
Scalar-tensor mixed polarization search of gravitational waves

Hiroki Takeda,1, 2, ⇤ Soichiro Morisaki,3 and Atsushi Nishizawa4

1Department of Physics, Kyoto University, Kyoto 606-8502, Japan
2Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan

3Department of Physics, University of Wisconsin-Milwaukee, Milwaukee, WI 53201, USA
4Research Center for the Early Universe (RESCEU), School of Science,

University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
(Dated: December 9, 2021)

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
letter, 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 GW170814 and
GW170817, 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: <⇠ 0.20 for GW170814 and <

⇠ 0.068 for GW170817, which are the tightest constraints on
the scalar amplitude in a strong regime of gravity before merger.

INTRODUCTION

General relativity (GR) has passed all experimental
and observational tests so far [1–3]. However, many alter-
native theories of gravity have been suggested and stud-
ied for various theoretical motivations [4, 5]. For exam-
ple, a scalar-tensor theory [6, 7] is one of the simplest ex-
tensions of GR and some models are motivated from the
late-time accelerating 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 gravitational lensing beyond GR
[11]. In this way, the degrees of freedom of a GW reflect
the nature of gravity. Any signature of non-tensorial po-
larization modes that are forbidden in GR demands the
extensions of GR if they are discovered [12].

The observations of GWs from compact binary coa-
lescences [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 bi-
nary coalescences have been tested in the pure polariza-
tion framework, in which one performs the model selec-
tion between GR and an extreme case of an alternative
gravity 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 polarizations [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 per-
formed [18, 23, 24]. The result supports GR modestly.

However, most of alternative theories of gravity pre-
dicts 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.
As a waveform-free approach, the reconstruction method
capable of detecting and characterizing the mixed polar-
izations of a transient GW signal has been proposed in
[26, 30]. The most stringent constraint on the additional
scalar amplitude has been obtained from the measure-
ment 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 letter, we evaluate the amplitude of
the scalar mode mixed with the ordinary tensor modes
for GW170814 and GW170817, which are the events de-
tected by three detectors so that we can separate a mix-
ture of the scalar-tensor polarizations in principle [21].
This is for the first time to add the scalar polarization
term directly in the polarization test. Throughout this
letter we use the geometrical units, c = G = 1.

SCALAR-TENSOR POLARIZATION MODEL

Detector signal

While GWs are allowed to have two tensorial polariza-
tion modes as the degrees of freedom of gravity in GR,
a general metric theory of gravity allows at most four
non-tensorial polarization modes in addition to tensorial
modes [9]. Thus, the detector signal of the I-th GW in-
terferometric detector can be written in general as [4, 31]

hI(t, ⌦̂) =
X

A

FA
I (⌦̂)hA(t), (1)

where hA(t) are each polarization component of the GW,
⌦̂ is the sky direction of a GW source, and FA

I is the
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antenna pattern functions of the I-th detector,

FA
I (⌦̂) := dabI eAab(⌦̂). (2)

Here, A is polarization indices running over +,⇥, x, y, b, l,
corresponding to plus, cross, vector x, vector y, breath-
ing, and longitudinal polarization modes, respectively.
We can test gravity theories by separating polarizations
of the observed signal [32].

Scalar-tensor waveform

Since the two scalar polarizations (longitudinal and
breathing) are completely degenerate, they can not be
distinguished by the interferometric detectors [21, 32].
Thus, our scalar-tensor model should consist of three po-
larization modes, that is, plus, cross, and the dipole and
quadrupole scalar polarization modes.

The angular pattern of GW emission, or the
inclination-angle ◆ dependence of the scalar mode, should
be proportional to sin ◆ for the dipole radiation and sin2 ◆
for the quadrupole radiation [20, 21, 29]. In order to
avoid introducing parameters that have di↵erent corre-
lations with other parameters depending on the theory
as free parameters, we assume the l-th harmonic in time
domain h(l)(t) = ⌘(2�l)/5(M/dL)(2⇡MF )l/3e�il� with
the inclination-dependence as the scalar-mode waveform.
Here, M is the chirp mass, dL is the luminosity distance,
and ⌘ is the symmetric mass ratio. In addition, F and �
are the orbital frequency and phase, respectively. How-
ever, the tensor amplitude and the phasing should get a
backreaction because the additional scalar radiation dis-
rupts the orbital motion.

Therefore, we analyze the data under the scalar-tensor
hypothesis HST having the following signal model in the
frequency domain,

h̃I(f, ⌦̂) = h̃GR(1 + �A)ei� 
(2)

+

r
5⇡

96
AS2Fb sin

2 ◆
M

2

dL
u�7/2
2 e�i (2)

GRei� 
(2)

+

r
5⇡

48
AS1Fb sin ◆⌘

1/5M
2

dL
u�9/2
1 e�i (1)

GRei� 
(1)

,

(3)

where h̃GR is the frequency-domain waveform of the GW

from compact binary coalescences in GR and  (l)
GR is the

frequency evolution for the l-th harmonic in GR. ul :=
(2⇡Mf/l)1/3 is the the reduced l-th harmonic frequency.
AS2 and AS1 are the additional polarization parameters
characterizing the quadrupole and dipole amplitudes of
the scalar mode, respectively. �A and � denote the
amplitude and phase corrections based on the energy loss
due to the presence of the additional scalar radiation [20].
The additional scalar radiation requires the modification

of the change rate of the binary binding energy as

Ė = ĖGR

✓
1 +

2

3
A2

S2 +
5

96
A2

S1⌘
2/5(2⇡MF )�2/3

◆
. (4)

where Ė(GR) is the change rate in GR. Keeping up to
the second order in terms of AS , the modification leads
to the amplitude and phase corrections as

�A(l) = �A(l)
q + �A(l)

d

= �
1

3
A2

S2 �
5

192
A2

S1⌘
2/5u�2

l ,
(5)

� (l) = � (l)
q + � (l)

d

=
l

128
A2

S2u
�5
l +

5l

14336
A2

S1⌘
2/5u�7

l ,
(6)

through the stationary phase approximation. Conse-
quently, we obtain the waveform model in Eq. (3).
We deal with only the inspiral phase because the

merger and ringdown waveforms in a scalar-tensor the-
ory have not yet been constructed for use in a search due
to the nonlinearity and complexity of the field equations,
which might lead to large corrections in such stronger
gravity regime [33]. The dipole radiation has already well
constrained by evaluating the -1PN order phase coe�-
cient [18]. We can translate the constraint |�'̂�2| < 10�5

for GW170817 [28] into the dipole amplitude AS1
<
⇠ 0.02

assuming the relation between them in our model. Since
this is su�ciently smaller than the amplitude determina-
tion accuracy expected from SNR, we ignore the dipole
term for GW170817 considering the computational cost.

ANALYSIS

We analyze the signal of GW170814 [19] and
GW170817 [34] in a scalar-tensor polarization frame-
work, which are GW events from a binary black-hole
coalescence and a binary neutron-star coalescence ob-
served by three-detector network, respectively. We ba-
sically take the same analysis method in [29] and ana-
lyze the data under the scalar-tensor hypothesis HST, in
which the GW signal is described as Eq. (3). In addi-
tion to AS2 and AS1, we consider 13 source parameters:
the right ascension and declination of the compact binary
system, ↵ and �, the inclination angle of the binary sys-
tem ◆, the polarization angle  , the luminosity distance
to the compact binary system dL, the time and phase
at the coalescence, tc and �c, detector-frame masses, m1

and m2, dimensionless spins of the primary and the sec-
ondary objects, �1 and �2, and the tidal deformability
parameters of the primary and secondary stars, ⇤1 and
⇤2.
Our analysis relies on the Bayesian inference. The

posterior probability distribution is calculated from the
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Bayes’ theorem,

p(✓|{dI}
N
I=1,HST) =

p(✓)p({dI}NI=1|✓,HST)

p({dI}NI=1|HST)
. (7)

p(✓) represents the prior probability distribution and is
basically applied by the standard priors [35] (see the det-
tail in [29]). Note that we apply a uniform priors in the
range [�1, 1] for AS2 and AS1. p({dI}NI=1|✓,HST) repre-
sents the likelihood function and we apply the standard
Gaussian noise likelihood [35]. The lower frequency cut-
o↵ for the likelihood calculations is 20 Hz for GW170814
and 23 Hz for GW170817 [35].

We utilize the Bilby software [36, 37] and the cpnest
sampler [38] for the Bayesian inference. As an inspiral
template, we adopt TaylorF2 [39]. For GW170817, we
utilize the focused reduced order quadrature technique
[40] as in [29]. We use the data of GW170814 whose
duration is 4 seconds and sampling frequency is 4096 Hz
and the data of GW170817 with the removal of glitch
whose duration is 128 seconds and sampling frequency is
4096 Hz from Gravitational Wave Open Science Center
[41].

As for GW170817, an optical [42] and near-infrared
[43] electromagnetic counterpart was observed nearby the
galaxy NGC 4993 [44], and the associated gamma ray
burst, GRB 170817A, was also observed [45, 46]. In the
analysis of GW170817, we additionally impose the lo-
cation priors on the luminosity distance, the right as-
cension, and the declination of GW170817 from the po-
sition of the host galaxy, NGC4993. The prior of the
luminosity distance is set to be the Gaussian distribu-
tion 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�2205300.343
[44]. In addition, the orientation of the compact binary
system was also restricted for the viewing angle ✓obs as
0.25 rad < ✓obs(dL/41 Mpc) < 0.45 rad [47, 48]. This
can be converted into the inclination angle, ✓obs = ◆ or
✓obs = ⇡� ◆, from the assumption that the jet is perpen-
dicular 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 < ◆ < 2.92 rad [29].

RESULT

For GW170814, Figure 1 shows the posterior probabil-
ity distribution for the chirp mass in the source frame,
the luminosity distance, the inclination angle, and the
scalar amplitudes under HST. Figure 2 shows the pos-
terior probability distribution of the right ascension and
the declination under HST in orange. The results under
GR are also shown in green for comparison. These am-
plitude parameters and the sky location are almost un-
changed by adding the scalar mode. The amplitude pa-
rameters for the additional scalar modes are constrained
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FIG. 1. The posterior probability distributions of the chirp
mass in the source frame, the luminosity distance, the incli-
nation angle, and the scalar amplitudes for GW170814 under
the scalar-tensor hypothesis HST. For comparison, the results
under GR are also shown. The constraint on the scalar am-
plitude AS2 can be converted into the constraint on the ratio
of the scalar mode amplitude to the tensor mode amplitude:
RST

<
⇠ 0.20.

by �0.13+0.89
�0.63 for the quadrupole and 0.03+0.37

�0.37 for the
dipole. From the comparison of the estimated errors from
the scalar amplitude in the scalar term and the phase cor-
rection of the tensor modes depending on the scalar am-
plitude, we can see that the contribution from the scalar
term dominates compared to the contribution from the
phase modification for the tensor mode when the am-
plitude is small AS2

<
⇠ 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 ten-
sor mode with increasing mass, as shown by the 2D cor-
relations. We can also see the 2D correlations between
AS2 and M or dL. The correlations are interpreted from
the parameter combination, (1 � AS2

2/3)M5/6/dL, in
the tensor-mode amplitude, which dominates the scalar-
mode amplitude. This combination of parameters is
tightly constrained by the observational data, thereby
introducing correlations between the individual parame-
ters.

For GW170817, Figure 3 shows the posterior probabil-
ity distributions for the chirp mass in the source frame,
the luminosity distance, the inclination angle, and 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 HST and in green under
GR.

scalar amplitude. The distributions of the amplitude pa-
rameters are hardly di↵erent between under GR and un-
der HST. For GW170817, the stronger correlations be-
tween AS2 and M or dL are seen. The amplitude pa-
rameter for an additional scalar mode is constrained in
0.04+0.60

�0.66.
The constraints can be translated into the constraints

on the ratio of the scalar amplitude to the tensor am-
plitude defined for our scalar-tensor waveform model by
[49]

RST :=

�����
AS2 sin

2 ◆p
(1 + cos2 ◆)2/4 + cos2 ◆

����� . (8)

This ratio represents how deep the scalar mode is
searched in a GW signal. We find the constraints on
RST : RST

<
⇠ 0.20 for GW170814 and RST

<
⇠ 0.068

for GW170817, which are consistent with GR. This is
thought to be because if more scalar waves are emitted,
the tensor mode is also significantly deformed and the
observed signal cannot be explained. Concomitantly, the
amplitude parameters and the location parameters are
hardly changed. We confirmed that the results do not
change significantly with 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 sin2 ◆
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FIG. 3. The posterior probability distributions of the chirp
mass in the source frame, the luminosity distance, the incli-
nation angle, and the scalar amplitude for GW170817 under
the scalar-tensor hypothesis HST. For comparison, the results
under GR are also shown. The constraint on the scalar am-
plitude AS can be converted into the constraint on the ratio
of the scalar mode amplitude to the tensor mode amplitude:
RST

<
⇠ 0.068.

in the numerator becomes small. The constraint on the
scalar coupling in the alternative theories of gravity is
given by the additional scalar amplitude AS2, while the
amplitude ratio RST can be regarded as the indicator of
the search depth to the polarization modes because the
smaller RST is, the deeper we are able to explore the
scalar mode, given the inclination angle.

CONCLUSION AND DISCUSSIONS

We searched for a mixed scalar-tensor polarization
modes of GW170814 and GW170817. We found the con-
straints on the additional scalar polarization amplitudes,
AS2 = �0.13+0.89

�0.63 and AS1 = 0.03+0.37
�0.37 for GW170814

and AS2 = 0.04+0.60
�0.66 for GW170817. These results can

be translated into the constraints on the ratio of the
scalar amplitude to the tensor amplitude in the GW sig-
nals: RST

<
⇠ 0.20 for GW170814 and RST

<
⇠ 0.068 for

GW170817. Note that since the radiation mechanisms of
di↵erent physical systems such as the binary black holes
and the binary neutron stars are not necessarily the same,
the two constraints could not be simply compared.
When the fourth and fifth detector such as KAGRA
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[50–52] and LIGO India [53] participates in the GW de-
tector network, four and five polarization modes can be
probed [21]. Therefore, the expansion of the detector net-
work 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 ampli-
tude is determined by the SNR. Thus, it is expected that
the event with the large SNR can be utilized for more
precise tests. However, since there is a limit to the accu-
racy of test by a single GW, we are developing a method
to statistically combine the polarization analysis results
of multiple GW sources.
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