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Massive scalar fields are promising candidates for addressing many unresolved problems in fundamental
physics. We report the first model-agnostic Bayesian search of massive scalar fields that are nonminimally
coupled to gravity in LIGO/Virgo/KAGRA gravitational-wave data. We find no evidence for such fields
and place the most stringent upper limits on their coupling for scalar masses <2 x 107! eV. We exemplify
the strength of these bounds by applying them to massive scalar-Gauss-Bonnet gravity, finding the tightest

constraints on the coupling constant to date, ,/agg < 1 km for scalar masses <1073 eV to 90% credible

level.
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Introduction—Scalar fields are ubiquitous in extensions
of general relativity (GR) or the Standard Model of particle
physics [1-6], motivated by the quest for quantum gravity
and attempts to address internal consistency problems, e.g.
hierarchy problem [7], strong CP problem [8]. Light scalars
have also been suggested as potential explanations for dark
energy [9] or dark matter [10,11].

The inspiral behavior of compact binaries can be
significantly affected if a scalar endows compact stars or
black holes (BHs) with a scalar monopole, making gravi-
tational waves (GWs) a promising probe of new funda-
mental scalars. Such a binary would emit scalar dipolar
radiation, in addition to the standard quadrupole gravita-
tional radiation. The extra loss of energy would affect the
orbital dynamics and, in turn, the conventional gravita-
tional-wave polarizations, leading to a GW dephasing
that is O(v?/c?) larger than the leading-order term in
the GR GW phase, where v is the orbital velocity and c is
the speed of light [i.e., a —1 post-Newtonian (PN) order
effect] [12—14]. Thus, the effect of the additional dipolar
emission on the orbital dynamics is very significant in the
early inspiral phase. Indeed, pulsar observations have all
but ruled out the prospect that compact stars could carry a
scalar charge if the scalar field is massless [15,16]. LIGO-
Virgo-KAGRA (LVK) observations have been used to
search for scalar fields with black hole binaries [17-26],
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while future observations of highly asymmetric binaries by
the Laser Interferometer Space Antenna (LISA) have been
shown to have great potential as well [27-29].

Searches for massive scalars with GW present an addi-
tional challenge: massive fields are confined near the
compact objects and this suppresses scalar emission in the
early inspiral. Indeed, GW observations are likely “blind”
to fields whose inverse mass is smaller than the size of the
compact objects of the binary. Nonetheless, axion-like
particles are expected to be very light but not massless
[1,3,11], while deviations from GR that lead to interesting
non-linear strong field phenomena, such as scalarization
[30-35], include massive scalars. Indeed, the GW signal
emitted by a binary neutron star (binary NS, or BNS), the
GW170817 event, was analyzed for a model-specific
search of axion at a discrete grid of axion mass in [36].
A model-agnostic search for massive scalar fields was
explored in [37] through Fisher analysis using a simulated,
synthetic dataset. Both analyses were done for some
particular values of the scalar field mass only.

In this work, we report the first model-agnostic Bayesian
search of massive scalar fields from GW signals detected
by the LVK detectors during their first three observing
runs (O1-03) [38-43] as well as the latest one released in
04 [44], without fixing the scalar mass u A a priori. This
analysis is agnostic to the theory that endows the binary
component with a scalar charge. We find no evidence for
dipolar emission in BH binaries (BNSs) for scalar masses
uh <5x1073 eV (2x 1072 eV). In a more focused
range u,h <3 x 10713 eV, we show constraints on the
difference in the scalar charge per unit mass in BH binaries
(BNSs) to be <0.5 (0.05). These are the first and most
stringent Bayesian GW constraints on these massive scalar
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fields in this mass range. We note that dipole radiation is a
generic feature and a smoking-gun effect of nonminimally
coupled scalars on compact binaries, see, e.g., [45] for an
example given in massive Brans-Dicke theory.

We also repeat our analysis for a specific massive scalar-
tensor theory, massive scalar-Gauss-Bonnet (massive sGB,
or msGB) gravity. In geometric units G = 1 = ¢, the msGB
action writes

R
S = /d4X\/__9 {E* acePXep
1
- E (va(pva¢ =+ ﬂ?¢2):| =+ Smatter’ (1)

where ¢ is the determinant of the metric g,;,, R is the Ricci
scalar, ¢ is a real scalar field with mass u %, Syager 1S the
matter action, X2 = R? — 4R,,R? + R,p.qR? is the
Gauss-Bonnet (GB) invariant, R, and R, are the Ricci
tensor and the Riemann tensor, respectively, and agp
is a dimensionful coupling constant. We here obtain the
first Bayesian LVK constraints on ,/agg for a massive
scalar, with 90% credible intervals <1 km for scalar
masses <1013 eV.

Massive sGB provides a rather minimal model for scalar
hair from a massive field in BH binaries, and yet it is
sufficiently general for inspiral modeling. The linear
coupling between ¢ and X%y included in our action is the
only shift-symmetric term that can evade no-hair theorems
[46-48] and lead to scalar hair [49-52]. More general
couplings with X%, couplings with other curvature invar-
iants, or self-coupling of the scalar, could exhibit broader
phenomenology in general (e.g., [31-35]), but are expected
to be subdominant in our setup and can be thus modeled
perturbatively. A nonzero pu, would be expected if such
additional interactions break shift-symmetry, and it could
also arise from non-perturbative instanton effects [53].
Hence, we consider massive sGB a fairly representative
model for our analysis.

Dipole emission from massive scalar fields—BHs with
scalar hair in the p; = 0 case of the action in Eq. (1)
have been studied extensively [49-51,54]. The scalar
asymptotes to @py(r) = Opn/r, where r is the radial
coordinate and Qgy is the scalar charge. At the leading
order in agg [24,55,56],

V 167[(ZGB 2\/ 1 —)(2
mo 14/ 1=,

where m and y are the mass and the dimensionless spin of
the BH, respectively. For pu, > 0, there is an additional
Yukawa-like suppression of the scalar field at large
distances, and the asymptotic field profile takes the
form @gy(r) = Oppye™"/r. Here, we approximate Qgy
endowed by the massive field with Eq. (2), which is valid

QBH =

(2)

because GW observations only allow for small u, values to
be searched over (see [57] for further discussion of scalar
hair in msGB). Note that a linear coupling between a scalar
and the GB invariant does not endow neutron stars (NSs)
with a scalar monopole [58], and hence, hereafter we
take QNS =0.

When at least one of the two compact objects in a binary
carries scalar charge there will be dipolar emission but it
will only kick in when the orbital angular frequency,
Q, reaches the Compton angular frequency of the scalar
field. Indeed, for quasicircular orbits, the dipole radiation
power from a generic massive scalar field has been solved
in [14,59],

; L 2082 (A2 AN
5E:—§77 M=Q r12|AQ| (1—§> , (3)

where subscripts 1,2 denote the primary and secondary
component of the binary, AQ = Q,/m, — Q,/m, is a
dimensionless dipole parameter, M = m; + m, is the total
mass, 7 = m,m,/M? is the symmetric mass ratio, r;, is the
orbital separation.

The change of radiation power in Eq. (3) can be
mapped to the inspiral waveform using the parametrized
post-Einsteinian framework [60,61] (see Supplemental
Material [62] for details). We focus here on the dominant
(2,2) harmonic, as others are related through a simple
scaling [63-65]. In the frequency domain, the modified
waveform can be written as

h(f) = hor(f)e ™), (4)

where f =Q/z is the GW frequency, hgg is a GR
waveform, which we here choose from the IMRPhenom
family (e.g., [66-72]), and S¥ describes the correction
to GR. At a stage where the dipole has been activated but
the binary is far from merging, the correction is

51A0/°

()~ T T1685(xMf)T

fact <f <finsps (5)

up to a linear function of f, where f, = u,/7 is the dipole
activation frequency and fi,, = 0.018/M is an estimated
ending frequency of the inspiral. Beyond the frequency
range prescribed above, we apply no physical modification
but only linearly extrapolate Eq. (5) to satisfy the require-
ment of C' continuity. We neglect corrections from the
change in the binary’s binding energy as, for a massive
field, these would affect higher PN orders only [14].
Gravitational wave parameter estimation—We use LVK
open data [43,73] and focus on specific events selected for
the LVK parametrized inspiral tests of GR [84—-86], each of
which is (i) detected by at least two detectors, (ii) has a
false-alarm rate less than 1073 yr~!, and (iii) accumulates
an SNR greater than 6 during the inspiral. We further filter
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the list with the requirement that either M < 30M, or there
is strong evidence of mass asymmetry by the LVK analysis
[74-76], as a smaller M elongates the inspiral, while,
according to Eq. (5), the same dipole | AQ| leads to a greater
GR deviation when M and 7 are smaller. We also add the
latest O4 event, GW230529 [44], for the msGB analysis
since several works before us [20-22] have claimed the
tightest constraint on massless sGB gravity using this event.
This leaves us with 16 events (see Supplemental Material
[62] for a full list).

For each event, we perform Bayesian parameter estima-
tion with the waveform model of Eqs. (4) and (5) and a
Gaussian noise model. The /g function in Eq. (4) is taken
to be IMRPhenomPv2 [66—68] for symmetric BH binaries
and IMRPhenomPv2 NRTidalv2 [72] for BNSs.
For asymmetric binaries or NSBH candidates, we choose
hggr to be IMRPhenomXPHM [69—71] with an additional
(3,3) mode that reasonably covers higher-multipole con-
tributions [74-76].

Exploiting the Bilby inference library [87] with the
dynesty nested sampler [88], we estimate the posterior
distribution for /TGR U {u,, |AQ] or \/aGg }> Where ZGR are
source parameters, such as binary masses and spins, which
hgr depends on. The posterior is then marginalized over

ZGR and smoothed with a method based on Gaussian kernel
density estimation. We extract the 90% bounds for |AQ|
and /agg as functions of u; when constraining a generic
massive dipole and msGB gravity, respectively. In the latter
case, the waveform is reparametrized with Eq. (2), and a
combined 90% bound is also obtained by multiplying the
likelihoods from the single-event analysis.

Because NSs do not acquire scalar charges in sGB
gravity, we only analyze BNSs when constraining a generic
massive dipole. The source of GW190814 may either be a
binary BH or an NSBH [75]. The former case would result
in a tighter sGB constraint because then |AQ| would be
dominated by agg/m2, where m; is the smaller mass in the
binary that carries a scalar charge; the dipole effect is
smaller for NSBHs because m, has to take the larger,
primary (BH) mass value. Here, we assume GW190814 is
an NSBH to obtain a conservative msGB constraint. The
source of GW230529 is an NS and an object of unknown
nature (most likely a BH) [44]. Following [20-22], we
analyze this event as an NSBH, but we do not include it in
the combined msGB analysis.

Our waveform model assumes that the modification to
GR is small so we must check that this is respected by our
posteriors. In [18,19], \/agg/m, < 0.5 is proposed as a
validity cutoff in massless sGB theory. We will not try to
enforce this condition, or attempt to generalize it here, as
the p, > 0 case is fundamentally different. Since dipolar
emission effectively kicks in at a certain frequency, one can
have virtually zero deviations from GR for parts of the
waveform, even for large couplings, while deviations could

still be significant in the later inspiral. Hence, we will
instead require

N o(89)/N(¥eR) < 1. (6)

where YN is the leading-PN-order GR phase, while

_ [ [dfR()P(E() + b +22f1)7] 2
Ne(¥) = min [ / 47°SNR?S, (f) -7

are effective cycles [89], which measure the number of GW
cycles incurred by ¥, as weighted by a noise spectral
density S,. According to condition (6), the validity cutoff
for \/agg (or |AQ|) increases with g, because the
frequency range of modifications in 6V is smaller when
U, is larger.

Given Eq. (5), when pg > nfiygp, there is no modification
to GR, and a constraint on the dipole is not possible. In the
Supplemental Material [62], we show that the likelihood
does not die out fast enough as |AQ| — co, but rather it
asymptotes to the GR likelihood multiplied by a factor
equal to the GR posterior probability of fin, < /7. We
refer to the latter as the “fraction of indifference” (FOI) and
only report the 90% bounds in the range FOI(u,) < 1%,
where the GR posterior for computing the FOI is estimated
with a separate nested sampling run under the same
computational settings. For the combined msGB constraint,
we multiply the FOIs in alignment with the multiplication
of single-event likelihoods.

The priors used in our analysis are uniform over
|AQ|€1[0,1] and ./ags €[0,10] km, except that for
GW230529 the /agg prior is limited within [0,1] km to
avoid unphysical results falsely supported by the single-
detector data [21]. The prior over p, is uniform in a log-
arithmic scale, between f, = u,/m = 10 Hz and a u;
value sufficiently beyond the FOI limit. The lower bound
of p, can be treated in the same way as in the p, — 0 limit
because the LVK data has a lower frequency cutoff at 20 Hz
and it is blind to any activation before that. The prior choice

for ZGR is adapted from the LVK standard analysis assum-
ing GR [39-42,77], and combines electromagnetic obser-
vations when available [78—82]. After running parameter
estimation, we find 3 events showing posterior artifacts that
are irrelevant to the massive scalar field of interest, and we
exclude these events from results (both single-event and
combined) presented hereafter. See Supplemental Material

[62] for a full list of ZGR and their priors, the detailed
settings and postprocessing for each sampling run, the
posterior results of each event, and discussion of the
posterior artifacts.

Constraints on dipole emission from massive scalars—In
Fig. 1(a), we show the single-event constraints on |AQ)| for
generic dipole emission. A black dotted curve is addition-
ally drawn for the lowest validity cutoff across all O1-O3
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FIG. 1. Constraints on dipole emission from massive scalar fields. Panel (a) shows the 90% bound on the dimensionless dipole

parameter \AQ| as a function of the scalar mass y; for each O1-O3 binary. Panel (b) shows the same as (a), but for the sGB coupling
constant \/agg in msGB gravity, using the GW200115 event and the combination of O1-O3 BH binaries (accompanied by the
combined 2D posterior shaded in purple). Panel (b) is also overlaid with the bound from the O4 event GW230529 assuming it is an
NSBH, which is not included in the combined analysis. The left end of each bound curve is equivalent to the p, — 0 limit, given the
lower-frequency cutoff of the data. The right end is limited by the FOI condition or the finite width of the |[AQ| or \/agp prior
[GW170817 in panel (a) and GW230529 in panel (b)]. The dotted curves show the validity cutoffs for specific binaries, while “other
cutoffs” refer to the lowest one across O1-O3 BH binaries. Each star (cross) marks the center of previous 90% bounds [20-22] for
massless sGB (consistent with a /agg, /mg < 0.5 cutoff [18,19]), with different colors indicating different binaries, i.e. crimson for

GW230529 and black for “others” combined.

BH binaries, and we confirm that every 90% bound from
such a binary is below this curve (and hence also below
each one’s own validity cutoff). The same also applies to
the GW170817 and GW230529 constraints, for which the
validity cutoffs are significantly lower and are plotted
separately. As previously discussed, the constraint becomes
weaker and is eventually entirely lifted as [, = u /7
approaches and surpasses fi,,, where we stop reporting the
90% bound based on the FOI condition. For GW170817
and GW230529, however, we observe a saturation of the
prior before the FOI limit, so we only show the range in
which the posterior 90% bound is below 80% of the prior
maximum. Despite that, GW170817 still presents the
widest constraints, u2 < 2.1 x 107'2 eV, because it has
the smallest binary total mass, and hence, it is the longest
inspiral—for the same reason we also observe the most
stringent dipole constraint |AQ| < 0.0067 in the y, — 0
limit from GW170817.

Between the g, — O limit and the point where |AQ|
becomes practically unconstrained, the variation of the
90% bound is nonmonotonic for each event. Sometimes,
the bound on |AQ| can at first become tighter as one moves

to larger u,, before becoming looser again. This is because
the sudden activation of the dipole would be better
observed by the detectors as f,, moves toward their
sensitivity buckets, near O(10%) Hz.

In Fig. 1(b), we show the combined constraint on ,/agg
in msGB gravity, together with the combined posterior
(shaded in purple) and the best single-event constraint from
GW200115 up to O3. These constraints satisfy condition
(6) and /agg/my; < 0.5 by their lowest cutoffs across
all events. Because FOIs are multiplied, the combined
constraint is reported up to a higher scalar mass
uh <52 x 10713 eV, where we see the weakest 90%
bound is /agg < 1.88 km. In the massless limit y; — 0,
the combined 90% bound suggests \/agg < 0.68 km [90].
Our results show that such a constraint (to 90% credible
level) is maintained all the way up to u,2 < 10713 eV,
before significantly weakening.

We have not included the O4 event GW230529 [44] in
our combined analysis as it could well be a BNS, in which
case the dipole emission would be suppressed [58].
However, since Refs. [20-22] have used this event to
obtain tight constraints on massless sGB assuming the
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source is an NSBH, we have analyzed it as a single event
under the same assumption and overlaid its single-
event msGB 90% bound curve on top of Fig. 1(b). In
the pu, — 0 limit, we find ,/agg < 0.34 km, which is
consistent with [20-22]. The full curve, therefore, shows
how these results are extended to the massive regime
(up to ph <5.2x 10713 eV due to the prior edge, see
Supplemental Material [62]).

Discussion and future prospects—We have conducted
the first model-agnostic Bayesian search of massive scalar
fields nonminimally coupled to gravity using LVK data and
also considered a specific well-motivated theory, msGB
gravity. In both cases, we find no modifications to GR, and,
when the mass is below a certain threshold (set by the
characteristic frequency of the binary), we obtain con-
straints on the scalar charge or coupling that are as stringent
as those for a massless scalar, but for a wide range of
masses. The constraints on the charge or coupling
constant are comparable for all scalar masses below the
threshold, strongly suggesting that imposing a bound on or
measuring a mass below that threshold will be hard. Past
that threshold, bounds on the charge or coupling weaken
rapidly.

The tightest constraints from a single event come from
different events in each of the two approaches. The BNS
event that gives the tightest bound in the model-agnostic
search is entirely absent in the msGB case, as NSs do not
carry scalar monopoles in this theory. But even for BH
binaries, one gets the tightest bounds from different events.
In msGB, where one can meaningfully combine events,
the resulting constraint is a significant improvement with
respect to the tightest single-event constraints, at least for
lower masses.

For lower masses, we expect the constraints we have
obtained in msGB gravity to be conservative and robust to
the inclusion of additional interaction terms, provided that
the linear coupling between the scalar and the GB invariant
is the dominant contribution to the scalar charge for
stationary BHs. Additional interaction terms would then
be expected to contribute at higher PN orders [91], which
would be relevant only in the late inspiral.

The above discussion is based on current LVK data, but
future observations of lighter binaries and longer inspirals
with more advanced ground-based detectors [92-94] can
progressively improve the constraints. Pushing the bounds
to higher scalar masses is challenging though. As the scalar
mass gets closer to the threshold beyond which the
constraints on the charge rapidly weaken, the onset of
dipolar emission is pushed to the late inspiral, and higher
PN corrections become more relevant, in both a model-
agnostic and a theory-specific approach. In addition, the
baseline GR model also becomes less accurate approaching
the merger. Hence, obtaining reliable bounds in that part of
the parameter space will be rather challenging both
technically and observationally.

Space-based detectors planned in the 2030s [95-98] will
open up a new window for constraining scalar fields with
extreme mass-ratio inspirals (EMRIs) [27,28,99]. Current
conservative estimates suggest that detecting EMRIs with
LISA would yield a bound on the order of Q,/m, ~ 0.002
or y/agg ~ 0.2 km [29]. EMRI observations have also been
shown to be able to measure or provide a bound for the
scalar mass [99]. However, LISA bounds are inherently
limited to lower scalar masses than LVK or 3G detectors, as
they probe larger separations. An interesting prospect, if
nonzero scalar charges were to be detected, is combining
observations from ground-based detectors and LISA to
place a bound on the mass of the scalar.
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