PHYSICAL REVIEW D 109, 084036 (2024)

Constraints on Brans-Dicke gravity from neutron star-black hole merger
events using higher harmonics

Jing Tan® and Baoxiang Wang
School of Physics and Astronomy, Sun Yat-sen University, 2 Daxue Road, Zhuhai 519082, China

® (Received 5 January 2024; revised 12 February 2024; accepted 5 March 2024; published 15 April 2024)

Brans-Dicke (BD) theory is one of the simplest scalar-tensor theories, with potential applications in dark
matter, dark energy, inflation, and primordial nucleosynthesis. The strongest constraint on the BD coupling
constant is provided by the Cassini measurement of the Shapiro time delay in the Solar System. Constraints
from gravitational wave (GW) events are subject to asymmetric binaries. The third Gravitational-Wave
Transient Catalog (GWTC) reports a neutron star-black hole (NSBH) merger event, GW200115, making it
possible to constrain BD by GW. With the aid of this source and Bayesian Markov-chain Monte Carlo
(MCMC) analyses, we derive a 90% credible lower bound on the modified parameter of scalar-tensor
theories as @_, > —7.94 x 107 by using dominant-mode correction. Specific to BD theory, we have the
constraint wgp > 4.75. Asymmetric binary systems usually have a significant mass ratio; in such cases,
higher harmonic modes cannot be neglected. Our work considers higher harmonic corrections from scalar-
tensor theories and provides a tighter constraint of ¢_, > —7.59 x 10~*. Transitioning to BD theory, the
constraint is wgp > 5.06, with a 6.5% improvement. We also consider a plausible NSBH event,
GW190814, which is a highly unequal mass ratio source that exhibits strong evidence for higher-order
multipoles. We obtain poorly converged results when using the dominant mode, while getting a constraint
of p_, > —6.60 x 10~* on scalar-tensor theories when including the higher harmonic modes. This suggests
that the difference between the dominant mode and higher modes has a significant impact on our analysis.
Furthermore, treating this suspected event as an NSBH event, we find wgp > 6.12 when including the
higher harmonic modes. Combining GW200115 and GW190814 and including higher modes, the
constraint is improved to wgp > 110.55. This is currently the strongest constraint utilizing GWs,
contingent upon GW190814 being an NSBH event. Additionally, we take into account a BD-like theory,
known as screened modified gravity, and investigate the coupling constant constraints, both with and

without higher-mode corrections, by using data from both GW200115 and GW190814.
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I. INTRODUCTION

Recently, Advanced LIGO [1] and Virgo [2] finished three
observations (0O1-03), and their results were reported in
the corresponding Gravitational-Wave Transient Catalogs
(GWTC1-3), which contain 90 gravitational wave events in
total [3-7]. These events have been widely used in astro-
physics [8], cosmology [9], and general relativity (GR)
[10-16]—such as testing the no-hair theorem [15], the
polarization of GW [16], and graviton mass [10].
Compared to previous tests, like laboratory and Solar
System experiments, or binary pulsar and cosmological
observations, the GW events are powerful utilities for
testing GR in strong or dynamical fields, where we crucially
distinguish general relativity in modified gravity. An increas-
ing amount of GW events are to be implemented to con-
strain modified gravity, as in dynamical Chern-Simons
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gravity [17-21], Einstein-dilaton-Gauss-Bonnet gravity
[17-19,22,23], and scalar-tensor theories [17,24,25].
Scalar-tensor theories [26-28], one of the most natural
extensions of GR, include some scalar degrees of freedom
in the gravitation sector of the theory from nonminimal
coupling. Such scalar fields nonminimally coupled with
gravity can be produced through compactification from
higher-dimensional theories, such as string theory [29],
Kaluza-Klein-like theories [30], or braneworld scenarios
[31,32]. Scalar-tensor theories provide a robust frame-
work for examining the phenomenological aspects of
various potential fundamental theories; they have appli-
cations in studying the accelerating expansion of our
Universe [33-35], inflation [36-38], structure forma-
tion [39], and primordial nucleosynthesis [40—43]. The
simplest scalar-tensor theory is BD theory [44], which was
proposed by Jordan, Fierz, Brans, and Dicke, and con-
structed from Mach’s principle. In BD theory, the coupling
constant wgp is from the scalar field coupling matter and is
assumed to be an invariable constant. The value of the

© 2024 American Physical Society
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coupling constant wgp determines how much BD theory is
modified from GR, and there have been numerous efforts
to constrain wgp. The typical constraints come from the
secular change measurements in the compact binary’s
orbital period [27,45-53]. Including the measurement on
the orbital decay of the pulsar-white dwarf binary PSR
J1738 4 0333, the constraint on the BD coupling constant
is obtained as wgp > 25000 [53]. The most stringent
constraint is wgp > 40000 [54,55], which comes from
the Cassini measurement of the Shapiro time delay in
the Solar System [54]. Meanwhile, there are also many
other applications for GW in constraints. GWs in the BD
waveform are concentrated by neutron star-black hole
(NSBH) binaries because waveform calculations require
differences in the “sensitivities” of the binary systems [53].
Therefore, the current constraints on BD are based on
NSBH binaries, such as constraining BD using space-based
GW detectors in future simulations [56-60]. In the case
of using observed GW events for constraints, Rui Niu ef al.
used the GW200115 event to obtain the result wgp > 40
[25] through Bayesian inference implemented with the
open-source software Bilby [61]. Using the breathing scalar
mode, Takeda et al. report the constraint wgp > 81 [62].

The available sources for constraining BD are restricted
to asymmetric binary systems (binaries with different
“sensitivity” such as NSBH, white dwarf-neutron stars,
or white dwarf-black hole binaries). Such binary systems
typically have a relatively large mass ratio, such as
GW200115. Furthermore, higher-harmonic-mode effects
cannot be neglected for such large mass ratio binary
systems [63]. However, the sources used in the works
above considered only the dominant (¢, |m| = 2,2) mode
and possibly introduced errors because higher modes
contain a wealth of information. The absence of higher
modes implies the loss of this information, leading to biases
in parameter estimation and extraction of important phys-
ics. Our work extends the waveform to the higher har-
monic mode. Specifically, we use the open-source software
PyCBC [64] to implement Bayesian inference [65—67] in the
parametrized post-Einsteinian framework (ppE) [68-71]
for analyzing GW events. We adopt the waveform template
IMRPhenomXHM as our waveform model in this process.
From analyzing GW data of GW200115, we obtain the
constraint on the coupling constant of scalar-tensor theories
with ¢_, > —7.94 x 107, which is compatible with the
constraints provided by the LIGO-Virgo-KAGRA Collabo-
ration (LVK) [72]. With this result, we derive constraints on
BD theory, yielding wgp > 4.75. When considering the
contribution including higher harmonic waveform template
corrections, we find ¢_, > —7.59 x 10™ and wgp > 5.06
from GW200115. Meanwhile, we analyze GW190814,
which features a significantly unequal mass ratio, and con-
firm higher multipole radiation at high confidence [73]. The
results show that we cannot obtain well-converged poste-
riors on scalar-tensor theories when using corrections to the

dominant mode alone. In contrast, when corrections include
higher modes, we find the constraint ¢_, > —6.60 x 107*
and the result wgp > 6.12 regarding GW190814 as an
NSBH event. With the higher-mode results, when combin-
ing GW200115 and GW190814, the constraint results
have been significantly improved: ¢_, > —4.76 x 107
and wgp > 110.55. Furthermore, we consider the SMG,
which is a theory similar to BD. By using GW200115 and
GW190814, we obtain constraints of ";‘Yﬁ <33x1072

and (”M"% < 3.1 x 1072 when including higher modes.

The former shows a 3.0% improvement compared to the
dominant-mode case. Analogously, the combined con-
straint on SMG is enhanced: 7/ < 8.32 x 1073

The rest of this paper is organized as follows: Section II
contains two subsections, with the first one briefly review-
ing BD theory and the derivation of GW, and the second
focusing on the ppE framework of waveforms. Section III
discusses the data-processing methods, i.e., Bayesian
inference. In Sec. IV, we present the main results, and
finally, in Sec. V, we provide a summary and outlook. We
use the convention G = ¢ = 1 throughout the paper.

II. WAVEFROM

In this section, we introduce the waveform in BD theory
and map it into the ppE formalism.

A. Waveform in Brans-Dicke theory

BD gravity [44] is a reduced theory of scalar-tensor
theory [26,74,75], which includes some scalar degrees of
freedom in the gravitation sector from nonminimal cou-
pling [from Ricci-scalar multiplying a scalar field(s)
function]. In Jordan’s frame, the action of the massive
BD theory can be written as [44,49]

1
S =165 [ @673 0R =" 0,0)(0.0) - U)

=+ SM[\P’ g;w]v (1)

where ¢ is the scalar field and ¥ denotes the matter fields.
Our work focuses on the U(¢) =0 case. From the
quadratic action, one can obtain the scalar field equation
(see Ref. [76]) and tensor field equation,

0,0,, = —16zxz,, (2)

Here

(3)

1
e;w = h;w - Eh’?w/ -

L
o™
where g,, = n,, + h,, is the decomposition of the metric

into a Minkowski metric plus a small perturbation, and
¢ = ¢o + @ stands for the scalar field decomposing into a
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constant background value plus a small one. Here, [, =
70,0, is known as the d’Alembertian operator. Using
Green’s function and multipole expansion, the quadrupole
formula of the tensor wave can be obtained as

o 2G(1 =€
Qi — — ZmAxA 4 (4)

where £ = 1/(2wgp + 4), and D; is the distance from the

field point to the center of mass. Here, my, xg, and xf‘ are
the mass and coordinates of body A. Six polarization modes
can be derived from the geodesic deviation equation in the
approximation of the long wavelength and low speed of test
particles. These include plus, cross, breathing, longitudinal,
x, and y polarization. By combining this propagation effect
with the generation effect [i.e., Eq. (4)], aided by the
Riemann tensor of linear order metric perturbation 4,,, the
expressions for the plus polarization A, and the cross
polarization &, can be obtained. In the frequency domain,
one has [76]

s (GM)i T cost (Sm\E L
h(f)=-6 D, > (ﬁ) (mf)5A - e+,
h.(f) = _5(GD/\L4>€ cosz(;—Z)i(”f)—%A e, (5)

where § = (1 —&)°3[1 + a(1 —2s,)(1 = 25,)]*/3, with s,
s, the sensitivities of the binary. Here, M is the chirp mass
determined by the mass of binary components, m; and m,,
and it is expressed as M = (m;m,)3>/M'/> (with M =
my + m,). Note that 7 is the angle between the detector’s
line and the binary orbital angular momentum. The phase
¥, =Y, +7is defined in [76], and

1
A=1 +§§——(Z(1 —251)(1 —252)
6 3
5, 16, 4 &

- v 6

64° 7 |15 T3 Guar)) ©)
where a=1/2wgp+3) and T = (m(1—-2s,)+
my(1 —2s1))/M, while S = s; — s,. These formulas are

the precursors of the ppE waveform.

B. Parameter post-Einsteinian framework

Our waveform models were constructed using the ppE
framework, a generic parametric approach proposed by
Yunes and Pretorius to capture the effects of modified GR
[68—71]. Early ppE method focused on quasicircular
inspirals of comparable mass, nonspinning compact bina-
ries only. Then, it was extended to more general situations
[77-81] and widely applied to observed GW data to
constrain the non-GR effects [18,23,67,71,82]. Below,

we will review the ppE framework and implement such
an analysis to BD gravity.

The inspiral waveform of compact binaries in the ppE
formalism is composed of GR terms and modified
parts [68]:

h(f) = har(1 + au®)e. (7)
Note that f is the frequency, and (au®, fu®) are the ampli-
tude and phase corrections from modified gravity. Here,
u = (Mf)'/3 is the reduced frequency of the inspiral that
is proportional to the relative velocity of the binary, and M
is the chirp mass. The ppE formalism in Eq. (7) reduces to
GR when the ppE parameters (a, ) vanish.

One can map Eq. (7) to the basis of spin-weighted
spherical harmonics Y“”(1,¢) to obtain the harmonic
decomposition of the ppE waveform [83]:

ilfm (f) hfm (f) (1 + afmuam) exp [iﬂfmubfm] ’ (8)

where £ = 2, 3,4 are the positive-frequency independent
harmonics. We focus on the phase correction because of the
negligibility of the amplitude correction. Hence, the ppE
waveform reduces to

ilfm (f) hfm (f) exp [iﬂt’muhm] . (9)

In scalar-tensor theories, the dominant-mode correction is

3
Prr = @Cﬂ—z- (10)

Here, ¢_, = —5(ay —ag)*/168, where a, and ap are
scalar charges of the components of the binary. From
Eq. (5), the dominant-mode correction of these ppE para-
meters in BD theory can be written as [53,71,76]

5 n
=—— 5§ 11
P2 702" S%, (11)
b=2k—5, (12)
with k = —1, where # = m;m,/M? is the symmetric mass

ratio, and S = s; — s, with (s, s,) is the sensitivity of the
binary components, which is roughly equal to its compact-
ness (0.5 for black holes and 0.2 for neutron stars). The
phase correction with higher harmonics in (9) can be
derived as [83]

ﬂfm = ﬂmﬂ bfm =b, (13)
with
2\ 2(k=4)/3
ﬂm - (_> ﬂ2,27 (14)
m

where f,, is from Eq. (11).
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III. BAYESIAN INFERENCE

The ppE waveforms can provide prior information
about GWs. Using this prior information, one can extract
the desired information from the observed waveforms by
Bayesian inference [65-67]. Suppose one possesses the
probabilities of events A and B occurring, as well as the
probability of event B occurring given that event A is
true; then, the probability of event A occurring given that
B is true can be directly determined by using Bayes’
theorem [84]:

p(A)p(B|A)
p(B)

where p(A) and p(B) are the probabilities of observing A
and B, respectively. The conditional probability p(B|A) is
interpreted as the likelihood, and p(A|B) is the posterior
probability. Bayesian inference inherits the idea of Bayes’
theorem. In other words, under a given hypothesis H,
suppose one possesses the probability distribution of the
parameter 9, the probability distribution of the data stream
d given some parameter & [i.e., p(d|9)], and the probability
of data d [which can be given by taking the sum of p(d|9;)
in a discrete uniform distribution]; then, one can obtain the
probability distribution of parameter ¢ from Bayesian
inference:

p(A|B) = (15)

p(IH)p(d|8, H)
p(d|H)
PO p(d9. )
[ d9p(d|8, H)p($/H)

where the distribution p(9|H) is called the prior on 9.
Note that p(d|9,H) is named the likelihood function,
and it comes from the calculation of the ppE method.
Bayesian evidence p(d|H) is an indispensable part of
Bayesian inference, and it can be calculated by summing
the likelihood [i.e., p(d|H) = p(d|$. H) + p(d|&,, H) +
p(d|83,H) -] in the case of a discrete uniform distribu-
tion. The logarithm of the likelihood function with sta-
tionary Gaussian noise can be written as

p(Id. H) =

(16)

8.7) =loga— 3 > (dy ~ hy(8)ldy ~ 1y (8),
k

log p(d
(17)

where log@ is the normalization factor, the index k
describes the different detectors, and d; and h; are the
data and waveform templates. Here, “(|)” denotes the inner
product, which is defined as

a (f)b(f) +a(f)b*(f)
Su(f)

(a(n)lb(1)) =2 / df.  (18)

TABLE L. Summary of physical parameters and their meanings.
The chirp mass M is in the detector frame, and the GW polari-
zation angle y is in earth-centered coordinates. The inclination
angle 7 is from the orbital angular momentum to the observer’s
line of sight.

M M = (m;m,)3> /M"/3 is the chirp mass.
q g = my/m;(< 1) is the mass ratio of the binary,

ai,a, Dimensionless spin magnitudes

01,0, Polar angles of the spin angular momentum of the binary
¢1,¢>, Azimuthal angles of the spin angular momentum

a, o Sky location of the binary

78 GW polarization angle

l Orbital plane inclination angle of the binary

Dref Reference phase at the reference frequency

t. Coalescence time

Dy Luminosity distance

@gp Coupling constant of BD

where S, (f) is power spectral density (PSD). Note that a()
and b(t) are signals in the time domain while (@(f), b(f),
a*(f),b*(f)) are signals in the frequency domain.

Using Bayesian inference, we analyze 16 waveform
parameters, including the BD coupling constant wgp:
9= (M’ q’al’a2701’927¢17¢27a’ 571//717 ¢ref’tchL’a)BD)'
The meanings of various parameters are summarized in
Table 1.

IV. RESULTS

The Brans-Dicke correction to the phase of the general
relativity waveform depends on the binary system’s sensi-
tivity difference. Therefore, the same sensitivity of sym-
metric binaries gives rise to a vanishing correction of BD to
GR [53]. The currently confirmed GW event caused by the
asymmetric binary is only GW200115 from GWTC-3.
Thus, we consider the event GW200115 to investigate
the influence of higher-mode corrections by calculating
Bayesian posterior distributions on parameters &, espe-
cially wgp. In addition, we also utilize the plausible NSBH
event, GW 190814, to implement our study on scalar-tensor
theories. Then, we can think of GW190814 as an NSBH
coalescence event to constrain BD. GW190814 shows
powerful evidence of higher multipoles and is a suitable
source for studying higher-mode effects. Thus, the correc-
tion with higher modes in Bayesian inference makes our
calculation more credible. Our Bayesian inference is imple-
mented through the open-source software pyCBC [64] by
MCMC sampling and the emcee_pt sampler [85] set by 200
walkers. To avoid excess noise in low frequencies, we
apply a cutoff in frequency at f),,, = 20 for all GW events.
Meanwhile, we analyze 64 s of data for GW200115 and
32 s of data for GW190814. As for priors, we choose a
uniform distribution for 1/(wpp + 2) in the range [0, 0.5]
and for ¢_, in the range [—0.0027, 0]. In terms of the spin
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FIG. 1. Probability density of Bayesian posterior distributions

on @_,. The gray line corresponds to the constraint at a 90%
credible level by using the dominant-mode (DM) correction,
while the red line stands for the constraint at the 90% confidence
level by using the correction including the higher mode (HM).
The top panel shows the constraints on ¢_, from the GW200115
event; the middle and bottom panels are from GW190814, and
they show the results corresponding to dominant and higher
modes. The absence of a gray line in the middle panel is due to
the fact that there is not good convergence in the result when
using the dominant mode. We use a logarithmic scale due to
the posterior distribution of wgp spanning several orders of
magnitude.

—— GW200115 [HM]
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FIG. 2. Probability density of Bayesian posterior distributions
on wgp. The top and bottom panels describe the constraints on
wgp from GW200115 and GW190814 events, respectively.
The gray line corresponds to the constraint on BD at a 90%
credible level by using the DM correction, while the red line
represents the constraint on BD with 90% probability by using
the correction including the HM. The reason for the absence of
the gray line in the bottom panel is also the poor convergence
of the dominant mode.

setting case, we use isotropic spin distributions with
magnitude a;, a, < 0.99 in all our analyses.

We use the GWs from the inspiral stage and neglect the
tidal effects of NSBH [72] in our work. Hence, we choose
the IMRPhenomXHM model from the LALSimulation pack-
age [86] for both the GR and BD waveform models. These
waveforms are phenomenological and operate in the
frequency domain, accounting for spin precession and
higher-order multipole radiation modes.

We present the constraints on ¢_, in scalar-tensor
theories as shown in Fig. 1. From GW200115, with the
dominant-mode correction, the 90% confidence lower
bound of the posterior distribution for ¢_, is ¢_, >
—7.94 x 10~*. This result is compatible with the LVK
constraint on ¢_,, and the value changes to ¢_, > —7.59 x
10~* when the higher modes are included in the correction,
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Summary of constraints on coupling constants at a 90% credible level.

TABLE II.
GW200115
Dominant mode Higher mode
@_ —7.94e-4 —7.5%e-4
Sy 3.4e-2 3.3e-2
PI

GW190814 Combination
Dominant mode Higher mode Higher mode
—6.60e-4 —4.76e-5
6.12 110.55
3.1e-2 8.32e-3

representing a 4.4% enhancement. On the other hand, using
GW190814, we obtain an unsatisfactory convergence when
the correction is the dominant mode; see the middle
panel of Fig. 1. By contrast, when using the correction con-
taining the higher modes, we obtain the constraint ¢_, >
—6.60 x 10+ with 90% probability. We consider the
combination of these two events as well. For the mis-
convergence above, the combined constraint only involves
a higher-mode correction case. When using higher
modes, the combined constraint exhibits notable enhance-
ment: gp_, > —4.76 x 107,

With the constraints of the scalar-tensor theories, we
further obtained constraints on wgp in BD as shown in
Fig. 2. When applying the dominant-mode correction,
the lower bound of the posterior distribution for the BD
from GW200115 indicates wgp > 4.75 with a 90% credi-
ble level. In contrast, the inclusion of higher modes in
the correction leads to a 90% bound of wgp > 5.06 from
GW200115, resulting in an improvement of 6.5%.
Analogously, suppose GW 190814 is an NSBH coalescence
event; then, we find a 90% credible level constraint on BD
of wgp > 6.12 when the correction includes higher modes.
Similar to the above, the vanishing of dominant modes is
also due to poor convergence. Actually, we do not consider
another possible NSBH event, GW190426_152155, again
due to convergence issues. When considering the combi-
nation of these two events with the higher modes, the
constraint has also significantly improved: wgp > 110.55.
This stands as the current best constraint on BD using
GWs, provided that GW 190814 is indeed an NSBH event.

Note that our analysis does not take into account the
breathing mode. However, Takeda et al. report a tighter
constraint on BD, with wgp > 81, by including the breath-
ing mode in their analysis [62]. When their analysis
excludes the breathing mode, the result is consistent with
the work of Niu et al., where wgp > 40, also without the
breathing mode [25]. Nevertheless, when converting this
result into a constraint on ¢_,, it differs from the constraints
provided here as well as by LVK [72]. The reason may be
that they use a different noise power spectral density (PSD)
than LVK and the one we use here. Both Takeda and Niu
use the available event-specific (e.g., GW200115) PSD in
LVK posterior sample releases, while here and in the work
of LVK, the PSD from strain data is estimated using the
Welch method, the latter most closely resembling a real

event (see the section about PSD in [87]). Another possible
influencing factor is the use of a different upper cutoff
frequency fumax = fisco = (6°/2zm)~!. The total mass m
used by Takeda and Niu is from LVK posterior sample
releases, while LVK’s and our figcq is not a fixed number
but varies among different MCMC realizations. In other
words, they use the total mass given in GR to calculate the
cutoff frequency in modified gravity. These might be the
reasons why results from Takeda and Niu are consistent,
but diffrent from the results of LVK and us.

We also implement this higher-order effect in a BD-like
theory named SMG theory. SMG is one of the scalar-tensor
theories that take into account scalar-field self-interaction
characterized by potential U(¢). Here, we have the scalar
charges of a neutron star and black hole in Eq. (10) [25,88],

ay = PvEV ’ ap = 0,
Mp®,
where Mp, = \/1/87G and ®, = Gm/R is the surface
gravitational potential. Here, we choose m = 1.4M and
R = 10 km. Based on the same process, we constrain the
SMG by using GW200115 and GW190814; we summarize
the findings in Table II. In the case of GW200115, we
find the constraints on the coupling constants as % <

3.4 x 107 and G < 3.3 x 107> by using the dominant

mode and when including higher modes, respectively.
The corresponding higher-mode result for GW190814 is
% < 3.1 x 1072, Similarly, the absence of the dominant-

mode result is due to the nonconvergence. Considering
the combination, we obtain a tighter constraint as well,
% <832x1073.

V. SUMMARY AND OUTLOOK

In this work, we reviewed the GW calculation in BD
theory and the waveform in the ppE framework. Based on
Bayesian inference, we then employed the MCMC to
analyze the GW200115 and GW190814. By using these
two events, we explored the constraints on BD with the
correction, including and excluding the higher modes.

Since constraints on BD require the use of an NSBH
binary and the number of confirmed NSBH events is
currently very limited, future GW detectors, including
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ground-based and space-based detectors, as well as next-
generation detectors, will involve more sources. With more
NSBH GW events expected to be detected in the future,
we can provide a more comprehensive constraint. We also
anticipate the emergence of sources with larger mass ratios
in the future, as higher-order effects will be more pro-
nounced in sources with higher mass ratios, allowing for
more accurate waveform computation. Regarding wave-
form accuracy, we only considered scalar dipole radiation
and did not account for scalar quadrupole radiation or
corrections from scalar mass. In the future, considering

these factors will lead to more reasonable waveforms,
enhancing the persuasiveness of our results.
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