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Light scalar particles arise naturally in many extensions of the Standard Model and are compelling
dark-matter candidates. Gravitational interactions near black holes can trigger the growth of dense
scalar configurations that, if sustained during inspiral, alter binary dynamics and imprint signatures
on gravitational-wave signals. Detecting such effects would provide a novel probe of fundamental
physics and dark matter. Here we develop a semi-analytic waveform model for binaries in scalar
environments, validate it against numerical relativity simulations, and apply it in a Bayesian analysis
of the LIGO–Virgo–KAGRA catalog. We obtain physically meaningful upper limits on scalar densities
around most compact binaries. For GW190728 and GW190814, vacuum lies outside the 95% credible
region. When including superradiance priors, GW190728 shows tentative evidence for a scalar
environment with a Bayes factor of lnBenv

vac ≈ 3.5, consistent with a light scalar of mass ∼ 10−12 eV.

Introduction.— Gravitational waves (GWs) from com-
pact binary coalescences provide a unique probe of the
environments of black holes (BHs) [1–15], allowing us
to test the density of dark matter (DM) on small scales
and potentially constrain its microphysics [16–47]. If DM
interacts only gravitationally, GW observations may be
the only channel through which we can test its nature.

Light bosons, well-motivated as DM candidates [48–51],
can form dense configurations around BHs through several
mechanisms, such as superradiance [52–59] (see [60] for
a review), dynamical capture via self-interactions [61],
binary-induced bound states [62–67], and accretion-driven
spikes [68–72]. Superradiant clouds can have up to 10%
of the BH mass [59, 73], reaching average densities above
109 g cm−3 around stellar-mass BHs—over 30 orders of
magnitude above the galactic DM background. Such
densities lie well within the reach of LIGO–Virgo–KAGRA
(LVK) [74–79], which has already constrained putative
gaseous environments at the level of ∼ 10 g cm−3 [4, 11].

It has long been suggested that close-to-equal-mass
binaries—the primary targets of LVK [80]—would dis-
rupt these DM structures, based on studies of spikes
of heavier particle DM candidates [81–84]. As a result,
extreme mass-ratio inspirals (to be observed soon by
LISA [85, 86] and TianQin [87]) have been considered
more suitable targets to detect such environments around
the primary object [31–34, 38]. However, numerical rela-
tivity (NR) simulations of scalar fields around equal-mass
BH binaries [63–65, 88–92] and several different analytic
approaches [62, 66] have suggested that not only can a
considerable fraction of an existing DM structure survive,
but additional mass may also be captured by binary dy-
namics, with the formation of bound states from infalling
matter. These findings motivate a dedicated search for

the effects of light scalars in the GW events from LVK.
In this Letter, we present a fast semi-analytic waveform

model for BH binaries in scalar environments and vali-
date it against NR simulations. Applying it in a Bayesian
analysis of the GWTC-3 catalog [93–96], we obtain the
first upper bounds on scalar-field environments around
compact binaries. When including superradiance priors,
GW190728_064510 [94] (hereafter GW190728) shows ten-
tative evidence for a scalar environment with a Bayes
factor of lnBenv

vac ≈ 3.5. If confirmed, this would point to
a new light scalar with mass mϕ ∼ 10−12 eV.

Scalars around black holes.— We consider a real
scalar field ϕ minimally coupled to gravity with mass
mϕ, yielding the Einstein-Klein-Gordon (EKG) system of
equations (we use G = c = ℏ = 1)

Gµν [g] = 8πTϕ
µν ,

[
□g −m2

ϕ

]
ϕ = 0 , (1)

where Gµν is the Einstein tensor and Tϕ
µν is the energy-

momentum tensor of the scalar field ϕ.
Our model will assume that some scalar field remains

around the binary in the late stages of the inspiral. Sev-
eral works (e.g., [31–38]) have applied a perturbative ap-
proach in the parameter ϵ ≡ rϕq/max(R, rϕ) ≪ 1, with
rϕ ≡ M/α2, α ≡ mϕM , and q ≡ m2/m1, to study the
gravitational interaction of a companion of mass m2 at
a separation R with a scalar field structure of superradi-
ant origin (a gravitational atom state) around a BH of
mass m1, and its consequent effect on binary dynamics.
In that regime, it was shown in [35, 36] that superradi-
ant clouds can survive up to the late inspiral only for
a particular region of parameter space. However, much
less is known about close-to-equal-mass binaries, where
backreaction [97] and astrophysical processes [98] (e.g., a
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common envelope phase) may help the cloud survive in-
duced resonant absorption, since the perturbative scheme
in ϵ breaks down in the late inspiral of compact binaries
with q ∼ 1 and small orbital separations R ≲ rϕ.

Our model does not rely on a specific scalar configura-
tion; it only requires significant support in the monopole
ℓ = 0 gravitational molecule states during the late inspi-
ral. To construct our semi-analytic model, we employ
a perturbative scheme tailored to near-equal-mass bina-
ries (similar to approaches in [66, 88, 99]), which we now
summarize.

First, we take the non-relativistic limit. We assume
that (i) the scalars evolve mostly in the weak gravitational
field (gµν) ≈ diag[−(1 − 2U), (1 + 2U)δij ] with U ≪ 1,
and (ii) the scalar field has most of its support on non-
relativistic modes, i.e., |∂t logψ|/mϕ ∼ U , using the field
redefinition ϕ ≡ ψ e−imϕt/

√
2mϕ+c.c.. The EKG system

for (gµν , ϕ), then reduces to the much simpler Poisson-
Schrödinger system for (U,ψ). In most relevant scenarios,
the self-gravity of the scalars is negligible, and

U ≈
∑

ℓ∗,m∗

4πM

2ℓ∗ + 1
Y ∗
ℓ∗m∗

(θ2∗, φ2∗)Yℓ∗m∗(θ, φ)Fℓ∗(r, r2∗)

is simply the binary potential, in center of mass coordi-
nates, with (r2∗, θ2∗ , φ2∗(t)) the position of the secondary,
and M the total binary mass; the explicit expression of
Fℓ∗(r, r2∗) is given in the Supplemental Material (SM).

Note that most scalars interacting effectively with the
binary are near r ∼ rϕ ≡ M/α2, as it is impossible to
sustain a long-lived structure with a smaller radius [49].
At such radii, MFℓ∗ ∝ α2βℓ, where β ≡ R/rϕ. For bina-
ries in LVK, β ∼ 0.04(α/0.06)2[(100Hz/f)(20M⊙/M)]

2
3 ,

with f ≡ Ω/π the GW frequency of the dominant mode,
and Ω the orbital (angular) frequency. This implies a
hierarchy in the contribution of the binary multipoles to
the Schrödinger equation and motivates a perturbative ap-
proach where, at zero order, the field is expressed as a sum
of global (bound and scattering) molecule states of the
binary monopole, which is then perturbatively scattered
by the higher multipoles of the binary [66, 88, 99, 100].

The above perturbative scheme allows us to express
the angular momentum exchange of the binary with the
surrounding scalar field as

L̇ϕ

M
≈ −4πρ̄ϕM

2 I(v, α, q)
v4

, (2)

where v ≡ (ΩM)1/3, ρ̄ϕ is the average mass density of
scalars in the region r ≲ rϕ, and I a simple analytical
function of v, α, and q (for details, see the SM). As
shown in the following sections, whilst the model makes a
number of strong assumptions, including being Newtonian,
it is nevertheless sufficient to capture the changes in the
relativistic dynamics observed in full NR simulations.

Waveform model.— The inspiral stage of close com-
pact binaries probed by LVK is dominated by GW radia-
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FIG. 1. Top: Density snapshot of a NR simulation of an equal-
mass binary BH with total mass M = 60M⊙ in a scalar field
with α = 0.43 and an asymptotic density ρϕ ≈ 8.6×105 g cm−3

at the boundaries of a cubic box with L ≈ 4× 104 km. We can
see a monopole overdense structure of radius rϕ ≈ M/α2 ≈
480 km; these develop around the binary in just a couple of
orbits. Bottom: Waveform frequency extracted from an NR
simulation compared to the maximum-likelihood samples from
IMRPhenomXP and our model IMRPhenomXP_Scalar (see Fig. 2).

tion reaction; for realistic mass densities ρ̄ϕ, the energy
and angular momentum exchange with the surrounding
scalar field is responsible for a perturbative dephasing
relative to the vacuum chirp (bottom panel of Fig. 1).
In particular, the late inspiral stage is expected to be
quasi-circular, meaning that the torque on the binary (in
Eq. (2)) fully captures the effect of the environment on
the dynamics.

Our waveform model is built as in [11], but here we
include higher modes, which add considerable constrain-
ing power to the more asymmetric binary systems. We
obtain Ω̇(v) from the conservation of angular momentum,
L̇ = −(L̇GW + L̇ϕ). Then, we compute the Fourier do-
main correction for the phase using the stationary phase
approximation (SPA) [101, 102]. According to the SPA,
the waveform modes are approximated as

h̃ℓm(f) ≈ Aℓm(ṽ)

√
2π

mΩ̇(ṽ)
ei(2πftc−Φℓm−π

4 +Φc), (3)

where tc and Φc are the reference time and phase. The
amplitude is given by Aℓm = 2

√
16π/5 ṽ2η ĥℓm, with sym-

metric mass-ratio η ≡ m1m2/M
2 and ṽ ≡ (2πMf/m)1/3;

the expressions for ĥℓm up to 2PN order for non-spinning
binaries can be found in [103]. In the inspiral, the phase of
different modes is related by Φℓm(f) ≈ (m/2)Φ22(2f/m),
where Φ22(f) = 2πft(f) − Φ(f) (e.g., [11]). Using this

https://youtu.be/9yTvjDl9L9A
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prescription, we incorporate the environmental correc-
tions into the IMRPhenomXHM model [104], as implemented
in LALSuite [105]. We label our environment waveform
model as IMRPhenomXHM_Scalar. For the comparison
with the NR simulations, we used IMRPhenomXP as the
baseline vacuum model.

Validation of waveform model.— We have gener-
ated waveforms directly from NR simulations to validate
our waveform model. We used the GRChombo code [106]
to evolve the binary and scalar field system during a
10-orbit equal-mass quasi-circular BH coalescence, using
an integrated version of TwoPunctures [107] to obtain
initial data for the vacuum binary system, and setting
the initial trace of the extrinsic curvature tensor based
on the asymptotic density of the scalar field to satisfy the
constraints, as in [64, 65, 108, 109]. We evolve the coupled
EKG system using the CCZ4 formulation of Einstein’s
equations [110] with the moving puncture gauge [111–114].
Finally, we extract and decompose the Newman-Penrose
scalars into spherical harmonics, which we integrate using
the fixed frequency integration method [115] to obtain
the strain waveforms h(t) in the time domain.

Figure 1 displays one of these NR simulations. The top
panel shows a density snapshot for an equal-mass BBH
with total mass M = 60M⊙ in a scalar field environment
with α = 0.43. In the bottom panel, the NR waveform
is compared to the maximum-likelihood samples of the
vacuum model IMRPhenomXP and our scalar field model
IMRPhenomXP_Scalar, for a signal starting at a frequency
of 26Hz. Unlike the vacuum model, the scalar field one
reproduces the frequency chirp seen in the NR simulations.

To assess our model, we performed Bayesian parame-
ter estimation on the injected NR waveforms using both
models. The injections assumed zero noise, weighted by
the GW150914 event PSDs of Hanford and Livingston
detectors [116], and an SNR ≈ 24. Figure 2 shows the
results for the injected NR waveform of Fig. 1, using the
recovery models IMRPhenomXP and IMRPhenomXP_Scalar.
The vacuum model fails to recover the true binary pa-
rameters: the estimation of the chirp mass is significantly
biased to larger values, compensating for the accelerated
inspiral caused by energy exchange with the environment.
By contrast, our scalar field model resolves these biases
and correctly infers the order of magnitude of the average
scalar field density around the binary. The Bayes factor,
lnBenv

vac = 3.8, demonstrates the ability of our model to
provide evidence of interaction with scalars. We validated
the model for different asymptotic scalar field densities;
another example is shown in Fig. 4 of the SM.

In applying our Newtonian model to the NR waveform
of Fig. 2, we extrapolate well beyond its regime of validity,
and its use should therefore be treated with some caution.
In addition to applying a Newtonian model in the rela-
tivistic regime, another issue is that the NR simulation
does not provide a precise value for the parameter ρ̄ϕ that
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FIG. 2. Marginalized posterior distributions from the analyses
of an injected NR waveform (same as in Fig. 1), using the
recovery vacuum model IMRPhenomXP (green) and environment
model IMRPhenomXP_Scalar (blue). The red dashed lines in-
dicate the injected values. The vertical dashed-dot lines in 1D
histograms represent the 90% credible interval. Unlike the vac-
uum model, which leads to significant biases, the environment
model can accurately recover the system parameters; α is not
well measurable and so its posterior is omitted. The Bayes
factor in the model comparison is lnBenv

vac = 3.8.

appears in Eq. (2), since the simulated profile is more
complex than that of the model. We therefore simply
check that its inferred value is comparable to the average
over a sphere of radius rϕ during several orbits of the
simulation. We find that the model provides the correct
order of magnitude, but as a result the density should not
be treated as a precise value. Our model should become
more reliable for systems with α ≪ 1, where the larger
cloud size and smoother profile mitigate these issues. In
this small α regime, the exchange of energy with the scalar
field environment is more strongly suppressed, and is un-
likely to leave a detectable imprint on a 10-orbit waveform
[64]. Therefore to validate it, we would need to follow
the evolution of the system for a much higher number
of orbits, which is computationally expensive using NR.
We therefore need to rely on our validation in the high
α limit, which seems reasonable since it should be the
worst case scenario for accuracy of the model. Injections
with our phenomenological model IMRPhenomXP_Scalar
indicate that, for longer signals from lower-mass binaries
(such as some LVK events analyzed below), the posterior
on α becomes informative (consistent with [45]) and the
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Bayes factor can be significantly larger.

Analysis of GWTC-3 LVK events.— We car-
ried out a Bayesian analysis of selected LVK events
to search for scalar field effects. We analyzed pub-
licly available strain data from the GWTC-3 catalog re-
leased by the LVK Collaboration [93–96, 117, 118] using
the IMRPhenomXPHM_Scalar waveform model, performing
Bayesian inference using the Bilby package [119, 120],
employing the Dynesty nested sampling algorithm [121].
In our model, environmental corrections to the waveform
are implemented only in the inspiral stage; therefore, an-
alyzing events with low inspiral SNR is expected to be
uninformative. Thus, we employ the same event selection
criteria that are used in the LVK parameterized tests of
general relativity: (i) a false-alarm rate (FAR) smaller
than 10−3 yr−1, and (ii) an inspiral SNR greater than
6 [122–125]. This results in the same event list as in [125].
We do not include binary neutron star events in our anal-
ysis, as we have not validated our model for such cases.
With these criteria, we were left with 28 events to analyze.

Priors for the binary parameters were matched to those
used in the LVK analyses. For the additional parameters,
we adopted broad uniform priors in ρ̄ϕ and α ≤ 0.5(1+q),
and constrained the mass of the scalar structure to be less
than 10% of the binary’s total mass, i.e., ρ̄ϕr3ϕ < 0.1M .
The 90% upper bounds on the scalar field density for all
GWTC-3 events are reported in the SM (Fig. 5), with
several lying many orders of magnitude below typical
superradiant-cloud densities. For most events, the poste-
riors are compatible with vacuum, with strong support
near zero density. The exceptions are GW190814 and
GW190728, where vacuum lies outside the 95% credible
region (see SM).

Superradiance interpretation.— A meaningful sta-
tistical comparison between the vacuum and scalar-field
hypotheses requires physically motivated priors, since the
Bayes factor is prior-dependent. It is also essential to ex-
clude unphysical regions of parameter space, where good
fits could arise from implausible scalar field densities or
particle masses. We therefore reanalyze GW190814 and
GW190728 under the assumption that the scalars origi-
nate from superradiance—a well-motivated scenario that
(i) imposes stringent constraints on the parameter space
and (ii) allows densities high enough to affect current
observations (as seen from the 90% upper bounds in SM).

If the scalars originate from a superradiant instability
triggered by a rapidly spinning BH in the binary, the par-
ticle mass must be high enough for efficient superradiance
but low enough to avoid annihilation into GWs before
merger. Accordingly, we restrict the sampling of parame-
ter space to regions where the superradiant and annihi-
lation timescales, τSR and τann, satisfy τSR ≤ τd ≤ τann,
with τd the delay between BH formation (or last spin-up
episode) and merger. This yields a much tighter constraint
on α/(1+ q) than in the previous section. We assume the
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FIG. 3. Posteriors on scalar field density ρ̄ϕ, particle mass mϕ,
and scalar-to-BH mass-ratio Mϕ/m1 from the analysis of event
GW190728, with τd = 106 yrs. The gray curve corresponds to
the analysis with (agnostic) broad priors. The dashed lines
show the priors from the superradiance interpretation.

instability is triggered by the primary BH—whose cloud
is more likely to survive until the late inspiral—into the
dominant |211⟩ state, which grows faster and to higher
densities. Explicit expressions for τSR and τann are given
in the SM. We consider delay times τd between 105 and
109 years, encompassing the timescales of AGN [126–129],
dense star clusters [130], and isolated binary [131–133]
formation channels, as previously used in LVK constraints
on superradiant clouds (e.g., [134]).

Superradiance further constrains the cloud mass to sat-
isfy Mϕ/m1 ≲ α/(1 + q) [60], saturated for a maximally
spinning BH and a noninteracting scalar. This sets a
theoretical upper bound on the late-inspiral average den-
sity ρ̄ϕ, realized if the previous saturation mass is fully
transferred into the |100⟩ molecule state. Tighter bounds
would require a detailed understanding of the binary’s
evolutionary history, the survival fraction of the cloud to
the late inspiral, and the mass transferred to monopole
states via Bohr resonances (e.g., [45, 135]).

Applying the above constraints to the priors of the
previous section yields prior distributions that (i) are
much narrower on mϕ, increasingly so for larger τd, and
(ii) strongly favor zero scalar-field density. Our reanalysis
shows that GW190814 provides only weak evidence for
a scalar environment (lnBenv

vac ≲ 1), whereas GW190728
favors it with lnBenv

vac ≈ (3.4, 3.5, 3.5, 2.8) for τd[yrs] =
(105, 106, 107, 108).

Figure 3 shows the posteriors on the scalar-field pa-
rameters for τd = 106 yr (other τd are shown in SM); Mϕ

denotes the scalar-field mass in the late inspiral assum-
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ing all of it is in the |100⟩ state. Despite priors favoring
vacuum, posteriors peak at nonzero density, and the data
prefer the scalar-field model. Superradiance is very re-
strictive on mϕ, but our posteriors are still informative:
this interpretation points to the existence of a new light
scalar with mϕ ∼ 10−12 eV. The corresponding posteriors
on chirp mass and effective spin deviate significantly from
those of the vacuum model (Fig. 8 in SM).

Discussion.— The existence of new light scalars in
strong-gravity fields has so far been constrained by spin
measurements of BHs [134, 136–141], by the nondetec-
tion of quasimonochromatic GWs [142–146], and through
orbital effects on wide binaries [147–150]. Here, for the
first time, we probe scalar-field environments through the
phasing of GW signals from compact binaries. To this end,
we developed a waveform model incorporating scalar-field
effects, validated it against NR simulations, and applied
it in Bayesian analyses of selected GWTC-3 events. We
obtain the first bounds on scalar-field environments of
compact binaries. With superradiance priors, GW190728
shows tentative evidence (lnBenv

vac ≈ 3.5), consistent with
a light scalar of mass mϕ ∼ 10−12 eV.

The high spins of BHs in X-ray binaries, inferred from
continuum-fitting and reflection methods, have been in-
terpreted as excluding scalars in this mass range [136–
139]. These spin estimates, however, are highly model-
dependent [151, 152] (see also [139]); for instance, ac-
counting for a warm Comptonization layer in Cyg X-1 can
reduce the inferred spin parameter to a/M ≲ 0.1 [152].1
Constraints from few well-measured BH spins through
GWs [134, 140, 141] do not exclude the full range fa-
vored by our analysis of GW190728; the main tension
arises from GW190517, whose spin measurement disfavors
mϕ ≲ 1.1× 10−12 eV. Notably, joint spin measurements
from the full GWTC-2 [140] showed weak evidence for a
light scalar in the mass range suggested by our analysis.

We cannot exclude degeneracies with other vacuum
or astrophysical environmental effects. Nevertheless, in
GW190728 we found no substantial evidence for eccen-
tricity [154] or line-of-sight acceleration [10], and the data
remained consistent with vacuum when allowing for pa-
rameterized post-Newtonian deviations in the inspiral
waveform, as routinely tested by the LVK [123]. We note
that this event was highlighted in a search for tidal de-
formability in LVK events [155]; still, no evidence for
a non-vanishing tidal deformability was found. Future
observing runs and next-generation ground-based detec-
tors, such as the Einstein Telescope [156] and Cosmic
Explorer [157], will deliver louder signals enabling strin-
gent tests for ultralight bosons. Our analysis offers a novel
complementary approach toward these future searches.

1 Such systematics may also reconcile the apparently high spins of
BHs in X-ray binaries with the low spins inferred for most GW
sources, allowing for a common origin [153].
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SUPPLEMENTAL MATERIAL

Analytic approach to the ionization of
gravitational molecules

In this section, we explain in detail our analytic compu-
tation of the binary torque from the interaction with the
scalar-field environment. We will focus on circular orbits,
as we will be interested in the last stages of the inspiral,
where eccentricity is expected to have been damped by
GW radiation-reaction.

In the non-relativistic approximation, the EKG sys-
tem (1) reduces to the simpler Schrödinger-Poisson (SP)

[
i∂t +

∇2

2mϕ
+mϕU

]
ψ = 0 , ∇2U = −4πρϕ , (4)

In the weak field region the dynamical gravitational po-
tential of the binary is

U ≈
∑

ℓ∗,m∗

4πM

2ℓ∗ + 1
Y ∗
ℓ∗m∗

(θ2∗, φ2∗)Yℓ∗m∗(θ, φ)Fℓ∗(r, r2∗),

with

Fℓ∗ ≡ q2
r2∗

[(
r

r2∗

)ℓ∗
Θ(r2∗ − r) +

(
r2∗
r

)ℓ∗+1
Θ(r − r2∗)

]

+ (−1)ℓ∗q1
r1∗

[(
r

r1∗

)ℓ∗
Θ(r1∗ − r) +

(
r1∗
r

)ℓ∗+1
Θ(r − r1∗)

]
,

where qj ≡ mj/M is the mass-ratio of the jth-component,
and (rj∗, θj∗ , φj∗) its position relative to the center of
mass; note that (r1∗, r2∗) = R(q2, q1), with R the binary’s
separation, q1 = (1 + q)−1 and q2 = q(1 + q)−1.

Late enough in the inspiral, the binary enters the regime
β ≡ R/rϕ ≪ 1 (with rϕ ≡ M/α2, and α ≡ mϕM ≪ 1),
which implies a hierarchy in the contribution of binary
multipoles to the Schrödinger equation, i.e.,2

Fℓ∗ ≈ q1q2
R

(R
r

)ℓ∗+1 [
qℓ∗1 + (−1)ℓ∗qℓ∗2

] r→rϕ︷︸︸︷∝ βℓ+1 .

This motivates a perturbative approach where, at zero
order, the field is expressed as a sum of global (bound
and scattering) states of the binary monopole, which is
then perturbatively scattered by the higher multipoles of
the binary [66, 88, 99].

At leading order in β, the scalar field couples only to
the binary’s monopole. As the monopole is static and
spherically symmetric, we can expand the background
scalar as

ψ(0) =
(Mϕ

mϕ

) 1
2
[ ∑

n,ℓ,m

c
(0)
nℓmRnℓ(r)Yℓm(θA)e−iωt

+
∑

ℓ,m

∫
dk

2π
c
(0)
kℓmRkℓ(r)Yℓm(θA)e−iωt

]
, (5)

2 Note that the non-relativistic approximation requires Ω ≪ mϕ,
i.e., (M/R)2 ≡ v2 ≪ β, which necessarily breaks close enough to
the merger.

where c(0) are constants, and the integral is performed over
ω ∈ R+. In the regime β ≪ 1, most scalars are located at
r > R, where the gravitational molecule (global) states
look similar to the atom states; i.e., the bound states are

Rnℓ ≈
√(

2αmϕ

n

)3
(n−ℓ−1)!
2n(n+ℓ)!

(
2r
nrϕ

)ℓ

e
− r

nrϕ L2ℓ+1
n−ℓ−1

(
2r
rϕ

)
,

with ω/mϕ ≈ −α2/(2n2), and the unbound regular states

Rkℓ ≈
2

r
Fℓ

(
− 1

krϕ
, kr

)
,

with ω ≈ k2/(2mϕ), where Fℓ is the Coulomb function of
the first kind. Accretion and the time-dependent higher
multipoles lead to the evolution of the scalar field, which
is described by ċnℓm(t) and ċkℓm(t).

If the background field has considerable support over
ℓ = 0 states, in the regime β ≪ 1, these will dominate the
energy (angular momentum) exchange with the binary
through ionization, because of the suppressionRℓ(R) ∝ βℓ

for ℓ > 0. Interestingly, in the regime β ≪ 1, the torque of
this process can be analytically approximated by Eq. (2)
where

Iφ ≈
∑

ℓ,m>0

π2β
1
4+

ℓ
2

[
2(1 + q2)

m

] 1
2−ℓ

×
[
1 + (−1)ℓqℓ−1

2

]2 [Yℓm(π2 , 0)

Γ
(
ℓ+ 3

2

)
]2
, (6)

and ρ̄ϕ ≡ mϕ|ψ(0)
00 (r ≪ rϕ)|2, with ψ(0)

00 ≡
∫

dΩ√
4π
ψ(0)(θA).

The last expression can be obtained using the method
of variation of parameters as in [18] (or through Fermi’s
golden rule [31, 34]). In building our waveform model, we
employ a cut-off ℓmax = 4; we verified that our results
throughout are independent of ℓmax, for ℓmax > 4.

More on the validation of the waveform model

In analyzing the NR waveforms with our Newtonian
model, we extrapolate our model considerably beyond its
regime of validity, so one should be cautious about its use
for several reasons. First, the NR simulation considered
in the main text is not in the regime β ≪ 1, where
our Newtonian model was derived (the upper panel of
Fig. 1 shows that the size of the monopolar structure is
comparable to the orbital separation). Apart from the
breakdown of the multipolar perturbative approach at
β ∼ 1, the localization of much of the scalar field in the
strong-field region makes the use of Newtonian gravity
questionable and the scalar field density is in principle
highly gauge-dependent. In Fig. 1 we show the scalar
field density as measured by the normal observers to the
spatial hypersurfaces in the evolution gauge, which do
not correspond to more well-defined ones as those in the
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FIG. 4. Same as Fig. 2 (main text) but for a different asymp-
totic density. The Bayes factor in the model comparison is
lnBenv

vac = −0.4.

asymptotically flat region. As explained in the main text,
the model is most reliable for systems with α≪ 1, where
the larger cloud size mitigates the above issues.

We performed Bayesian analyses of the injected NR
waveforms to test our waveform model. Figure 2 (main
text) showed the results of two such analyses for the
injected NR waveform corresponding to the simula-
tion of Fig. 1 (main text), using the recovery models
IMRPhenomXP and IMRPhenomXP_Scalar.

Figure 4 shows another example. Here, we inject the
waveform of an NR simulation with the same parame-
ters as the one in Fig. 1 (main text), but with a five-
times smaller asymptotic density. In this case, our model
still resolves the systematic biases of the vacuum recov-
ery and can accurately estimate the local scalar field
density, but finds no evidence for a scalar environment
(lnBenv

vac = −0.4). This likely reflects the Occam penalty
from the additional parameter α, whose posterior remains
uninformative. One could avoid this penalty by perform-
ing an analysis fixing the value of α, though the results
would then be conditional on that choice. We also em-
phasize that the Bayes factor is sensitive to the adopted
prior ranges on density.

More on the analysis of GWTC-3 LVK events

We constrain the effect of light scalars on BH binary
dynamics by computing the marginalized posterior prob-

ability distribution of the average scalar field density ρ̄ϕ,
integrating the posterior p(θ⃗ | d,H) over nuisance param-
eters,

p (ρ̄ϕ | d,H) =

∫ 
 ∏

θ⃗ \{ρ̄ϕ}

dθi


 p(θ⃗ | d,H), (7)

where d denotes the data, H is the hypothesis for a scalar
environment, and θ⃗ denotes the list of parameters, consist-
ing of the standard binary parameters in vacuum, θ⃗vac, to-
gether with two additional parameters characterizing the
scalar environment, ρ̄ϕ and α, such that θ⃗ ≡ {θ⃗vac, ρ̄ϕ, α}.

To obtain the posterior distribution p(θ⃗ | d,H), we typ-
ically rely on Markov Chain Monte Carlo or nested sam-
pling algorithms. In this work, we compute the posterior
using the Bilby package [119, 120] with the Dynesty
nested sampling algorithm [121]. We use 1000 live points,
the sampling method acceptance-walk, an acceptance
target of naccept = 60, and set the log-evidence tolerance
to dlogz = 0.1.

To compare the two competing hypotheses, environ-
ment (Henv) versus vacuum (Hvac), we calculate the ratio
of their evidences, known as the Bayes factor, defined as

Benv
vac =

p (d |Henv)

p (d |Hvac)
(8)

where p (d |Henv) and p (d |Hvac) are the evidences for
the environment and vacuum hypotheses, respectively. In
this work, we report the natural logarithm of the Bayes
factors.

Using the setup described above, we re-analyzed all LVK
events of the GWTC-3 catalog satisfying the selection
criteria introduced in the main text using our waveform
model IMRPhenomXPHM_Scalar. Figure 5 displays the his-
tograms of the marginalized posterior distribution of the
scalar field density ρ̄ϕ. Most posteriors show significant
support near the lower bound of the density prior, con-
sistent with the vacuum hypothesis. Two exceptions are
GW190728 and GW190814, which show relatively high
support at larger density values and yield lnBenv

vac ≈ 0.4
and 0.6, respectively—positive but not significant.

Figure 5 also shows the 90% upper bounds on the scalar-
field density. The tightest limit is from GW200115_042309
with ρ̄ϕ ≲ 105.8 g cm−3. Among the 28 analyzed
events, four yield 90% bounds below 107 g cm−3. The
weakest limits are obtained from GW190828_063405
and GW200225_060421, with ρ̄ϕ ≲ 108.5 g cm−3 and
ρ̄ϕ ≲ 108.4 g cm−3, respectively. The weaker bound from
GW190828_063405 is attributable to its relatively high
redshift (z ∼ 0.38) [95], which results in fewer inspiral
cycles within the sensitive frequency band of the LVK
detectors.

In Figure 5, we show the 90% credible intervals com-
puted using the highest-density interval (HDI) method
implemented in ArviZ [161]. For most events, we notice
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the lower bound of the 90% credible interval is consistent
with vacuum. However, for GW190728 and GW190814
the density posteriors are barely consistent with vacuum.

Since a low–density environment is effectively unobserv-
able with LVK sensitivities and the prior range on ρ̄ϕ is
extremely broad, posteriors may appear offset from zero
even when the binary is in vacuum. So, one can define
a reference density ρ̄∗ϕ (whose value is event dependent),
below which environmental effects are indistinguishable
from vacuum. We define such reference density as fol-
lows. For each event, we take the maximum-likelihood
parameters θ⃗vac from the vacuum analyses reported in
the GWTC catalog [95, 96], and assume a scalar envi-
ronment with α set to either the lower or upper bounds
of our prior (i.e., 0.008 and 0.5). We then compute the
mismatch between the vacuum waveform h(θ⃗vac) and the
environmental waveform h(θ⃗vac, α, ρ̄ϕ) as a function of ρ̄ϕ,
weighting the inner product using the Livingston PSD.
We define ρ̄∗ϕ as the density leading to a mismatch of 1%.

For GW190814, ρ̄∗ϕ lies outside the 97.5% and 90% cred-
ible regions for α = 0.5 and α = 0.008, respectively. For
GW190728, ρ̄∗ϕ lies outside the 99.7% credible region for
both α values. Notably, for the latter, vacuum lies outside
the 99.5% credible region even when using a reference
density corresponding to a 3% mismatch (such mismatch
is expected to generate an observable deviation in LVK
data).

More on the superradiance interpretation

Here, we provide details on the reanalysis of GW190814
and GW190728 under the assumption that the scalars
originate from superradiance, discuss the possibility that a
significant fraction of the scalar field is found in monopole
states during the late inspiral, and compare the resulting
binary parameter estimates with those obtained with the
vacuum model.

We begin by presenting the explicit constraints on the
parameter space imposed in our reanalysis by superradi-
ance (which we refer to as superradiance-motivated priors).
The condition τSR ≤ τd ≤ τann translates into [60]

0.02
[ m1

10M⊙

1Myr

τd

] 1
9
≲

α

1 + q
≲ 0.11

[ m1

10M⊙

1Myr

τd

] 1
15

. (9)

The maximum saturation mass, Mϕ/m1 ≲ α/(1 + q) [60],
further implies

ρ̄ϕ ≲
1.3× 108 g cm−3

8(1 + q)−3

[α/(1 + q)

0.07

]7[10M⊙

m1

]2
, (10)

which is realized if the saturation mass is fully transferred
into the |100⟩ molecule state (i.e., |c(0)100| = 1 in Eq. (5)).

Perturbative analyses of scalar-field dynamics, using
gravitational-atom states as the expansion basis, indicate
that—except in a limited region of parameter space (e.g.,
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FIG. 6. Posterior versus prior distributions of the scalar field
density ρ̄ϕ for GW190728, considering different delay times τd
between BH formation and merger (cf. superradiant interpre-
tation). Longer delay times favor the vacuum hypothesis more
strongly, but the posteriors still support nonzero densities.

nearly retrograde binaries)—the scalar cloud is reabsorbed
early in the inspiral through resonant (hyper)fine transi-
tions induced by the companion [35, 36]. These results
hold for nearly equal-mass binaries, as the companion is
outside the cloud when the transitions are excited. How-
ever, in some formation channels, binaries may originate
with separations close enough to evade such resonances,
and rapid hardening in astrophysical processes (e.g., a
common-envelope phase [98]) could break the (hyper)fine
floating resonances [35] and allow cloud survival.

In any case, our results show that even if only a small
fraction of the cloud survives to the late inspiral and is
transferred into monopole molecule states (e.g., via Bohr
floating resonances [135]), the scenario can still be probed
by current ground-based GW observations such as those
of LVK. For τd ≲ 106 yrs, the analysis of GW190728 is
compatible with a late-inspiral cloud mass of a few percent
of the maximum saturation value.

Figure 6 shows the comparison between the posterior
distribution of the scalar field density and its prior for
analyses with different timescales τd. Although the ini-
tial prior on the density is uniform, the timescale-based
constraints on α and the upper bound on ρ̄ϕ (determined
using Eqs. (9) and (10)) lead to a nonuniform prior, which
increasingly supports the vacuum as τd grows. Despite
that, for a delay time τd ≲ 107 yrs the evidence for envi-
ronmental effects remains lnBenv

vac ≈ 3.5.
Fig. 8 shows the marginalized posterior distributions

of the GW190728 binary parameters inferred using the
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FIG. 7. Posteriors of the particle mass mϕ (top panel) and
scalar-to-BH mass-ratio Mϕ/m1 (bottom panel) for GW190728
with different delay times τd between BH formation and merger
(cf. superradiant interpretation).

environmental model with τd = 106yrs, compared against
the standard vacuum model. We observe significant de-
viations in both the chirp mass and the effective spin
parameters. Neglecting environmental effects in the anal-
ysis leads to a systematically heavier chirp mass and an
increased effective spin. The 90% credible intervals for
the chirp mass are Mc = 9.69+0.27

−0.28M⊙ (environmental
model) and Mc = 10.14+0.10

−0.09 M⊙ (vacuum model). Since
environmental effects shorten the signal, the chirp mass
recovered with the vacuum model is expected to be biased
toward larger values. A noticeable bias is also present in
the inferred effective spin: the vacuum model strongly
supports a nonzero spin, χeff = 0.14+0.18

−0.11, while the envi-
ronmental model indicates consistency with a nonspinning
binary, χeff = 0.0+0.15

−0.13. This bias is consistent with the
NR injection analyses shown in Fig. 2 and 4.

The inset in Fig. 8 compares the distributions of the
log-likelihood values for the vacuum and environmen-
tal waveform models. The distribution of log-likelihood
values peaks at higher values for the environmental
model, indicating an improved fit to the data. The me-
dian log-likelihood difference between the two models is
∆lnL ≈ 3.7, consistent with evidence in favor of the
environmental model.

To corroborate the evidence for an environmental effect
surrounding the GW190728 binary, we further verified
the data quality and found no glitch or noise artifact re-
ported by the LVK [94, 95]. We also performed separate
analyses using data from individual detectors and com-
pared the results against the vacuum model. Evidence for
the environmental model is found in both the detectors,
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FIG. 8. Marginalized posterior distributions of GW190728
binary parameters showing deviations between models.
The blue plots correspond to the environmental model
IMRPhenomXPHM_Scalar, with τd = 106yrs, and the green plots
correspond to the vacuum model IMRPhenomXPHM. The inset
shows the log-likelihood distributions for both analyses.

LIGO Hanford (LHO) and LIGO Livingston (LLO). The
network Bayes factor is largely dominated by the LLO
signal, while the evidence from LHO is weaker. This
is consistent with the respective signal-to-noise ratios,
SNR in LLO ∼ 11 and SNR in LHO ∼ 7, and with the
relatively lower low-frequency sensitivity of LHO during
O3a. Nevertheless, the individual-detector analyses show
similar deviation trends in the inferred mass and spins as
observed in the network analysis (see Fig. 8).

As environmental effects drive binaries to inspiral more
rapidly and merge sooner than binaries in vacuum, we
expect a difference in the number of cycles within the LVK
band starting at a lower cutoff frequency of 20Hz. For the
maximum-likelihood sample from the scalar-environment
analysis with τd ≲ 106 yrs, the number of in-band cy-
cles is 42, whereas the vacuum waveform has 52 cycles.
This difference of 10 cycles could be significant, depend-
ing on the detector sensitivity at low frequencies. For
the same maximum-likelihood parameters, we find the
number of cycles to be 30/35, 22/25, and 17/18 for envi-
ronment/vacuum when the starting frequency is 25, 30,
and 35Hz, respectively. This implies that the environ-
mental contribution becomes negligible above 35Hz. To
ensure consistency, we further perform analyses varying
the lower cutoff frequency for both the environment and
vacuum models. We find similar evidence for environmen-
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tal effects for a starting frequency at 25Hz and 30Hz,
with lnBenv

vac ≳ 3.5 and the density posterior strongly
supporting non-zero values, but the evidence becomes
negligible when the lower cutoff is increased to 35Hz.
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