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We can test a gravity theory by searching for gravitational-wave (GW) polarization modes beyond
general relativity. The LIGO-Virgo Collaboration analyzed several GWevents in the O1 and O2 observing
runs in the pure polarization framework, in which only scalar or vector polarization modes are allowed.
In this paper, we reanalyze the polarizations of GW170814 (binary black hole merger) and GW170817
(binary neutron star merger) in the improved framework of pure polarizations including the angular patterns
of nontensorial radiation. We find logarithms of the Bayes factors of 2.775 and 3.636 for GW170814 in
favor of the pure tensor polarization against pure vector and scalar polarizations, respectively. These Bayes
factors are consistent with the previous results from the LIGO-Virgo Collaboration, though the estimated
parameters of the binaries should be different. For GW170817 with the priors on the location of the binary
from NGC4993, we find logarithms of the Bayes factors of 21.078 and 44.544 in favor of the pure tensor
polarization against pure vector and scalar polarizations, respectively. These support general relativity more
strongly than the previous results by the LIGO-Virgo Collaboration due to the location prior. In addition,
by utilizing the orientation information on the binary from a gamma-ray burst jet, we find logarithms of
the Bayes factor of 51.043 and 60.271 in favor of the pure tensor polarization against pure vector and pure
scalar polarizations, much improved from those without the jet prior.
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I. INTRODUCTION

The observation of gravitational waves (GWs) from
compact binary coalescences made it possible to test
gravity theories including general relativity (GR) in a
stronger regime of gravity [1–8]. The search for physical
degrees of freedom of a GW is an powerful approach to
test gravity in a model-independent way because the
properties of the polarization modes differ in each gravity
theory [9–20].
A GW in GR can have only two tensor polarization

modes (plus, cross) [21–24]. However, at most six polar-
izations are allowed in a generic metric theory: two tensor
modes (plus, cross), two vector modes (vector x, vector y),
and two scalar modes (breathing, longitudinal) [25–27].
GWs have been studied transparently by the Newman-
Penrose formalism [28–30]. For example, GWs in modified
gravity theories such as scalar-tensor theory [31,32] and
f(R) gravity [33–37] can have scalar polarization modes in
addition to tensor modes [22,25,27,38,39]. In contrast,
up to six polarization modes are possible [29] in bimetric

gravity theory [40,41], while up to five polarization modes
are possible [42] in massive gravity theory [43,44].
Searches for polarization modes of GWs observed with

three detectors, GW170814 (binary black hole merger) and
GW170817 (binary neutron star merger), have been con-
ducted in [3,4,6]. Therein, they assume pure polarization
theories with the same waveforms as in GR and replace the
standard tensor antenna pattern functions with those for
scalar or vector polarization modes. They reported loga-
rithms of the Bayes factors of 1.48 and 2.34 for GW170814
and 20.81 and 23.09 for GW170817 in favor of the pure
tensor polarization against pure vector and scalar polar-
izations, respectively.
However, the waveforms of GWs for nontensorial modes

should depend on not only specific modifications of gravity
but also the geometrical parameters of a system such as
binary inclination through the angular pattern of nontensorial
radiation [15,17]. In this paper, we study how such an
inclination-angle dependence of the waveforms “affects”
the parameter estimation of the GWs from compact binary
mergers. Moreover, we analyze GW170814 and GW170817
in the improved framework of pure polarizations with
nontensorial inclination dependence, taking into account
the nontensorial radiation patterns.*hiroki.takeda@phys.s.u-tokyo.ac.jp
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This paper is organized as follows. We review a
polarization test of GWs in Sec. II and show the inclination
dependence of GW radiation in modified gravity in Sec. III.
In Sec. IV, we describe the basics of Bayesian inference.
In Sec. V, we present how inclination dependence affects
the parameter estimation of Bayesian inference. In Sec. IV,
we give the results of the pure polarization analysis for
GW170814 and GW170817. Finally, we devote Sec. VII to
the discussion and conclusion of the paper. Throughout the
paper we use natural units.

II. DETECTOR SIGNAL

Since the metric theory of gravity allows four non-
tensorial polarization modes in addition to tensorial modes
in general [25–27], a metric perturbation denoting a GW
can be written as

habðt; Ω̂Þ ¼
X

A

hAðtÞeAabðΩ̂Þ: ð1Þ

Polarization indices A run over þ;×; x; y; b; l, correspond-
ing to plus, cross, vector x, vector y, breathing, and
longitudinal polarization modes, respectively. hAðtÞ are
the components of the GW for each polarization mode
and Ω̂ is the sky direction of a GW source. eAabðΩ̂Þ are
polarization basis tensors, which are defined in [17].
The detector signal of the Ith GW detector is expressed

as [22,45–48]

hIðt; Ω̂Þ ¼ dabI habðt; Ω̂Þ ¼
X

A

FA
I ðΩ̂ÞhAðtÞ; ð2Þ

where dabI is the Ith detector tensor defined by

dabI ≔
1

2
ðûaI ⊗ ûbI − v̂aI ⊗ v̂bI Þ; ð3Þ

where ûI , v̂I are unit vectors along the arms of the Ith
interferometric detector. FA

I is called the antenna pattern
functions of the Ith detector for polarization A defined by

FA
I ðΩ̂Þ ≔ dabI eAabðΩ̂Þ: ð4Þ

In general, two unit vectors ûIðtÞ, v̂IðtÞ depend on time
due to Earth’s rotation [20], but the antenna pattern
functions of the second-generation GW detectors such as
Advanced LIGO [49], Advanced Virgo [50], and KAGRA
[51,52] can be regarded as constants in time because a GW
signal from typical compact binary merger in the obser-
vational band is short enough to ignore Earth’s rotation.
The nature of gravity can be probed by extracting each
polarization mode in the detector signal, because the
possible polarization modes depend on a specific theory
of gravity.

III. ANGULAR PATTERNS OF
GRAVITATIONAL-WAVE RADIATION

A metric perturbation of a GW radiated from a source in
modified gravity theories can be derived by the quadrupole
formula without taking the transverse-traceless projection,

habðt; xÞ ¼
2

dL
M̈abðt − r=cÞ; ð5Þ

where Mab is the quadrupole moment of a mass distribu-
tion, and dL is the luminosity distance between the source
and the observer. a; b run over the source coordinate
fx1; x2; x3g. Here we simply consider a circular motion
of a binary in the x1 − x2 plane.
In GR, only plus and cross tensor modes are kept

after transverse-traceless projection [23]. In modified
gravity, additional degrees of freedom of the theory or
the breaking of the gauge symmetries result in additional
non-transverse-traceless degrees of freedom for a GW.
As a result, non-transverse-traceless components induce
nontensorial polarization modes. According to Eq. (5),
for a GW propagating in the direction of n̂ ¼ ðsin ι cosϕ;
sin ι sinϕ; cos ιÞ, the amplitudes of the nontensorial polari-
zation modes can be calculated as [17]

hx ¼ −
4μω2

sR2

dL

sin 2ι
2

cos ð2ωstret þ 2ϕÞ; ð6Þ

hy ¼ −
4μω2

sR2

dL
sin ι sin ð2ωstret þ 2ϕÞ; ð7Þ

hb ¼ −
4μω2

sR2

dL

sin2 ι
2

cos ð2ωstret þ 2ϕÞ; ð8Þ

hl ¼
4μω2

sR2

dL

sin2 ιffiffiffi
2

p cos ð2ωstret þ 2ϕÞ: ð9Þ

Here, ωs, μ, R, tret are the orbital angular frequency of the
binary stars, the reduced mass, the orbital radius, and the
retarded time, respectively. Figure 1 shows the dependence
of the GW amplitudes on the inclination angle ι. The
dependence for the quadrupole radiation is derived from the
combination of (the unit vector pointing from the source to
the detector), (the orbital trajectory vector) and (orbital
velocity unit vector) in the metric perturbation. Then, the
dependence is independent of the theories of gravity; e.g.,
Eqs. (147)–(149) in Ref. [15].
The amplitude modification and the phase evolution

depend on the specific alternative theory of gravity.
However, the above inclination dependence is general
among metric theories of gravity because they are deter-
mined by the geometry of the system. The inclination
dependence for each polarization mode is encoded into a
general framework of the inspiral waveforms, i.e., the
parametrized-post-Einsteinian framework [15].
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In the previous works [4,6], they replace the standard
tensor antenna pattern functions in the detector signal with
those for scalar or vector polarization modes. In the method
accompanied only by the replacement of the antenna
pattern functions, it is assumed that the inclination depend-
ences for the scalar and vector polarization modes are
the same as that for the tensor modes. In other words, for
example, the pure vector polarization model takes the
following signal model:

hIðt; Ω̂Þ ¼ Fx
I ðΩ̂Þ

1þ cos2 ι
2

hþ;GRðtÞ þFy
I ðΩ̂Þ cos ιh×;GRðtÞ:

ð10Þ

Here, hþ;GRðtÞ and h×;GRðtÞ are, respectively, the wave-
forms for the plus and cross modes of the GW from a
compact binary coalescence in GR without the factors of
the inclination angle.
In this paper, we search for the pure polarization modes

by replacing not only the antenna pattern functions for
nontensorial modes but also the angular patterns of the
nontensorial radiation, ι above. We adopt the following
signal model:

hIðt; Ω̂Þ ¼ Fx
I ðΩ̂Þ sin 2ιhþ;GRðtÞ þ Fy

I ðΩ̂Þ sin ιh×;GRðtÞ
ð11Þ

for our pure vector polarization model and

hIðt; Ω̂Þ ¼ Fb
I ðΩ̂Þ sin2 ιhþ;GRðtÞ ð12Þ

for our pure scalar polarization model. The phase evolution
is determined by the dynamics of a binary system. If we
assume that the motion of the binary stars is described by
GR, the phase evolution for nontensorial modes would be
the same as those of the tensor modes in GR. Since it is also

expected that a deviation from GR in the waveform is
small, it is also expected that the waveform is well
described by hþ;GR and h×;GR to the lowest order.
Furthermore, we have no knowledge of the amplitude.
Our purpose is to investigate which types of polarization
modes purely reproduce the detected signal well. To
compare with the results from the LIGO-Virgo
Collaboration, hþ;GR and h×;GR are adopted as the wave-
forms for nontensorial modes. On the other hand, the
dependences of the antenna pattern functions and inclina-
tion angle are derived from general consideration indepen-
dent of a specific theory of modified gravity as we
explained above. For these reasons, we adopt Eqs. (11)
and (12) as our signal models.

IV. BASICS OF BAYESIAN INFERENCE

We analyze the data under three hypotheses: pure scalar
hypothesisHS, pure vector hypothesisHV, and pure tensor
hypothesis HT, where

HS∶ hIðt; Ω̂Þ ¼ Fb
I ðΩ̂ÞhbðtÞ; ð13Þ

HV∶ hIðt; Ω̂Þ ¼ Fx
I ðΩ̂ÞhxðtÞ þ Fy

I ðΩ̂ÞhyðtÞ; ð14Þ

HT∶ hIðt; Ω̂Þ ¼ Fþ
I ðΩ̂Þ

1þ cos2ι
2

hþ;GRðtÞ
þ F×

I ðΩ̂Þ cos ιh×;GRðtÞ: ð15Þ

Here, we assume that the waveforms for the nontensorial
modes are those of the tensor modes except for the
inclination dependence,

hbðtÞ ¼ sin2 ιhþ;GR; ð16Þ

hxðtÞ ¼ sin 2ιhþ;GRðtÞ; ð17Þ

hyðtÞ ¼ sin ιh×;GRðtÞ: ð18Þ

Since the antenna patterns of an interferometer for the
breathing mode and the longitudinal mode have the same
functional form and are degenerated, it is impossible to
distinguish the two scalar modes. Thus, the model includes
only the breathing mode under HS.
We infer source parameters θ under each hypothesis,

where the parameters we consider in this work are

θ ¼ ðα; δ; ι;ψ ; dL; tc;ϕc; m1; m2; χ1; χ2;Λ1;Λ2Þ: ð19Þ

α and δ represent the right ascension and declination of the
binary. ψ is the polarization angle of GWs, and ι and ψ
determine the direction of the orbital angular momentum.
dL is the luminosity distance to the binary. tc and ϕc are the
time and phase at coalescence, respectively. m1 and m2 are
detector-frame masses of the primary and the secondary

FIG. 1. Inclination-angle dependence of the GW quadrupole
radiation for the tensorial and nontensorial polarization modes.
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stars. χ1 and χ2 are dimensionless spins of the primary and
secondary stars. Λ1 and Λ2 are tidal deformability param-
eters of the primary and secondary stars.
Our analysis is based on the Bayesian inference, where

the posterior probability distribution is calculated through
Bayes theorem,

pðθjfdIgNI¼1;HXÞ ¼
pðθÞpðfdIgNI¼1jθ;HXÞ

pðfdIgNI¼1jHXÞ
; ð20Þ

where X is S, V, or T. pðθÞ is referred to as a prior
probability distribution, which encodes our knowledge
of or belief in the source parameters. We apply the
standard prior used by the LIGO-Virgo Collaboration
(see Appendix B in [53]). χ1 and χ2 are the components
of the spins along the orbital angular momentum, and the
in-plane spin components are assumed to be zero. The
aligned-spin prior range of χ1 and χ2 is −0.99 < χ1, χ2 <
0.99 and the assumed distribution is uniform. The prior on
Λ1 and Λ2 is δðΛ1;2Þ for GW170814 based on the
assumption that it is a binary black hole and uniform over
Λ1, Λ2 < 5000 for GW170817. Our analysis includes
the tidal effects for completion, but the results that we
present would not be significantly affected if we simply set
Λ1;2 ¼ 0. pðfdIgNI¼1jθ;HXÞ is referred to as a likelihood
function, which is determined by the properties of the
instrumental noise. We apply the standard Gaussian noise
likelihood, which is given by Eq. (8) in [54]. The lower
frequency cutoff for the likelihood calculations is 20 Hz for
GW170814 and 23 Hz for GW170817, which are the same
as those in the analysis of the LIGO-Virgo Collaboration
[53,55]. To obtain the probability density functions of
the source parameters we are interested in, we generate
thousands of random samples following the posterior
distribution and make their histograms.
pðfdIgNI¼1jHXÞ is referred to as evidence, which quan-

tifies how much the hypothesis HX is favored by the
observed data. The model selection between the hypotheses
HX andHY is done by calculating the Bayes factor defined
by the ratio of this evidence,

BXY ≔
pðfdIgNI¼1jHXÞ
pðfdIgNI¼1jHYÞ

: ð21Þ

One of our main goals is to calculate BTS and BTV to
determine how much the pure tensor model, that is, GR, is
preferred compared to the pure scalar and vector models.
To generate random samples and calculate evidence,

we utilize the BILBY software [56,57] and the CPNEST

sampler [58], which is one of the implementations of the
nested sampling technique [59]. As a template waveform,
we apply IMRPhenomD [60] for GW170814 and IMRPhenomD_

NRTidal [61] for GW170817. For GW170817, the generation
of templates is computationally costly, which makes
the parameter inference time consuming and practically

intractable. To speed up the analysis, we applied the focused
reduced order quadrature technique [62], where the reduced
order quadrature basis vectors [63,64] of templates are
constructed within a narrow range of the chirp mass.

V. PARAMETER ESTIMATION USING
THEORETICALLY MOTIVATED
INCLINATION DEPENDENCE

It should affect the results of the parameter estimation to
adopt the theoretically motivated inclination dependence of
scalar or vector modes in the signal model. Thus, we
conduct the injection test to investigate such effects in a
pure polarization theory.
We inject the GW170814-like signal whose waveform

has the vector inclination dependence in Eq. (11) and
analyze the signal in the framework of the pure vector
theory with the vector antenna pattern functions, but, with
the tensor inclination dependence, Eq. (10). The difference
between the injected signal and the search template is the
inclination-angle dependence.
Figure 2 shows the results of the parameter estimation

in the case of a specific value of the inclination-angle
parameter. The injected parameters are the componentmasses

FIG. 2. Parameter estimation results of the signal injection in
the pure vector theory. The posteriors for the chirp mass in the
source frame, the luminosity distance, and the inclination angle
are shown. The red lines show the injected values. The vertical
dotted lines in the marginalized distributions show the 90% con-
fidence intervals. We inject the binary black hole signal of
ι ¼ 75 deg ¼ 1.31 rad with the vector radiation patterns but
analyze the signal with tensor radiation pattern.
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in the source framem1 ¼ 30.5 M⊙ andm2 ¼ 25.3 M⊙, the
luminosity distance dL ¼ 540 Mpc, the inclination angle
ι ¼ 75 deg ¼ 1.31 rad, the right ascension α ¼ 0.83 rad,
and the declination δ ¼ −0.78 rad. The results show that
when we use the waveform with the tensorial inclination
dependence in theBayesian inference, it can producedifferent
estimated parameter values. When ι ¼ 75 deg, a larger
amount of vector GWs is radiated. However, if we adopt
the waveform model with the tensor inclination dependence,
the larger amplitude needs to be compensated by parameters
other than the inclination angle. As a result, the estimated
luminosity distance becomes smaller than the injected value.
The estimated chirp mass in the source frame is also shifted
toward a larger value than the injected value.

VI. PURE POLARIZATION TEST
WITH REAL DATA

In this section, we show our results of the analysis for
GW170814 and GW170817 in the pure polarization
framework. From the Gravitational Wave Open Science
Center [65], we use the data of GW170814 whose duration
is 4 s and sampling frequency is 4096 Hz and the data of
GW170817 with the removal of glitch whose duration is
128 s and sampling frequency is 4096 Hz.

A. GW170814

GW170814 is a GW signal from a binary black hole
merger observed by three detectors [4]. We perform the
parameter estimation of GW170814 under HS, HV, and
HT. The results are shown in Figs. 3 and 4. The posterior
probability distributions for the chirp mass in the source
frame, the luminosity distance, and the inclination angle
are shown in Fig. 3 and those for the right ascension (RA)
and the declination (DEC) are shown in Fig. 4. The results
are shown in blue for HT (GR), in orange for HV, and in
green for HS.
In Fig. 3, the estimated inclination angles have differ-

ent values in the pure polarization theories, reflecting the
quadrupole radiation pattern in each pure polarization
theory. The estimated value of the luminosity distance
under HV is slightly larger than those under HT and HS.
This is because of the correlation between the luminosity
distance and the inclination angle. The luminosity dis-
tance and the inclination angle compensate each other in
the parameter region where the correlation is strong under
the hypothesis. As a result, the chirp mass in the source
frame becomes smaller, corresponding to the slightly
larger luminosity distance. The RA and DEC are also
adjusted through the antenna pattern functions to com-
pensate for the shift in other parameters and fit to the
amplitude of the signal.
The logarithm of the Bayes factors are lnBTS ¼ 3.636

and lnBTV ¼ 2.775, which support the pure tensor
hypothesis.

B. GW170817

GW170817 is a GW signal from a binary neutron star
merger observed by three detectors [3]. Also, the gamma-
ray burst GRB170817A was observed independently
by the Fermi Gamma-ray Burst Monitor [66] and the
Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory [67].

FIG. 3. The posterior distributions of GW170814 for the chirp
mass, the luminosity distance, and the inclination angle in the
pure polarization theories with the radiation patterns in the
modified theories of gravity. The result of pure tensor theory
(=GR) is shown in blue, pure vector theory in orange, and pure
scalar theory in green.

FIG. 4. The posterior distributions of GW170814 for the RA
and the DEC in the pure polarization theories with the radiation
patterns in the modified theories of gravity. The result of pure
tensor theory (=GR) is shown in blue, pure vector theory in
orange, and pure scalar theory in green.
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It is confirmed with high statistical significance that the
GRB170817A is associated with GW170817 [68].
Furthermore, an optical [69] and near-infrared [70] electro-
magnetic counterpart was localized to the position deviated
by subarcseconds from the nucleus of the galaxy NGC4993
half a day after the event [68]. We utilize this information
on the location and orientation of the binary system. Here
we estimate the parameters of GW170817 in the same way
as the above analysis of GW170814. However, we impose
the priors on the luminosity distance, the right ascension,
and the declination of GW170817 from the host galaxy
NGC4993. The prior of the luminosity distance is the
Gaussian distribution with a mean of 42.9 Mpc and a
standard deviation of 3.2 Mpc. The right ascension and
the declination are fixed to RA ¼ 13h09m48s:085 and
DEC ¼ −23°2205300:343 [68]. From the estimation of the
jet based on hydrodynamics simulations, the orientation
of the binary system was constrained by 0.25 rad <
θobsðdL=41 MpcÞ < 0.45 rad [71,72]. Here, θobs is the
viewing angle and can be identified with the inclination
angle θobs ¼ ι or θobs ¼ π − ι under the assumption that the
jet is perpendicular to the binary’s orbital plane. In the case
of GW170817, we adopt θobs ¼ π − ι from the estimated
inclination angle. From our prior of the luminosity distance,
we set the prior on the inclination angle in the range of
2.68 rad < ι < 2.92 rad optionally. We call this prior the
jet prior in the later analysis.

1. Without prior of inclination

Here, we analyze GW170817 without the jet prior on
the inclination angle. Figure 5 shows the result of the
parameter estimation in each pure polarization hypothesis:
the posterior probability distributions for the chirp mass
in the source frame, the luminosity distance, and the
inclination angle. Again, the results are shown in blue
for HT (GR), in orange for HV, and in green for HS. In
comparison with GR, the amplitude parameters of the pure
vector polarization are well determined. This is because
the polarization angle and the phase at the coalescence
time are degenerated in GR when the binary system is
nearly face-on. However, in the case of the vector
polarization modes, the binary system is estimated to
be a nearly edge-on binary, reflecting the radiation pattern.
Then, it breaks the degeneracy between the polarization
angle and the phase at the coalescence time.
In the case of the scalar hypothesis HS, the GW does

not depend on the polarization angle due to its symmetry
under the rotation around the propagation axis. Because of
the breaking of the degeneracy between the polarization
angle and the coalescence phase in GR, the coalescence
phase is well determined, and then the amplitude param-
eters are also well determined compared to the GR case.
The reason why the luminosity distance in the pure scalar
model is estimated to be significantly small is due to the
values of the antenna pattern functions. The value of the

antenna pattern function for the scalar mode is about 2–6
times smaller than those of the tensor and vector modes
for the given direction of GW170817. To compensate for
the smallness of the antenna pattern function and fit to the
amplitude of the signal, the luminosity distance needs to
be small.
Our pure polarization search gives the logarithms of the

Bayes factors lnBTS ¼ 44.544 and lnBTV ¼ 21.078 for
GW170817, which more strongly supports the pure tensor
hypothesis, especially compared to the pure scalar polari-
zation hypothesis.

2. With prior of inclination

Next, we analyze GW170817 with the jet prior on the
inclination angle. Figure 6 shows the result of the parameter
estimation in each pure polarization hypothesis: the pos-
terior probability distributions for the chirp mass in the
source frame, the luminosity distance, and the inclination
angle. Again, the results are shown in blue for HT (GR),
in orange for HV, and in green for HS. Since we consider
the limited range of the inclination angle by the jet prior,
the inclination angle is estimated near the lower bound
under HS andHV. In comparison with Fig. 5, although the
values of the estimated luminosity distance slightly change
accordingly, we obtain the similar trend in Fig. 6.

FIG. 5. The posterior distributions of GW170817 for the chirp
mass, the luminosity distance, and the inclination angle in the
pure polarization theories with the radiation patterns in the
modified theories of gravity. The result of the pure tensor theory
(=GR) is shown in blue, the pure vector theory in orange, and the
pure scalar theory in green. Here, we impose the prior on the RA,
DEC, and the luminosity distance from NGC4993 but without the
jet prior.
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The logarithms of the Bayes factors are lnBTS ¼ 60.271
and lnBTV ¼ 51.043, which strongly support the pure
tensor hypothesis.
As in the case of GW170814, the distributions of the

inclination angle in Fig. 5 are different from each other
in the pure theories, reflecting the radiation patterns.
However, for a binary neutron star event with an electro-
magnetic counterpart, we can utilize the prior distribu-
tions of location and inclination angle using the
information on a host galaxy and a jet. The fact that
we observed the jet from the binary neutron stars means
the binary system should be nearly face-on, less than
about 30 deg from the axis of rotation. Figure 1 shows
that the nontensorial polarization modes hardly radiate
from such a nearly face-on binary. Thus, binary neutron
star events with jets can be utilized to distinguish the
pure polarization theories. As a result, we can obtain the
larger Bayes factor or the stronger constraints of the pure
polarization components.

VII. DISCUSSION AND CONCLUSION

We studied how the radiation patterns or the inclination
dependence of the nontensorial polarization modes affect
the parameter estimation by Bayesian inference. We found
that the values of the estimated amplitude parameters may

be different from the previous works [4,6] if we adopt
different assumptions on the radiation patterns and the
intrinsic amplitudes. In addition, we conducted pure
polarization tests of GW170814 (binary black hole merger)
and GW170817 (binary neutron star merger) under the
three pure polarization hypotheses with nontensorial
radiation patterns allowing only scalar, vector, or tensor
polarization modes. Figures 7 and 8 summarize our results
of the Bayes factors for GW170814 and GW170817
between the scalar or vector hypotheses and the tensor
hypothesis. For GW170814, we obtained the logarithmic
Bayes factors of 2.775 and 3.636 in favor of the pure tensor
polarization against the pure vector and scalar polariza-
tions, respectively. These Bayes factors are consistent with
the previous results by the LIGO-Virgo Collaboration,
though the estimated parameters of the binaries should
be different. In the analysis of GW170817, we utilized the

FIG. 6. The posterior distributions of GW170817 for the chirp
mass, the luminosity distance, and the inclination angle in the
pure polarization theories with the radiation patterns in the
modified theories of gravity and the jet prior. The result of
the pure tensor theory (=GR) is shown in blue, the pure vector
theory in orange, and the pure scalar theory in green. Here, we
impose the prior on the RA, DEC, and the luminosity distance
from NGC4993, and the jet prior from GRB170817A.

FIG. 7. The Bayes factors between the pure tensor polarization
hypothesis and the pure vector polarization hypothesis are shown.
The results from LIGO and Virgo are from [4] for GW170814
and from [6] for GW170817 in blue.

FIG. 8. The Bayes factors between the pure tensor polarization
hypothesis and the pure scalar polarization hypothesis are shown.
The results from LIGO and Virgo are from [4] for GW170814
and from [6] for GW170817 in blue.
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information on the location and the orientation of the binary
system from the electromagnetic counterpart. In particular,
when a GW from binary neutron stars is observed with a
jet, the binary system should be nearly face-on, in which
the difference between the tensorial and nontensorial
radiation patterns is large and helps distinguish the pure
polarization states. For GW170817 with the known loca-
tion of the electromagnetic counterpart, we found a
logarithm of the Bayes factors of 21.078 and 44.544 in
favor of the pure tensor polarization against pure vector
and scalar polarization, respectively. Further imposing the
prior on the observing angle of the GRB jet, they are
improved to 51.043 and 60.271, respectively. These Bayes
factors with the priors from the host galaxy and jet are
much improved compared to the previous results from the
LIGO-Virgo Collaboration.
On the other hand, almost all theories of gravity predict

the mixture of the polarization modes, for example, tensor
and scalar modes. A nearly face-on binary with a jet
observed can give us information on the location and
orientation of a binary in advance, but the amplitudes of
nontensorial modes are expected to be relatively small.
Therefore, an edge-on binary would also play an impor-
tant role in searching for the mixture of polarizations.
A study involving mixed-polarization modes is currently
under way.
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