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An additional scalar degree of freedom for a gravitational wave is often predicted in theories of gravity
beyond general relativity and can be used for a model-agnostic test of gravity. In this article, we report the
direct search for the scalar-tensor mixed polarization modes of gravitational waves from compact
binaries in a strong regime of gravity by analyzing the data of GW 170814 and GW 170817, which are the
merger events of binary black holes and binary neutron stars, respectively. Consequently, we obtain the
constraints on the ratio of scalar-mode amplitude to tensor-mode amplitude: <0.10 for GW170814 and
<0.034 for GW170817, which are the tightest constraints on the scalar amplitude in a strong regime of

gravity before merger.
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I. INTRODUCTION

General relativity (GR) has passed all experimental and
observational tests so far [1-3]. However, many alternative
theories of gravity have been suggested and studied for
various theoretical motivations [4,5]. For example, a scalar-
tensor theory [6,7] is one of the simplest extensions of GR
and some models are motivated from the late-time accel-
erating expansion of the Universe [8]. It is well known that a
gravitational wave (GW) can have two tensor degrees of
freedom in GR, while the scalar-tensor theory additionally
introduces scalar degrees of freedom for a GW via scalar
fields [1,9]. The scalar polarization modes of a GW are also
predicted in f(R) gravity [10]. It has been pointed out that
scalar-tensor polarization mixing can occur in the gravita-
tional lensing beyond GR [11]. In this way, the degrees of
freedom of a GW reflect the nature of gravity. Any signature
of nontensorial polarization modes that are forbidden in GR
demands the extensions of GR if they are discovered [12].

The observations of GWs from compact binary coales-
cences [13,14] by advanced LIGO [15] and advanced Virgo
[16] have been able to test GR in a stronger gravity regime
[17-19]. Some analytical and numerical studies to probe
into the anomalous polarization modes have been made for
GWs from compact binary coalescences [20-26]. So far,
the polarization modes of GWs from compact binary
coalescences have been tested in the pure polarization
framework, in which one performs the model selection
between GR and an extreme case of an alternative gravity
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theory allowing only scalar or vector polarization modes. In
the context of such pure polarization tests, the signals of
GW170814 [19] and GW170817 [27] strongly favor the
tensor polarization against the pure vector or scalar polar-
izations [19,28,29]. On the other hand, the polarization test
based on the null stream method that does not require any
waveform of a GW has been performed [18,23,24]. The
result supports GR modestly.

However, most of alternative theories of gravity predict
tensor modes along with subdominant vector and/or scalar
modes. In other words, a detector signal would be typically
a mixture of those polarization modes. The most stringent
constraint on the additional scalar amplitude has been
obtained from the measurement of the orbital period of
the binary pulsars and is consistent with the tensor modes in
GR [4]. However, it is still in a weak gravity regime much
before the merger of the binary. In this article, we probe the
amplitude of the extra scalar mode mixed with the ordinary
tensor modes for GW170814 and GW170817 in a strong
regime of gravity just before the merger. The two binary
merger events were detected by three detectors so that we
can separate a mixture of the scalar-tensor polarizations, in
principle [21]. Our model for the scalar waveform includes
both # =1 and # = 2 harmonics, applied only to the
inspiral phase of the GW signals from these two events.
This is the first analysis that allows an arbitrary mixture of
tensor and (model-specific) scalar contributions in the
signal hypothesis and is based on a scalar-tensor waveform.
Throughout this article we use the geometrical units,
¢ =G =1, and all uncertainties are defined by 90%
credible intervals unless they are mentioned explicitly.

© 2022 American Physical Society


https://orcid.org/0000-0001-9937-2557
https://orcid.org/0000-0003-3562-0990
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.084019&domain=pdf&date_stamp=2022-04-12
https://doi.org/10.1103/PhysRevD.105.084019
https://doi.org/10.1103/PhysRevD.105.084019
https://doi.org/10.1103/PhysRevD.105.084019
https://doi.org/10.1103/PhysRevD.105.084019

TAKEDA, MORISAKI, and NISHIZAWA

PHYS. REV. D 105, 084019 (2022)

II. SCALAR-TENSOR POLARIZATION MODEL

Some theories of gravity such as the scalar-tensor theory
predict the existence of the scalar polarization in addition
to the standard tensor modes. The scalar modes can be
radiated through dipole and quadrupole patterns. As a
waveform-agnostic approach, the reconstruction method,
which is capable of detecting and characterizing the mixed
polarizations of a transient GW signal, has been proposed
in [26,30]. In contrast, our analysis here is based on a
parametrized waveform model constructed according to the
features commonly seen in the scalar-tensor waveforms in
some of typical gravity theories. The approach is not
completely model independent but enables us to achieve
higher sensitivity to a possible deviation from GR. The
waveform has the following features.

(i) The model consists of the scalar and tensor modes.
Since the two scalar polarizations (longitudinal
and breathing) are completely degenerate for an
interferometric detector [21,31], we consider three
polarization modes, that is, plus, cross, and one
scalar polarization mode.

(i1) The scalar mode has two leading harmonics: dipole
and quadrupole. The angular pattern of GW emis-
sion, or the inclination-angle : dependence of the
scalar mode, should be proportional to sin: for the
dipole radiation and sin®: for the quadrupole radi-
ation [20,21,29]. From a general consideration of
harmonics [20], the Zth harmonic in the time domain
has the parameter dependence,

(1) = n(z_f)/sy—L(ZﬂMF)fBe_im. (1)

We assume that the waveform of the /th scalar
polarization mode has the £th harmonics character-
ized by the amplitude parameter Ag,. Here, M is the
chirp mass, d; is the luminosity distance, and 7 is the
symmetric mass ratio. In addition, F and ® are
the orbital frequency and phase, respectively.

(iii) The tensor amplitude and phasing are deformed due
to a backreaction from the extra energy loss due to
scalar radiation. Let A and ¥ be the amplitude and
phase corrections from the additional energy loss.
The resulting modification of the change rate of the
binary binding energy can be calculated as
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where the stress-energy tensor in GR is assumed, (-)

denotes an averaging procedure, and ECR) denotes
the change rate in GR. Keeping up to the second
order in terms of Ag, the modification leads to the
amplitude and phase corrections as
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through the stationary phase approximation [20].
The reduced /th harmonic frequency is defined
as uy = (2aMf/€)'3, where f = £F is the GW
frequency.

(iv) The modification of the conservative dynamics is not
introduced. That is because the modifications appear
at the same order as the modification by the energy
loss and completely degenerate with the amplitude
parameters.

Consequently, we obtain the following signal model in
the frequency domain and we analyze the data under the
scalar-tensor hypothesis Hgr,

h(f.Q) =Y + 0§ + 0, (5)
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where IZ<T2 ), 171(5‘2)7 and fz(sl) represent the quadrupole tensor,
quadrupole sclalar, and dipole scalar polarization, respec-

tively. 71(S2> and fzgl) are characterized by their amplitude Ag,
and Ag;. Here, F}(A = +, x, b) are the antenna pattern
functions of the /th detector depending on the sky direction
and the polarization angle, and representing the detector
response to the polarization. \Pgl% is the frequency evolution
for the #th harmonic in GR.

We deal with only the inspiral phase because the
merger and ringdown waveforms in a scalar-tensor theory
have not yet been constructed for use in a search due to
the nonlinearity and complexity of the field equations,
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which might lead to large corrections in such a stronger
gravity regime [32].

ITI. ANALYSIS

We analyze the signals of GW170814 [19] and
GW170817 [33] in a scalar-tensor polarization framework,
which are GW events from a binary black-hole coalescence
and a binary neutron-star coalescence observed by three-
detector network, respectively. We basically take the same
analysis method in [29] and analyze the data under the
scalar-tensor hypothesis Hgr, in which the GW signal
is described as Eq. (5). In addition to Ag, and Ag;, we
consider 13 source parameters: the right ascension and
declination of the compact binary system, @ and &, the
inclination angle of the binary system i, the polarization
angle y, the luminosity distance to the compact binary
system d; , the time and phase at the coalescence, 7. and ¢,
detector-frame masses, m; and m,, dimensionless spins of
the primary and the secondary objects for aligned spin
binaries, y; and y,, and the tidal deformability parameters
of the primary and secondary stars, A; and A,. However,
we do not consider the scalar dipole mode in the analysis of
GW170817 for computational cost, because the dipole
radiation is already well constrained by the consistency
tests for the tensor modes [18,34]. We can translate the
constraint on the coefficient shift at —1 post-Newtonian
(PN) order [6p_,| < 107 for GW170817 [28] into the
dipole amplitude |Ag| <0.02 assuming the relation
between them in our model. This is sufficiently smaller
than the amplitude determination precision expected from
SNR. For GW170814, we need to include the dipole mode
because the constraint on the coefficient shift at —1PN
order |Ag;| < 0.02 [35] corresponds to |Ag; | < 0.6, which is
comparable to the current sensitivity to the quadrupole
scalar amplitude.

Our analysis relies on the Bayesian inference. The
posterior probability distribution is calculated from the
Bayes’ theorem,

P(O)P({dl}?,:l 0, Hsr)
P({dl}?’:ﬂHST) '

p(0) represents the prior probability distribution and is
basically applied by the standard priors [36] (see the detail
in [29]). Since the two amplitudes have different relation-
ships depending on the theory considered, they are treated
independently in this analysis. Since we have no specific
prior knowledge about the amplitude, we apply uniform
priors in the range [—1,1] for As, and Ag, based on
the assumptions made in the construction of the waveform
model. p({d;}},|0,Hst) represents the likelihood
function and we apply the standard Gaussian noise like-
lihood [36]. The lower frequency cutoff for the likelihood
calculations is 20 Hz for GW170814 and 23 Hz for
GW170817 [36].

p(al{dl}?’:DHST) = )

We utilize the Bilby software [37,38] and the cpnest
sampler [39] for the Bayesian inference. The flat A cold
dark matter cosmological model is assumed and the
cosmological parameters are given in [40]. As an inspiral
template, we adopt TaylorF2 [41]

3 ! .
W(f) = 2fte = e =+ 155 (PMF P D ilmMp) P,
i=0

(10)

where ¢, is the phase at the coalescence time 7. and ¢; are
PN coefficients. For GW170817, we utilize the focused
reduced order quadrature technique [42] as in [29]. 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 from the Gravitational Wave Open
Science Center [43]. The calibration uncertainties reported
in [44] are not considered in the analysis because they are
small enough to the statistical errors currently.

As for GW170817, an optical [45] and near-infrared [46]
electromagnetic counterpart was observed nearby the
galaxy NGC 4993 [47], and the associated gamma ray
burst, GRB 170817A, was also observed [48,49]. It is
expected that the polarization modes could be more easily
separated by strongly restricting the parameter range in
advance, from the information on the position and ori-
entation of the binary system independent of the theories of
gravity obtained from the observations of the electromag-
netic counterparts [29]. In the analysis of GW170817,
we additionally impose the location priors on the lumi-
nosity distance, the right ascension, and the declination of
GW170817 from the position of the host galaxy,
NGC4993. The prior of the luminosity distance is set to
be the Gaussian distribution with the mean 42.9 Mpc
and the standard deviation 3.2 Mpc. We fix the right
ascension and the declination to RA = 13h09m48s.085
and DEC = —23°22/53".343 [47]. In addition, the orienta-
tion of the compact binary system was also restricted for
the viewing angle 0, as 0.25 rad < O,,(d; /41 Mpc) <
0.45 rad [50,51]. This can be converted into the inclination
angle, O, =1 or O, = 7 —1, from the assumption that
the jet is perpendicular to the orbital plane of the compact
binary system. Consequently, we impose the jet prior on
the inclination angle in the range of 2.68 rad <1 <
2.92 rad [29].

IV. RESULT

For GW170814, Fig. 1 shows the posterior probability
distribution for the chirp mass in the detector frame, the
luminosity distance, the inclination angle, and the scalar
amplitudes under Hgp with 50% and 90% credible inter-
vals. The results under GR are also shown in green for
comparison. The distributions for these parameters other
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FIG. 1. The posterior probability distributions of the chirp mass
in the detector frame, the luminosity distance, the inclination
angle, and the scalar amplitudes for GW170814 under the scalar-
tensor hypothesis Hgr with 50% and 90% credible intervals in
the 2D plots and 90% credible interval in the 1D plots. For
comparison, the results under GR are also shown. The priors are
shown in gray. The constraint on the scalar amplitude Ay, can be
converted into the constraint on the ratio of the scalar mode
amplitude to the tensor mode amplitude: Rgr < 0.10.

than the scalar amplitude governing the GW amplitude
change slightly by adding the scalar mode. The amplitude
parameters for the additional scalar modes are constrained
by —0.13708 for the quadrupole and 0.037037 for the
dipole. From the comparison of the amplitude errors
estimated from each part of the waveform, we have verified
that the contribution from the scalar term dominates
compared to the contribution from the phase and amplitude
corrections for the tensor modes when the amplitude is
small Ag, < 0.5. Figure 1 shows that the scalar term starts
to be constrained in such a region of small scalar amplitude,
shifting the posterior distribution to the negative side
slightly. This is because the scalar term compensates for
the change in amplitude of the tensor mode with increasing
mass, as shown by the 2D correlations. We found the
positive 2D correlation between M and Ag, that could
come from the amplitude corrections for the tensor modes
because the phase part of GW170814 is hardly measured,
and then the amplitude correlation still remains. We did not
find the strong correlation between the mass ratio and the
effective spin. We also did not confirm the strong corre-
lation between the mass ratio and the dipole scalar
amplitude, which could be inferred from the expression
of the corrections in Eqs. (3) and (4). This suggests that the
dipole amplitude is mainly determined directly from the
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FIG. 2. The posterior probability distributions of GW170814
for the right ascension and the declination are shown in orange
under the scalar-tensor hypothesis Hgr and in green under GR.
The credible intervals of 50% and 90%, and the credible interval
of 90% are shown in the 2D plot and the 1D plots, respectively.

amplitude part, not from the corrections. Figure 2 shows the
posterior probability distribution of the right ascension
and the declination under Hgr in orange and under GR in
green. We found a small but non-negligible change in the
posterior, as expected for a small scalar contribution, given
that F, is significantly different from F* and F*.

For GW170817, Fig. 3 shows the posterior probability
distributions for the chirp mass in the detector frame, the
luminosity distance, the inclination angle, and the scalar
amplitude with 50% and 90% credible intervals. The
distributions of the chirp mass, the luminosity distance,
and the inclination angle also change slightly between
under GR and under Hgr. The amplitude parameter for an
additional scalar mode is constrained in 0.041’8_‘22 . In this
case, we found the 2D correlation between d; and Ayg,.
The correlation could be derived from the parameter
combination, (1 —Ag,2/3)/d,, in the tensor-mode ampli-
tude. This combination of parameters is tightly constrained
by the observational data, thereby introducing correlations
between d; and Ag,. On the other hand, we did not find the
2D correlation between M and Ag,. The positive correla-
tion between M and Ag, from the amplitude and the
negative correlation M and Ag, from the phase would solve
the degeneracy between them. We also found the strong
correlation between the mass ratio and the effective spin as
in [52]. However, there are no strong correlations between
Ag, and such parameter.

The constraints can be translated into the constraints on
the ratio of the scalar amplitude to the tensor amplitude
defined for our scalar-tensor waveform model by [53]
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FIG. 3. The posterior probability distributions of the chirp mass

in the detector frame, the luminosity distance, the inclination
angle, and the scalar amplitude for GW170817 under the scalar-
tensor hypothesis Hgr with 50% and 90% credible intervals in
the 2D plots and 90% credible interval in the 1D plots. For
comparison, the results under GR are also shown. The priors are
shown in gray. The constraint on the scalar amplitude Ag can be
converted into the constraint on the ratio of the scalar mode
amplitude to the tensor mode amplitude: Rgt < 0.034.

Agpsin’s

V(1 + cos?i)? + 4cosi|

Rgr ==

(11)

This ratio represents how deep the scalar mode is searched
in a GW signal. We find the constraints on Rgt: Rgt < 0.10
for GW170814 and Ryt < 0.034 for GW170817, which are
consistent with GR. This is thought to be because if more
scalar waves are emitted, the tensor mode is also signifi-
cantly deformed and the observed signal cannot be
explained. Concomitantly, the distribution of the parame-
ters other than the scalar amplitudes and the location
parameters change only slightly. We confirmed that the
results do not change significantly with an increased
number of live points. The precision of the additional
amplitude for GW170814 and GW170817 is comparable,
while the amplitude ratio is better determined for
GW170817. This comes from the fact that the inclination
angle estimated from the gamma ray burst is nearly face-on
and the factor sin®z in the numerator becomes small. The
constraint on the scalar coupling in the alternative theories
of gravity is given by the additional scalar amplitude Ay,
while the amplitude ratio Rqr can be regarded as the
indicator of the search depth to the polarization modes

because the smaller Rgy is, the deeper we are able to
explore the scalar mode, given the inclination angle.

V. CONCLUSION AND DISCUSSIONS

We searched for mixed scalar-tensor polarization modes
of GW170814 and GW170817. We found the constraints
on the additional scalar polarization amplitudes, Ag, =
—0.13708 and Ag; = 0.037037 for GW170814 and Ag, =
0.O4f8:66g for GW170817. These results can be translated
into the constraints on the ratio of the scalar amplitude to
the tensor amplitude in the GW signals: Rgp < 0.10 for
GW170814 and Rgr < 0.034 for GW170817. Note that
since the radiation mechanisms of different physical
systems such as binary black holes and binary neutron
stars could be different due to the source properties such as
a scalar charge or a scalar hair, the two constraints could not
be simply compared. This is also the reason why the dipole
radiation is ignored in the analysis for GW170817 based on
the previous constraints from GW170817 while not for
GW170814. The difference between the prior and the
posterior on the polarization amplitude parameter can be
evaluated by the ratio of the 90% confidence intervals. For
GW170814, the ratio of the quadrupole scalar mode is 0.84,
and the ratio of the dipole scalar mode is 0.41. For
GW170817, the ratio of the quadrupole scalar mode is
0.7. The smaller ratio for the dipole mode could be due to
the fact that the dipole mode has a different phase evolution
and a larger contribution in the early stage of the inspiral. In
addition, the smaller ratio for the quadrupole in GW 170817
compared to GW170814 may be due to the additional
priors. Since the sensitivity to the polarization amplitude
parameter is limited by the detector sensitivity, even in our
setup, where the three modes can be separated, in principle,
the ratio for the quadrupole is relatively large at this stage,
although it is smaller than 1 and consistent with our
assumptions.

In the analysis, we only consider the inspiral phase
because the merger and ringdown waveform with the scalar
polarizations in alternative theories of gravity are not well
known. By considering only the inspiral, the estimated
luminosity distances are larger than when considering the
merger and ringdown phase for GW170814 [36]. In
addition, we consider the aligned spin waveform to easily
introduce the geometrical patterns for nontensorial radia-
tion. Not considering the precession may result in a loss in
the inclination angle and the luminosity distance decom-
position. It is possible that the precession may be useful in
separating the polarizations depending on the property of
the source. It will be a future work to investigate how the
precession helps in determining polarizations. Finally, we
consider the effect of assuming the stress-energy tensor in
GR in the calculation of the energy loss. In order to test the
polarization modes with higher sensitivity than the wave-
form-independent approach using a waveform model that
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includes as many theories of gravity as possible, the
stress-energy tensor in GR was adopted for the calculation
of the energy loss, although the stress-energy tensor can
also be modified in the extended gravity theories. This is
valid for some theories of gravity, for example, such as the
quadratic curvature gravity [54]. As a result, in our model,
the corrections also depend on the second order of the
polarization amplitude, reflecting that the energy loss is
proportional to the second order of the amplitude, as in
Eq. (2). On the other hand, however, the stress-energy
tensor in the Brans-Dicke theory has a term proportional
to the inverse of the coupling, and in the Chern-Simons
theory has a term proportional to the scalar field linearly
[54,55]. In these cases, the corrections also depend on the
coupling included in the scalar amplitude linearly, since
the coupling appears linearly in the energy loss. We are
currently working on an analysis that takes into account
the corrections in the scalar-energy tensor in order to
cover more theories.

When the fourth and fifth detector such as KAGRA
[56-58] and LIGO India [59] participate in the GW
detector network, four and five polarization modes can
be probed [21]. Therefore, the expansion of the detector
network will make it possible to probe the anomalous GW
polarizations directly under a vector-tensor framework or a
scalar-vector-tensor framework in the future. On the other
hand, the detection limit for the additional amplitude is
determined by the SNR. Thus, it is expected that events
with larger SNR can be utilized for more precise tests.
However, since there is a limit to the accuracy of this test
using a single GW event, we are developing a method to

statistically combine the polarization analysis results of
multiple GW sources.
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