH) GW(NSBH) Stackingffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
[km] 1.9 [23] 1.29 [24] 0.27 (0.254)a GW190814 [25] 0.25 (0.98)b GWTC-3 [25]

5.6 GW170608 [26] 1.1 (0.87) GW200115 [25] 1.18 GW200105, GW200115,
GW190814 and BBHs [27]

4.3 GW151226 [28] 1.33 GW200115 [27] 1.85 GWTC-1 [29]
0.4 GW190814 [30] 2.18 GW190814 [25] 1.7 GWTC-1 and GWTC-2 [31]
0.8 GW190814 [32]

aValues in parentheses represent results from analyses with merge-ringdown contributions.
bAssuming GW190814 as a NSBH merger, the constraints are 0.98.
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where the difference between the charge of binary stars is
denoted as ζ ¼ jλ1 − λ2j=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − λ1λ2

p
, with λi ¼ qi=mi rep-

resenting the charge-to-mass ratio and qi representing the
electric charge. The above equation is applicable to binary
systems where one or both components possess an electric
charge. Although neutron stars are typically regarded as
electrically neutral, several theoretical models propose the
existence of charged neutron stars [50–52]. Consequently,
we focus on deriving constraints on the combination of
electric charges of the binary components, rather than setting
λNS to zero. In this work, the effects of charge are considered
as small perturbations, i.e., κ ¼ 1 − λ1λ2 ≈ 1.
In the context of data processing, the posterior proba-

bility distribution of parameters ϑ given data d is defined by
the following expression:

pðϑjd;HÞ ¼ pðdjϑ;HÞpðϑjHÞ
pðdjHÞ ¼ pðdjϑ;HÞpðϑjHÞR

dϑpðdjϑ;HÞpðϑjHÞ ;

ð4Þ

as derived from Bayes’s theorem. Here, pðdjϑ;HÞ, pðϑjHÞ
and pðdjHÞ represent the likelihood, the prior, and the
evidence, respectively. In cases of stationary and Gaussian
noise, the likelihood is modeled as

pðdjϑ;HÞ ∝ exp

�
−
1

2

XN
j¼1

ðdj − hjjdj − hjÞ
�
; ð5Þ

where dj and hjðϑÞ denote the data and the waveform
model for the ith detector, respectively. The noise-weighted
inner product ðaðtÞjbðtÞÞ is defined by

ðaðtÞjbðtÞÞ ¼ 2R
Z

fhigh

flow

ã�ðfÞb̃ðfÞ þ ãðfÞb̃�ðfÞ
SnðfÞ

df; ð6Þ

where flow and fhigh are the high-pass and low-pass cutoff
frequencies of GW data, � indicates the complex conjugate,
and SnðfÞ is the power spectral density. In this study, we
primarily examine the inspiral phase. According to
Refs. [53,54], the transition frequency from inspiral to
intermediate phase is given by the relation Mft ¼ 0.018,
where M is the detector frame’s total mass of the binary.
Therefore, we set the high-pass and low-pass cutoff frequen-
cies at flow ¼ 20 Hz and fhigh ¼ 0.018=½ðm1 þm2Þ� ¼
584 Hz, respectively. We conduct Bayesian parameter esti-
mation for GW230529 using the Bilby package [55] and the
DYNESTY sampler [56] with 1000 live points. The number of
sampling steps ranges from aminimumof 100 to amaximum
of5000.Whenbounding electric chargesof thebinary,we set
κ ¼ 1 and sample over ζ. Uniform priors are assigned forffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
and ζ over the intervals [0, 5] km and ½0; ffiffiffi

2
p �,

respectively. For other parameters, we adhere to the priors
utilized in Ref. [1].

III. RESULTS

To date, solar mass black holes have not been observed
yet. GW230529 is more plausibly a NSBH merger [57,58],
although the possibility of a binary black hole (BBH)
merger cannot be entirely ruled out based solely on GW
data [59]. This study, therefore, investigates the constraints
imposed by GW230529 on the interpretation of NSBH
mergers. We present the posterior distributions derived
from Bayesian analyses using various waveform models in
Figs. 1 and 2. Figure 1 displays results that include -1PN
corrections, while Fig. 2 incorporates results with higher-
order PN corrections. We obtain the constraints under
various waveform models, including IMRPhenomNSBH
[60] and IMRPhenomPv2_NRTidalv2 [61]. Given the large
mass ratio of GW230529, the tidal effects of the secondary
star on the waveform are minimal. Accordingly, it is
feasible to use the IMRPhenomXPHMmodel [62], initially
developed for BBH mergers, to analyze NSBH events.
For IMRPhenomPv2_NRTidalv2 and IMRPhenomNSBH
waveforms, uncertainties related to the equation of state of
neutron stars are not considered. Specifically, the primary
star’s tidal deformability is assumed to be Λ1 ¼ 0, whereas
the secondary star’s tidal deformability, Λ2, is determined

FIG. 1. Posterior probability distributions of some key param-
eters, e.g., the gravitational coupling constant

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
, the

masses of the primary (m1) and secondary (m2) components
in the detector frame, and the luminosity distance (dL) for
GW230529. The golden, red, and blue colors represent analyses
conducted with the IMRPhenomPv2_NRTidalv2, IMRPhe-
nomNSBH, and IMRPhenomXPHM (tidal effects are omitted)
waveform models, respectively. The contours indicate the 90%
credible intervals. The diagonal entries display the median values
and the corresponding 90% interval ranges.
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using the BSK24 EOS [63–65], consistent with the
approach in Ref. [1].
The constraints established by GW230529 on αEdGB are

≲0.415 km for IMRPhenomPv2_NRTidalv2, ≲0.361 km
for IMRPhenomNSBH, and ≲0.298 km for
IMRPhenomXPHM with tidal effects of the event
neglected. Notably, IMRPhenomXPHM provides margin-
ally better constraints on

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
compared to other two

waveform models, likely due to its more precise modeling.
For EdGB gravity, the leading corrections dominate at
frequencies f ≲ 200 Hz, whereas higher order corrections
become significant at higher frequencies. Given the rela-
tively low mass of the components in GW230529, the
inspiral signals extend to higher frequencies, necessitating
further investigation into αEdGB constraints in conjunction
with advanced post-Newtonian (PN) phase corrections. The
ppE framework, incorporating phase corrections up to 2PN
order, is expressed as δΨ ¼ P

i β
PPE
i v−5þ2i, where v ¼

ðπMfÞ1=3 and i represents PN orders of −1, 0, 0.5, 1, 1.5,
and 2. The coefficients βi are detailed in Ref. [27].
Incorporating higher-order corrections of EdGB gravity,
the 90% upper bounds are 0.260 km using the
IMRPhenomXPHM model and 0.358 km using the
IMRPhenomPv2_NRTidalv2 model, representing improve-
ments of 13% and 14%, respectively. As illustrated in Fig. 2,
the median value and upper limit of

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
have shown

enhancements across all waveform models. We also check
the validity of the small coupling approximation. As shown
in Fig. 3, we find that GW230529 can place meaningful
constraints on

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
for all results. It is crucial to note that

the higher PN corrections applied here do not account for
tidal effects, which is outside the scope of this study. A
summary of these bounds is provided in Table II.
When investigating the potential charge of the binary,

we do not consider non-GR gravity effects. Analysis
conducted with the IMRPhenomPv2_NRTidalv2 and
IMRPhenomNSBH waveform models constrains the
parameter ζ to be less than 0.024 and 0.027 at the 90%
credible upper level, respectively. When neglecting the
tidal effects and utilizing the IMRPhenomXPHM wave-
form model, the constraint on the charge tightens to
ζ ≲ 0.019. Figure 4 illustrates the posterior distribution
of ζ for GW230529. These constraints are more stringent
than the previously most restrictive limit of 0.21 at the 90%
credible level, established by GW170608 [41]. The tightest
bound on the charge-to-mass ratio of a single BH is 0.3,
achieved at 90% credibility by the remnant BH of
GW150914 [42]. The constraints on the charge-to-mass
ratio can be improved to 0.2 with merger-ringdown signals

FIG. 2. Similar to Fig. 1 but for results with inclusion of high
order corrections.

FIG. 3. Comparison between the posterior distributions offfiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
and the requirements of the small coupling approxima-

tion. The vertical lines represent the thresholds of
ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
given

by Eq. (2). It should be noted that the majority of the posterior
distributions from each parameter estimation analysis fall within
the threshold of the small coupling approximation. The solid and
dotted lines denote results obtained with high order corrections
and −1PN corrections, respectively.

TABLE II. The 90% upper bounds on
ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p
from

GW230529.

Waveform models NSBH NSBH (HPN) Improvement (%)

IMRPhenomXPHM 0.298 0.260 13
IMRPhenomPv2_
NRTidalv2

0.415 0.358 14

IMRPhenomNSBH 0.361 0.350 3
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of a GW150914-like event for the Einstein Telescope [46].
Considering potential electromagnetic counterparts asso-
ciated with GW200105, the estimated upper limit on the
charge-to-mass ratio for the BH is 4.3 × 10−3 [45]. Due to
the unknown charge of NS in GW230529, the posterior
distributions of the charge-to-mass ratio cannot be obtained
from the distributions of ζ. Nevertheless, even when the
charge-to-mass ratio of an NS reaches as high as 0.1,1 the
distribution of κ (converted from the posterior of ζ) is

consistence with the small perturbation assumption (κ ≈ 1)
used in the parameter estimation. Consequently, the con-
straints on ζ provide meaningful limits.

IV. CONCLUSIONS

In this work, we reanalyzed the GW event GW230529
within the ppE framework to impose constraints on the
coupling parameters of EdGB gravity and the charge of
this binary system. Given that GW230529 is a NSBH
merger, we established an upper bound of

ffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p ≲
0.298 km at the 90% credible level, with different wave-
form models resulting in slight variations in the con-
straints. By incorporating higher-order post-Newtonian
phase corrections, we achieved tighter bounds, withffiffiffiffiffiffiffiffiffiffiffiffi
αEdGB

p ≲ 0.260 km. These are the first constraints
derived from low mass NSBH mergers with higher-order
post-Newtonian corrections. Considering the unknown
nature of GW190814, the bounds presented here are
the most stringent bounds among all robust results. The
degree of improvement in these constraints varies across
different waveform models. In addition to its implications
for EdGB gravity, GW230529 also establishes a stringent
limit on the charge of coalescing binary systems of
compact objects, with an upper limit of 0.024 at the
90% credible level. This is the first constraint from a
NSBH system with GW data. While these constraints are
less stringent than those derived from x-ray data, which
estimate the charge-to-mass ratio of BHs to be on the
order of λ ∼ 10−18, they nonetheless provide valuable
insights obtained from GW observations.
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FIG. 4. Posterior probability distributions of some key param-
eters, e.g., the combination of charges ζ, the masses of the
primary (m1) and secondary (m2) components in the detector
frame, and the luminosity distance (dL) for GW230529. The
golden, red, and blue colors represent analyses conducted with
the IMRPhenomPv2_NRTidalv2, IMRPhenomNSBH, and IM-
RPhenomXPHM (tidal effects are omitted) waveform models,
respectively. The contours indicate the 90% credible intervals.
The diagonal entries display the median values and the corre-
sponding 90% interval ranges.

1The charge of a uniformly magnetized NS is Q ¼
2
3
ΩBPR3

NS=c [45,66]. For a 1.4M⊙ NS with Bp ¼ 1016 G, P ¼
1 ms and RNS ¼ 12 km, the charge-to-mass ratio is 3.36 × 10−3.
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