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We present constraints on ultralight bosons using binary black hole mergers observed in the second and
third parts of the fourth LIGO-Virgo-KAGRA observing run. Directed searches are conducted for long-
transient gravitational waves from ultralight vector boson clouds around merger remnants, using a hidden-
Markov-model (HMM) tracking scheme. We target the remnant black holes formed in the binary
coalescences that produced GW250114 and GW250207. We find no evidence for such signals from either
target. Estimating our search sensitivity at a threshold corresponding to a 1% false alarm probability, we
thus disfavor vector boson masses in the range of [2.80,3.95] x 1073 eV with greater than 90% con-
fidence. In addition, we derive constraints on ultralight scalar and vector bosons from the inferred high
spins of the constituent black holes in three binaries, using events GW240515, GW241113, and
GW241225_08. The excluded mass ranges in this approach depend on the assumed black-hole ages.
At 103 years, corresponding to typical dynamically formed binaries, we exclude scalar and vector bosons
in the ranges [1.39,6.94] x 10713 eV and [0.32, 14.4] x 10713 eV at 90% confidence, respectively.

DOI: 10.1103/dgjv-chmt

I. INTRODUCTION

Ultralight bosons arise in a variety of extensions of the
Standard Model and can provide viable dark matter
candidates [1-4]. Motivated examples include axionlike
particles and other spin-O fields [5,6], as well as hidden-
sector vector (spin-1) bosons such as dark photons [7-12].
Even if these particles interact only through gravity,
rotating black holes can trigger superradiant instabilities
that populate bound states of the bosonic field. The
resulting boson clouds can grow to macroscopic occupation
numbers and act as long-lived sources of nearly mono-
chromatic gravitational radiation, potentially observable
with ground-based detectors [13-30].

A rotating black hole becomes superradiantly unstable to
an ultralight bosonic field of mass m,;, when the condition

w, < mQy (1)

is satisfied. Here, @, = m,c?/h is the angular frequency of
the bosonic field, m is the azimuthal quantum number of
the bosonic bound state, and Q is the angular frequency of
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the black hole horizon. The instability is most efficient
when the boson Compton wavelength 4 is comparable to
the black hole gravitational radius r,, causing the occupa-
tion number of the bound state to grow exponentially. The
instability extracts energy and angular momentum from the
black hole into the bosonic field, leading to a coupled
evolution in which the black hole spins down while the
cloud grows. If gravitational interactions dominate, this
process results in the amplification of the field into a
macroscopic boson cloud, which can extract up to ~10% of
the initial black hole mass [13,27,28,31-36].

This extraction continues until the superradiance con-
dition in Eq. (1) begins to saturate (@, ~ m&y), at which
point the black hole has spun down sufficiently to shut off
the instability. When it satisfies the superradiant condition,
the m = 1 mode is typically the fastest growing and most
relevant for a newly formed black hole. Even after the
saturation of this mode, higher modes can continue to grow
through superradiance and further spin down the black hole.
The boson cloud then depletes through gravitational-wave
emission at approximately twice the oscillation frequency,
with a small positive frequency drift as the binding energy
decreases [20,27-29,37-40]. For stellar- and intermediate-
mass black holes and boson masses in the range ~10~1% —
10~ eV [16,19], this emission falls within the sensitive
band of ground-based gravitational-wave detectors. Current
and future detector networks [41-46] therefore provide a
promising avenue to probe ultralight bosons. In addition,
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measurements of black hole spins offer a complementary
probe, as superradiance-induced spin-down can imprint
observable signatures on the spin distribution of merging
systems [13,16,19,22,28].

Constraints on ultralight scalar [16,19,22,47-52] and
vector [20,22,48,50] bosons have been derived using black
hole spin measurements, although these are limited by
uncertainties in inferred spins and masses arising from
modelling assumptions and observational systematics
[53-55]. Searches for continuous gravitational waves,
including all-sky and Galactic-center targeted analyses,
also constrain scalar bosons under assumptions about the
black hole population (mass, spin, and age distributions),
disfavoring masses of order ~10713 — 10712 eV [56-61].
Similarly, stochastic background searches for populations
of black holes with scalar [61-63] and vector [64] clouds
disfavor boson masses around ~107'3 eV, subject to
population modelling assumptions. Directed searches tar-
geting Cygnus X-1 exclude scalar and vector bosons in the
range ~[0.6,1] x 1072 eV and ~[0.9,1.6] x 10713 eV,
respectively, depending on the assumed black hole age
and initial spin [65-67]. A continuous-wave search target-
ing pulsar-catalog sources as candidate luminous dark-
photon clouds constrained kinetically mixed dark photons
under assumptions about the black hole population and
electromagnetic emission [68]. While these results overlap
with the parameter space considered in this work, they rely
on astrophysical assumptions regarding black hole pop-
ulations, evolution, and ages; as such, their implications
for ultralight bosons in these ranges should be interpreted
with caution. In addition to indirect searches, ground-
based interferometers have been used for direct searches
for ultralight scalars [69—72] and vectors [72—74]. Future
observations may also probe the impact of boson clouds on
binary black hole inspirals for certain masses and field
strengths [23,75-78].

In this study, we present results from two complementary
approaches to probe ultralight bosons with gravitational-
wave observations. First, we perform a directed search for
long-duration transient gravitational-wave signals (on a
timescale of hours to months) from vector boson clouds
around merger-remnant black holes using a hidden Markov
model (HMM) [79,80]. Targeting newly formed black
holes with well-characterized properties enables robust
constraints with reduced reliance on assumptions about
the underlying black hole population and age. Although
scalar boson clouds around merger remnant black holes can
also generate long-duration gravitational waves [37,81],
their strain amplitudes are generally expected to lie below
the sensitivity of current-generation detectors. Vector boson
clouds, by contrast, are expected to produce stronger and
shorter-lived emission, making them more favorable targets
for directed searches with current-generation detectors [79].
This approach follows Refs. [79,80] and was previously
applied to O4a events [67], constituting the first directed

gravitational-wave search for ultralight vector bosons
targeting merger remnants. In O4a, the merger remnants
of GW230814_230901 and GW231123_135430 (hereafter
GW230814 and GW231123) were targeted, yielding
weakly disfavored vector boson masses of [0.94, 1.08] x
10713 eV and [2.75,3.28] x 107!* eV at ~30% confidence.
Reference [67] also performed a continuous-wave search
using the band sampled data framework, targeting an older
galactic black hole in Cygnus X-1 and excluding vector
boson masses in the range [0.85,1.59] x 10713 eV at
95% confidence, assuming an initial black hole spin
=20.5. In this work, we extend the HMM analysis to two
especially well-suited events from the second and third
parts of the fourth LVK observing run (O4b [82] and O4c
[83]), focusing on merger remnants formed in binary black
hole coalescences. For the remnant search targeting the
early post-merger epoch, we consider only the fastest-
growing mode with azimuthal number m = 1. This study
demonstrates that directed searches targeting these events
can already strongly disfavor vector boson masses within a
relatively narrow mass range set by the remnant properties.

Second, we derive constraints from pre-merger black
hole spin measurements following Ref. [48]. This
approach identifies regions of parameter space incompat-
ible with efficient superradiant spin-down, thereby con-
straining the allowed boson masses. In this spin-based
analysis, we consider all relevant azimuthal modes that
can grow within the assumed black-hole lifetime. Previous
studies have shown that events such as GW190517_
055101, GW231123, and GW241110_124123 disfavor
scalar and vector bosons over the mass ranges [0.55, 26] x
10713 eV and [0.11,53] x 10713 eV, respectively, at a
90% confidence level, assuming black hole lifetimes
>10° yr [48,50]. We extend this analysis to high-spin
events observed during O4b and reported in GWTC-5
[82,84,85], providing a complementary and relatively
model-independent probe of ultralight bosons.

The paper is organized as follows. In Sec. II, we identify
the target sources used in both analyses. In Sec. III, we
present the HMM-based search for long-duration transient
gravitational-wave signals from ultralight vector boson
clouds, including the search methodology, configuration,
candidate follow-up procedure, and the resulting disfavored
parameter space. In Sec. IV, we describe the complemen-
tary analysis based on black hole spin measurements,
outlining the method and presenting the corresponding
results. Finally, we summarize our findings in Sec. V.

II. TARGET SOURCES

In this section, we describe the black hole systems
targeted by the two complementary analyses presented
in this work and summarize the gravitational-wave and
superradiance parameters relevant to each.
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TABLE 1. Properties of the merger remnants targeted in the HMM search.

Source *° M; [Mg] Xi Dy [Mpc] coS 1 90% credible sky area [degz]
GW250114 62.7+1 0.680! 403474 0.64-018 254.01
GW250207 6287 0.69! 188718 0.3817" 18.46

*We use M, and y; to denote the mass and dimensionless spin of the black hole before superradiance occurs, corresponding to the final
black hole mass M ; and spin y ; inferred from the compact-binary-coalescence PE. We avoid using M s and y ; here to prevent confusion

with the black hole mass and spin after superradiance.

"The two remnant black holes have similar masses and spins; however, differences in detector duty cycles and data quality lead to

complementary results from these two targets (see Sec. III).

A. Merger remnant black holes

The merger remnants analyzed in this work are selected
based on their expected detectability under the ultralight
vector boson cloud scenario. For a subset of compact
binary coalescence candidates with a high signal-to-noise
ratio (SNR) identified in O4b and O4c, we use the median
estimated source properties from GWTC-5 for O4b and
from the preliminary parameter-estimation (PE) results
available at the time for O4c [82,83,85-90]. For each
event, we estimate the maximum detectable luminosity
distance, referred to as the horizon distance, for boson-
cloud gravitational-wave emission from a black hole with
the corresponding median remnant mass and spin, and
compare it with the median estimated luminosity distance
DL.] The horizon distances are estimated empirically
through simulations over the remnant mass and spin
parameter space, as described in Ref. [79]. Systems with
D; smaller than the horizon distance are expected to lie
within the sensitivity reach of the HMM search. Two
merger remnants satisfy this criterion with high confidence
in the preliminary selection: GW250114_082203 in O4b
and GW250207_115645 in O4c (hereafter GW250114 and
GW250207), among the loudest gravitational-wave signals
observed to date [82]. Using the final PE results [83,89,90],
we verify that the luminosity distances of both systems lie
well within their corresponding horizon distances. The
estimated horizon distances are approximately 574 Mpc for
GW250114 and 592 Mpc for GW250207, substantially
larger than their median luminosity distances of 403 Mpc
and 188 Mpc, respectively.

The median parameters for each remnant and the 90%
credible sky area are summarized in Table I, where M and y
denote the mass and dimensionless spin of the black hole
prior to superradiance, D is the luminosity distance, and :
is the inclination angle. The sky localizations for both
events are shown in Fig. 1. Although the two events have

lHere, the horizon distance refers to the reach for gravitational-
wave emission from the vector-boson cloud around the remnant
black hole, rather than for the binary merger itself. The evaluation
using median values is intended only as a representative criterion
for target selection. The selection is deliberately permissive rather
than strict, since the horizon distance is, by definition, an
optimistic estimate of the detectable reach.

different localization uncertainties, both localizations are
sufficiently compact for the search considered here (see
relevant search configuration in Sec. III C). The PE results
used for GW250114 and GW250207 are obtained with the
NRSur7dg4 waveform model [91]. This model is employed
because it interpolates directly between numerical relativity
simulations within its training domain, thereby reducing
additional waveform-modeling assumptions, and is among
the most reliable waveform models for relatively heavy
binary black hole systems and their remnant properties.

B. Premerger black holes with high spin

In addition to merger remnants, we target compact binary
coalescences exhibiting highly spinning constituent black
holes prior to merger. The presence of large dimensionless
spins provides a complementary probe of ultralight bosons
through black hole superradiance: if a boson with a given
mass exists, rapidly rotating black holes are expected to
spin down over astrophysical timescales. Therefore, the
observation of high spins can be used to exclude regions of
the boson mass parameter space.

Events considered in this analysis are selected based on
(i) evidence for high constituent spins and (ii) well-con-
strained spin posteriors. Specifically, we require that the
median effective inspiral spin satisfies |y.¢| > 0.2, and that
at least one component black hole has a median dimen-
sionless spin magnitude greater than 0.5, with its 5th
percentile exceeding 0.3. The additional requirement on
the Sth percentile ensures that the inferred high spin is not
driven solely by the posterior median, and disfavors
systems whose posterior distributions retain substantial
support for low spins. Applying these criteria to the O4b
catalog (reported in GWTC-5 [82]) yields three events of
particular interest: GW240515_005301, GW241113_
163507, and GW241225_082815 (hereafter GW240515,
GW241113, and GW241225_087).

We use PE results obtained with the BILBY framework
[92,93] and the DYNESTY sampler [94], employing the
NRSur7dg4 waveform model [91] for GW240515 and

*We define the longer abbreviated name GW241225_08 for
GW241225_082815 because GWTC-5 contains two events from
2024 December 25.
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Joint right ascension and declination posterior distribution for GW250114 (a) and GW250207 (b). The blue points represent

sky-position samples from the full posterior distribution. The black contours show the 90%, 50%, and 10% credible intervals. The plus
markers indicate the sky positions targeted in the search for each remnant black hole (median values of the distributions).

GW241225_08 and the IMRPhenomXPHM-SpinTaylor
waveform model [95,96] for GW241113. NRSur7dqg4
was trained on numerical-relativity simulations with com-
ponent spin magnitudes y;, < 0.8 [91]. It has also been
used in parameter-estimation analyses allowing larger
spins, which require extrapolation beyond the training
domain [82,97]. For events with posterior support above
this threshold, particularly GW241225_08, this extrapola-
tion represents a potential source of waveform-model
uncertainty in the inferred spins and resulting superradiance
constraints. From these PE results, we extract the primary
and secondary masses (m,, m,), the corresponding dimen-
sionless spin magnitudes (y;, y,), the luminosity distance
D;, and the network SNR. The median values of these
parameters are summarized in Table II.

III. SEARCHES TARGETING MERGER
REMNANTS

A. Method

The directed searches are performed using the HMM
tracking pipeline described in Refs. [79,80] and applied
previously in O4a [67]. Although the signal evolution is
well modeled for fixed source parameters, the parameter
space in boson mass and remnant black-hole properties is
too large for a fully coherent matched-filter search over
signal durations ranging from hours to months. The HMM
approach therefore provides a computationally tractable
way to track the expected frequency evolution while
maintaining good coverage of the relevant parameter space.

3NRSur7dq4 is used where applicable because it provides
reliable parameter estimates for systems in the higher-mass range
[91]. For the lower-mass event GW241113, which lies outside the
NRSur7dqg4 coverage, we instead use IMRPhenomXPHM-Spin-
Taylor [95,96].

The pipeline computes a coherent multidetector JF statistic
[98—100] by coherently combining short Fourier transforms
over segments of duration 7', referred to as the coherent
integration time. The HMM then tracks the signal fre-
quency evolution across segments via the Viterbi algorithm
[101], without requiring phase coherence between seg-
ments. Longer T, improves sensitivity when the signal
remains well matched to the coherent template, but also
narrows the frequency bins. Rapid frequency evolution
therefore limits the coherent integration time, as excessive
drift within a segment spreads the signal power across
multiple bins and reduces sensitivity. We choose 7', (and
corresponding frequency resolution) based on the maxi-
mum expected frequency derivative of the signal, ensuring
that the signal remains approximately monochromatic
within each segment and evolves by at most one frequency
bin between adjacent segments. The significance of can-
didate tracks is quantified using a log-likelihood-based
detection statistic £, normalized by the number of segments
Ny as L= L/Ny, allowing for consistent comparison
across different search configurations. We refer the reader
to Refs. [67,79,80] for a detailed description of the pipeline
and its implementation. For the synthetic-signal simula-
tions in this study, we compute vector-boson signal wave-
forms using the superradiance waveform model SuperRad
[40,102], and generate the simulated data with the

simulateCW module of the LALPulsar package in LALSuite
[103,104].

As the remnant black holes are relatively young and
isolated, the corresponding signals are expected to last
hours to months and can exhibit rapid frequency evolution.
We therefore employ the HMM search method, which is
well-suited to signals with significant frequency drift and
associated uncertainties.
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TABLE II. Median source parameters of the high-spin premerger systems selected from O4b.

Source my [Mg] my [Mg] b2 Dy [Mpc] SNR
GW240515 681141 185747 07193 056'¢32 oulel 10117
GW241113 19.3f131' 1 14.3%_’73 0.803());ﬁ 0.561“%'1% 1355.445221737 1 l.7t11:77
GW241225_08 58.5%55 36.3%01, 0.8475) 0481543 197275502 17750

B. Signal parameter space

We specialize to vector bosons and denote their mass by
my. Using the SuperRad waveform model [40,102] together
with the median black hole mass and spin estimates listed in
Table I, we determine the optimal boson mass my" that
maximizes the superradiant instability for the corresponding

black hole. This m{f" corresponds to the vector-boson mass
for which the gravitational-wave strain amplitude is maxi-
mized at the reference time f,¢, when the m = 1 mode
reaches saturation. For GW250114 and GW250207, we
evaluate the representative boson masses my’ =
3.5x 10713 and 3.6 x 10713 eV, respectively, correspond-
ing to the median remnant black hole parameters (see
Table IIT). Using these values m}"* and the median remnant
black hole parameters, we compute the corresponding
gravitational-wave signal properties during the early post-
merger epoch with the SuperRad model, assuming the
dominant m = 1 superradiant mode. The resulting signal
parameters, listed in Table III, are defined as follows. The

detector-frame growth and depletion timescales, Tgf(t)wth and

73, describe the evolution of the boson cloud. The former
is the inverse growth rate, while the latter corresponds to the
gravitational-wave emission timescale. The quantities AT,
fo. and f, denote the effective strain, detector-frame signal
frequency, and frequency drift at 7. The effective strain
amplitude seen by the detector is given by AT =
ho27'2{[(1 4 cos?1)/2]> + cos? 1}/? [105], where hy is
the gravitational-wave strain on Earth from a source at
luminosity distance D, and ¢ is the inclination angle.4 The
detailed signal evolution model is described in Appendix A.
The signal properties evaluated at m{/" with the median
remnant parameters in Table III provide representative
examples of the expected signals for the two targets. The
search itself is not restricted to these values: it covers a range
of vector boson masses and accounts for uncertainties in the
remnant black hole properties through their posterior dis-
tributions (see Sec. III C).

*Here, we use 1, the angle between the binary orbital angular
momentum and the line of sight, instead of the viewing angle 6,
defined as the angle between the total angular momentum of the
binary and the line of sight. For GW250114 and GW250207, the
posterior distributions of these two angles are similar because
both systems have nearly equal component masses, small
component spins, and no evidence for significant spin precession.

. t
We consider a search mass range of [0.6, 1.1]m\}", over

which the method is expected to be sensitive, as determined
empirically in Ref. [80]. This corresponds to [2.13,3.90] x
10713 eV for GW250114 and [2.18,3.99] x 10713 eV for
GW250207. The range includes vector masses that, while
having lower strain amplitude, can yield longer-lived
gravitational-wave emission, allowing longer coherent
integration times and, in some cases, greater sensitivity
than at my"".

C. Dataset and search configuration

In this section, we describe the dataset and analysis setup
used to perform a directed search for long-transient
gravitational-wave emission from the merger remnants of
GW250114 and GW250207.

We analyze -calibrated, analysis-ready strain data
from the Advanced LIGO detectors [41] at Hanford
(H1) and Livingston (L1) during the O4b and O4c
observing period [106—110]. The strain is produced by
the low-latency calibration pipeline (C00), with gating
applied to suppress transient noise artifacts and improve
the robustness of the HMM search [111]. We use the gated
strain channels H1:GDS-CALIB STRAIN CLEAN
GATED_GO02 and L1 :GDS-CALIB STRAIN CLEAN
GATED Go02 [107,111-118].

Within the vector-boson mass search ranges of
[2.13,3.90] x 1071 eV for GW250114 and [2.18,3.99] x
10713 eV for GW250207, each boson mass maps to a
distinct gravitational-wave emission frequency, correspond-
ing to detector-frame frequency ranges of [92, 175] and [96,
185] Hz, respectively. We divide these ranges into 1 Hz
subbands over which the search is performed. Given the
relatively precise sky localization of these sources (see
Table I), we adopt the median right ascension and decli-
nation shown in Fig. 1 as fixed sky positions for the search.
Although nearly monochromatic, the targeted signals are

TABLE III. Estimated gravitational-wave signal parameters
(at the reference time) for the merger remnant targets using the
median black hole parameters and their respective m(’" values.

m(‘J/pt Tarowth TGw hgff f 0
Source  [107P eV] [h] [h] [107**] f, [Hz] [Hzs™']
GW250114 3.5 8.8 32.6 0.381 1562 4.83 x 1077

GW250207 3.6 7.2 248 0.606 166.1 7.32x 1077
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long transients lasting hours to months, rather than persis-
tent continuous-wave emission. Previous injection studies
have shown that, for well-localized sources, using a single
representative sky position is sufficient for this type of
search because the targeted signals are relatively short and
the sensitivity is only weakly affected by offsets within the
localization region [67,79,80]. While the localization uncer-
tainty differs between the two events, both are sufficiently
well constrained to justify using a fixed sky position,
without incurring the substantial computational cost of
searching over a sky grid. Any residual sensitivity loss
due to offsets from the true source position is consistently
reflected in the sensitivity estimates of Sec. III E, where
signal recovery is evaluated using the same fixed sky-
position setup as in the search.

Following the guidelines in Ref. [79], we randomly draw
200 samples from the multidimensional posterior distribu-
tion of the remnant black hole. For each sample of black
hole parameters and each boson mass considered in the
search, we determine the optimal search configuration
(fstart> Teon» Tobs)» Where g, is the GPS start time of the
search, corresponding to the time at which the cloud reaches
saturation, and T, is the full search duration. We set
Tops = TdGe\EV, but typically cap it at 180 days to limit the
computational cost of searching for suboptimally matched
boson masses [67,119]. This cap, however, does not limit
any of the search configurations used in this analysis, as
detailed below. We then construct 11 representative search
configurations by independently taking the 2nd, 10th, 20th,
30th, 40th, 50th, 60th, 70th, 80th, 90th, and 98th percentiles
of the resulting marginal distributions of 7y, Tcon, and
T ,s- These configurations, summarized in Table IV for each
event, are used in the HMM search, with the detector noise
amplitude spectral densities estimated from the data over the
corresponding coherent segments and searched frequency
bands as part of the F-statistic calculation [100]. No single
configuration is optimal over the full parameter space
because of the uncertainties in the remnant black-hole
properties and the unknown boson mass, while using an
individually optimized configuration for each parameter set
would be computationally infeasible. We therefore use
multiple configurations to balance broad coverage with
search depth, improving sensitivity across the physically
plausible signal parameter space while remaining computa-
tionally tractable. For most systems drawn from the remnant
posterior distribution, the signal is expected to be recover-
able by more than one configuration, making this percentile
spacing a conservative choice.

We exclude the configuration corresponding to the 98th
percentile (configuration 11) from the analysis. This choice
is motivated by the interplay between the expected signal
persistence timescales and the O4c observing schedule. In
particular, the longest-lived signals may extend to 13 May
2025 for GW250114 (GPS time 1431151905 s) and 11
May 2025 for GW250207 (GPS time 1431017883 s).

TABLEIV. Search configurations used in the HMM analysis of
GW250114 (top) and GW250207 (bottom). For each configu-
ration, we list the SFT duration Tggr, coherence time 7,, total
observation time T,,, GPS start time, and the corresponding
percentile.

% TSFT (mll’l) Tcoh (mln) Tobs (mln) Lstart (S)

2 3.45 13.8 1214.4 1420903701
10 3.90 15.6 1466.4 1420907361
20 4.30 17.2 1823.2 1420910601
30 4.90 19.6 2548.0 1420915521
40 6.15 24.6 3960.6 1420926381
50 8.25 33.0 6468.0 1420943481
60 11.55 46.2 11134.2 1420970601
70 16.85 67.4 20152.6 1421013921
80 25.75 103.0 38934.0 1421086281
90 27.80 166.8 80898.0 1421214441
2 2.85 11.4 946.2 1422985983
10 3.20 12.8 1126.4 1422988503
20 3.50 14.0 1428.0 1422990843
30 4.00 16.0 2000.0 1422995463
40 5.00 20.0 3060.0 1423004103
50 6.70 26.8 4931.2 1423017963
60 9.35 374 8452.4 1423040043
70 14.00 56.0 15792.0 1423078143
80 21.15 84.6 29948.4 1423136463
90 27.60 138.0 63756.0 1423246503

These intervals overlap with a scheduled commissioning
break in O4c from 1 April 2025 to 11 June 2025 (GPS:
1427554818-1433689218), during which no observational
data are available for coherent tracking over the full signal
duration. We therefore omit this configuration to ensure
consistency between the assumed signal evolution time-
scales and the data availability. The analysis is conse-
quently performed over detector data spanning from 14
January 2025 to 15 March 2025 (GPS: 1420910601-
1426068321) for GW250114 and from 7 February 2025
to 27 March 2025 (GPS: 1422988503-1427071863) for
GW250207.

Over the full selected analysis intervals, the duty cycle
for both events is ~60%—-70% in each detector. The HMM
search itself naturally accommodates data gaps. During
intervals with no available observational data, equal like-
lihoods are assigned to all frequency bins [79]. However,
the temporal distribution of data availability differs
between the two events, particularly in the early postmerger
phase. In the first day after the expected superradiance
saturation time, when the signal reaches its maximum
amplitude for m{", the duty cycle differs significantly
between the events. For GW250114, the duty cycle is 44%
in Hanford and 42% in Livingston, indicating intermittent
coverage in either detector during the epoch of expected
maximum signal strength and reducing the sensitivity of
configurations targeting the shortest signals. In contrast,
GW250207 has substantially higher coverage, with duty

103025-6



CONSTRAINTS ON ULTRALIGHT BOSONS FROM MERGING ...

PHYS. REV. D 114, 103025 (2026)

=
First day after saturation [m{F']
—— Time of merger
""" Signal reaches peak amplitude [m{?"]
=
—_
S
=1
<
)
-
[0 First day after saturation [my?"]
—— Time of merger
""" Signal reaches peak amplitude [m{?"]
=1
o
%
an
=}
2
—
—1 0 1 2 3

Time from merger [days]

(a) Gw250114

r
[0 First day after saturation [mt?“]
—— Time of merger
""" Signal reaches peak amplitude [my? g
o
=
e
g
<
jus)
[0 First day after saturation [mt?“]
—— Time of merger
""" Signal reaches peak amplitude [m}?"]
o
=]
z
en
=
=
2
—

Time from merger [days]

(b) GW250207

FIG. 2. Data gaps in the LIGO Hanford and Livingston detectors relative to the merger times of GW250114 (a) and GW250207 (b).
The red and blue shaded regions show the available data from Hanford and Livingston, respectively, while unshaded intervals indicate
data gaps. The solid vertical line marks the merger time, while the dotted lines indicate the times at which the boson-cloud signal reaches
peak amplitude for the optimal boson mass. The gray shaded region denotes the following one-day interval for the same optimal-boson-

mass case. Time is shown in days relative to the merger.

cycles of 80.5% in Hanford and 99.7% in Livingston in the
first day, corresponding to nearly continuous Livingston
data and only limited gaps in Hanford, thereby reducing
sensitivity loss during the same epoch. Data gaps around
the merger time and over the subsequent three days,
together with the peak signal times for m}", are shown
in Fig. 2.

D. Candidate follow-up

To distinguish potential signals from nonastrophysical
artifacts, we implement a series of follow-up veto tech-
niques following the framework described in Ref. [67]. A
brief summary is provided here. All follow-up stages prior
to manual inspection, including the initial candidate selec-
tion based on a detection-statistic threshold and the known-
line and single-interferometer vetoes, are predefined and
applied uniformly to all candidates.

In each 1 Hz band and for each search configuration,
candidates are required to satisfy a threshold on the
detection statistic, £ > Ly, where the threshold corre-
sponds to a per-band, per-configuration false-alarm prob-
ability of 1%. The value of Ly, is estimated empirically for
each choice of T, using 300 realizations of Gaussian
noise, taking the 99th percentile of the resulting distribu-
tion. Surviving candidates are then subjected to a known-
line veto, in which the recovered Viterbi path is compared
against the catalog of known instrumental lines in each

detector and candidates with overlapping paths are rejected
[67,120,121]. The remaining candidates are then subjected
to a single-interferometer veto, followed by manual
inspection.

For GW250114 and GW250207, the search spans 84 and
90 individual 1 Hz bands, respectively, and is carried out
over 10 configurations, resulting in 840 and 900 optimal
Viterbi paths, respectively. These paths correspond to the
maximum-likelihood frequency-evolution tracks returned
by the HMM tracking for each configuration in each 1 Hz
subband [79,80]. After applying the initial threshold cut, the
number of candidates is reduced to 52 for GW250114 and
64 for GW250207. The known-line veto [120,121] further
reduces these to 3 and 12 candidates, respectively. We then
apply a conservative single-interferometer veto by repeating
the search using each detector individually. A candidate is
vetoed if its detection statistic is below threshold in one
detector but exceeds that of the multidetector search in the
other detector, and the corresponding Viterbi paths overlap
[67]. Such candidates are therefore consistent with detector-
specific instrumental artifacts. This veto eliminates all
remaining candidates for GW250114, while 10 candidates
persist for GW250207. These remaining candidates are
subsequently examined through manual inspection of the
spectrograms from each detector in the relevant frequency
band and time segments, to determine whether they overlap
with any visible noise artifacts. All 10 candidates are found
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TABLE V. Summary of candidate counts after each stage of the
follow-up procedure for GW250114 and GW250207.

Remaining candidates

Stage GW250114 GW250207
Initial candidates 52 64
Known-line veto 3 12
Single-IFO veto 0 10
Manual inspection 0 0

to coincide with detector-specific noise artifacts, predomi-
nantly in Hanford, and are therefore vetoed; see Appendix B
for details of the manual inspection procedure and the
spectrogram generation. A summary of the candidate counts
at each stage of the follow-up procedure is provided in
Table V, and a complete list of the vetoed candidates is
provided in Ref. [122].

E. Disfavored parameter space

In the absence of detection, we derive the disfavored
vector boson mass range using the method outlined in
Ref. [67]. We estimate the search sensitivity via simula-
tions. Synthetic signals are generated and injected into
Gaussian noise realizations constructed to match real data,
with amplitude spectral densities derived from detector data
over the corresponding 7', and 1 Hz subband (calculated
from the harmonic mean over all the T'spr segments), and
with data gaps reproduced to reflect those present during
the analysis period. Because these simulations use matched
Gaussian noise realizations rather than injections into the
exact measured detector noise, we refer to the resulting
mass range as “disfavored” rather than strictly “excluded.”
We also avoid quoting conventional continuous-wave
upper limits, since the search does not have a single,
well-defined minimum detectable signal amplitude; the
recovery probability depends on the remnant black-hole
posteriors, the assumed boson mass, and the search
configurations. For each assumed vector boson mass, we
compute the detection probability by averaging the recov-
ery efficiency over both noise realizations and posterior
samples of the remnant black hole parameters, thereby
accounting for their uncertainties. Specifically, following
Ref. [67], we draw N, = 200 samples from the posterior
distribution of the remnant black hole parameters. For each
posterior sample and assumed vector boson mass, a
synthetic signal is generated and injected into N,y =
10 independent noise realizations. The recovery efficiency
is then averaged over all posterior samples and noise
realizations to obtain the detection probability [80],

1 Nsamp

Z Net (033 my), (2)

Py (my) =
NsampNnoise i—1

where 6; denotes a sampled set of black hole parameters
and Ny (0;; my) is the number of recovered signals out of
the NV, Noise realizations for that sample. Simulations are
performed for all search configurations used in the analysis,
and a signal is considered recovered if at least one
configuration yields a detection statistic above the chosen
threshold. Only this threshold-based candidate selection is
applied to the simulations; the subsequent follow-up vetoes
used in the search are not included. Some persistent
narrow-band instrumental lines fall within the frequency
ranges of both searches and appear as localized non-
Gaussian features, although they correspond to slightly
different boson masses because of the different source
redshifts. The resulting detection probabilities may there-
fore be somewhat optimistic in frequency bands affected by
known lines and non-Gaussian noise artifacts, and the
quoted disfavored mass ranges should be interpreted as
most robust where the detector noise is well approximated
by Gaussian noise.

The resulting detection probability Py (my) quantifies
the likelihood that a signal would have been detected by our
pipeline if present. In the absence of detection, this quantity
can be interpreted as the confidence level at which a given
boson mass is disfavored. Although the two events probe
similar vector-boson mass ranges, GW250207 yields strong
confidence near m?}’t, where the expected signals are the
shortest, whereas GW?250114 lacks sensitivity to these
shortest-duration signals due to data gaps during the
corresponding early-time interval. For a false alarm prob-
ability of Py, = 1%, we disfavor vector boson mass ranges
of [2.80,3.26] x 10~13 eV for GW250114 and [2.83,3.95] x
10713 eV for GW250207 at 90% confidence, as shown in
Fig. 3. We quote a combined interval of [2.80,3.95]x
10713 eV, defined as the union of these independently
disfavored mass ranges rather than as the result of a joint
statistical combination of the two searches. We also include
one simulation-only point above the upper boundary of the
searched mass range for GW250207 (connected by the
dashed line) to verify the expected decrease in P, at higher
vector-boson masses. This point is not part of the search and
is not used to define the disfavored mass range.

These results can be compared with those obtained in the
O4a analysis of Ref. [67] (see Fig. 3 therein), where the
disfavored mass ranges for GW230814 and GW231123
were reported at a lower confidence level of ~30%
for Pp = 1%. The higher confidence achieved with
GW250114 and GW250207 here is primarily driven by
their closer distance, higher signal-to-noise ratios, and
tighter constraints on source parameters. Improved sky
localization reduces the parameter space explored by the
search, while smaller luminosity distances increase the
expected signal amplitude. In particular, GW250207 is
located at a distance of ~187 Mpc, significantly closer
than typical O4a events [97], leading to a higher recovery
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FIG. 3. Detection probability P as a function of vector boson

mass my (bottom axis) and the corresponding gravitational wave
frequency in the detector frame (top axis), with a 1% false alarm
probability (Pyg,), for the remnant black holes formed in
GW250114 (blue) and GW250207 (orange). The vertical dotted
lines mark the optimal boson masses m(F" for the remnants with
median parameters listed in Table I. The shaded region corre-
sponds to the disfavored boson mass range with greater than
90% confidence. The dashed segment indicates a simulation-only
extension beyond the searched mass range for GW250207,
included to verify that Py decreases at higher boson masses.
The error bars represent the 1o beta-binomial uncertainty in P g
[123]; some are smaller than the marker size and are therefore not
visible. (The top-axis frequencies are obtained by averaging f,
over search configurations for each boson mass, using the median
black-hole parameters in Table I; the two events give nearly
identical frequency mappings.)

efficiency and consequently stronger constraints on the
vector boson mass.

IV. CONSTRAINTS FROM PREMERGER
BLACK HOLES

A. Method

In addition to the directed HMM searches, we implement
a complementary method to constrain ultralight bosons
(scalar and vector) using spin measurements of binary
black hole merger events, following Ref. [48]. This method
exploits the fact that superradiant instabilities impose an
upper bound on black hole spin for a given boson mass. If
ultralight bosons of mass m,;, exist, black holes can undergo
superradiant spin-down over a characteristic timescale
Torowth (M. ¥ 1y, ). For systems with age Tyee 2 Torowth- this
leads to a maximum allowed spin (M, mp, Tyoge),
defining an excluded region in the mass-spin plane.

We compute y,,.« using the SuperRad package [40,102],
assuming conservatively that the cloud grows from vacuum
fluctuations to the saturation mass at which the instability
shuts off. We include fully relativistic superradiant frequen-
cies and instability rates for dominant modes with m < 2

and adopt nonrelativistic approximations for higher modes
as described in Ref. [48].

The efficiency of superradiant spin-down depends on the
elapsed time between black-hole formation and merger.
Following Refs. [48,50], we consider T, € [10°,107] yr,
where the lower bound is motivated by merger timescales
for dynamically formed binaries in a dense environment,
and the upper bound is adopted as a representative inspiral
timescale for isolated binary evolution [124-126]. The
exclusion region expands with 7', since older black holes
would have undergone superradiant spin-down for a longer
time, thereby strengthening the constraints on the boson
mass, although the dependence is not strong over this
range. We neglect possible perturbative effects of the binary
companion on cloud growth, so T,. should be interpreted
as a lower bound on the time available for superradiance
prior to binary interaction suppressing the instability.

For each merger event, we use posterior samples from
the event parameter estimation. Denoting the primary
black-hole mass and dimensionless spin by m(f) and )(5’)
we compute the posterior-driven nonexclusion probability

N samp

Nsa.mp Zl: I{%gl) < Xmax(mgl)’ myp, Tage)}’
(3)

where I{-} is an indicator function that returns unity if the
primary BH spin lies below its respective superradiance-
imposed upper bound y,.., and zero otherwise, and
Ngamp ~ O(10%) is the number of posterior samples. We
restrict the reported constraints to the primary components,
though in principle, information about the secondary spin
could extend the constraints. For the systems considered
here, the secondary spin posteriors remain close to their
priors and are largely uninformative. Applying the exclu-
sion criterion defined below to the secondary components
individually yields no excluded boson-mass intervals for
the black-hole ages considered here. Jointly using both
component spins while taking into account their correla-
tions could still strengthen the constraints, though we
conservatively do not consider that here.

We also account for the possibility that the exclusion
could be influenced by the spin prior rather than by the
data. In some regions of parameter space, the maximum
allowed spin after superradiant spin-down, y.., can be
sufficiently small that it removes a non-negligible fraction
of the prior support. To quantify this effect, we compute a
prior-driven non-exclusion probability, P'(m,,, Tyge ), using
the same procedure as for P(m;, Tye), but drawing y;
directly from the uniform spin prior (consistent with the
spin priors adopted in GWTC-5 [85]). We then regard a
boson mass m,, as excluded at least at 90% confidence for a
given spin-down timescale 7o only if

P(mbv Tage) =
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P(my, Tyye) < 0.1P'(my, Ty ). (4)

This requirement is more conservative than the nominal
criterion P(my, Tyee) < 0.1, because it demands that the
posterior-based nonexclusion probability be reduced by
more than a factor of 10 relative to the prior-only expect-
ation. In this way, the inferred constraint is required to be
driven by the measured spin information rather than by the
assumed uniform spin prior. More details are provided
in Ref. [48].

B. Results

We apply the spin-based superradiance framework
described in Sec. IV to three O4b events: GW240515,
GW241113, and GW?241225_08. The resulting exclusion
regions in boson mass are shown in Fig. 4, where shaded
areas correspond to parameters excluded at 90% confidence.
Separate analyses are performed for scalar and vector
bosons. Assuming a black-hole age of Ty = 10° yr, we
exclude scalar bosons in the mass range [1.39,6.94] x
10713 eV and vector bosons in the mass range [0.32, 14.4] x
10713 eV at 90% confidence. These quoted intervals are
constructed as the union of the event-by-event excluded
mass ranges from the three O4b events shown in Fig. 4. The
excluded region broadens with increasing assumed black-
hole age.

The excluded mass ranges obtained here are broadly
consistent with those previously reported for individual
high-spin events in earlier studies [48,50] (marked by red
lines in Fig. 4, assuming a black-hole age of T e = 10° yr).
The stronger constraints from previous events arise from a
combination of better-constrained spins for lower-mass
black holes and the inclusion of higher-mass black holes,
which extend the range of boson masses that can be
excluded. This is expected because these constraints are
driven primarily by the constituent black-hole masses and
spins, rather than by detector sensitivity alone. The events
with well-constrained high spins considered so far have
mostly fallen within a similar black-hole mass range and
therefore probe a similar boson mass range where the
detectors are most sensitive. As additional high-spin merg-
ers are observed with a wider spread in black hole masses,
the excluded region in boson parameter space will continue
to expand. The vector-boson exclusions obtained from these
three events span a broader boson mass range than the
disfavored region from the directed searches presented in
Sec. I, including that region while extending to lower and
higher boson masses. Both approaches strongly disfavor
vector bosons with masses ~1071% eV.

V. CONCLUSIONS

In this study, we present two complementary approaches
to probe ultralight bosons using gravitational-wave
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FIG. 4. Exclusion regions for scalar and vector boson masses as
a function of the black hole age, inferred from the primary black
hole spin measurements in the three binaries. The shaded regions
are excluded by each event at confidence levels above 90% (i.e.,
P < 0.1P') [48]. The red line indicates the conservative boson
mass range previously excluded using the same technique
[48,50], assuming a black hole lifetime of 7T, = 10° yr.

observations: directed searches for vector boson cloud
emission from merger remnants and constraints derived
from high-spin measurements of pre-merger constituent
black holes (for scalar and vector bosons). These methods
yield consistent and complementary constraints on the
boson parameter space.

The directed HMM searches target newly formed merger
remnants, where boson clouds may form and emit gravi-
tational waves on timescales of hours to months. No
evidence of the signal is found in searches targeting the
remnants of two loud merger events, GW250114 and
GW250207. The disfavored vector boson mass ranges
are derived with high confidence around 3 x 10713 eV.
These results demonstrate the increasing sensitivity of
directed searches as detector performance improves and
louder events become available.

The spin-based analysis provides an independent con-
straint by leveraging the absence of superradiant spin-down
in highly spinning pre-merger black holes. By analyzing
three O4b events, we obtain exclusion regions for both
scalar and vector bosons that are consistent with previous
constraints from high-spin constituent black holes. The
vector-boson exclusions are also broadly consistent with
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the disfavored range from the directed searches in this
study, while extending to higher vector-boson masses.

The two approaches are complementary in both meth-
odology and astrophysical interpretation. The directed
search probes the presence of boson clouds around recently
formed black holes, with minimal dependence on assump-
tions about binary evolution, whereas the spin-based
constraints rely on the long-term evolution of black holes
and are subject to astrophysical uncertainties. Therefore,
the two methods, while covering overlapping regions of
parameter space, provide complementary observational
probes of vector bosons based on distinct assumptions.

Continued improvements in detector sensitivity, together
with the accumulation of high signal-to-noise ratio events,
will enhance the reach of both approaches. In particular, the
identification of additional nearby merger remnants and
highly spinning black holes will further expand the
excluded regions in boson parameter space. Combined
analyses that integrate multiple events and jointly model
boson cloud dynamics and spin evolution may offer a
powerful avenue for future studies.
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APPENDIX A: VECTOR BOSON SIGNAL MODEL
FOR REMNANT BLACK HOLES

Using the SuperRad waveform model [40,102] and the
median remnant masses and spins listed in Table I, we
determine, for each system, the vector boson mass that
maximizes the superradiant instability. This optimal mass,
myy !, yields the largest gravitational-wave strain amplitude
attainable by a given black hole-boson system at a reference
time ., defined as the time at which the boson cloud
reaches its full growth and the instability saturates.

For each remnant, SuperRad is used to compute the
corresponding  gravitational-wave signal parameters,
including the cloud growth timescale g,y p, the emission
(depletion) timescale 7y, the strain amplitude 4, the time-
dependent emission frequency fgw and the frequency
derivative fgw.

The initial gravitational-wave frequency in the source
frame is set by the angular frequency of the saturated cloud,
f = w/m, while its subsequent evolution can be approxi-
mated as,

|fshift|
1+ (t - tsat)/TGW '

fow(t) = fo = (A1)

where f, is the asymptotic frequency at late times and f ;5
accounts for the initial self-gravity of the cloud. In practice,
SuperRad incorporates higher-order relativistic corrections to
compute fgw and fgw with high accuracy.

As both search targets are merger remnants at cosmo-
logical distances, we account for redshift effects when
mapping to the detector frame. The observed gravitational-
wave frequency and its derivative scale as

— fsrc
1+z¢

fsrc
(1+2)*

S det > fdet = (AZ)

while the emission timescale is correspondingly dilated,
ey = (14 ) (43)

where the superscripts “src” and “det” denote the source
and detector frames, respectively.

TABLE VI. Start frequencies, search configurations, and de-
tection statistics of the 10 candidates subjected to manual
inspection for GW250207.

fO (HZ) Tstart (S) Tcoh (mln) Tobs (IIlll’l) L

176.81 1422985983 11.4 946.2 7.48
178.97 1422985983 114 946.2 7.54
145.04 1422988503 12.8 1126.4 8.48
176.82 1422988503 12.8 1126.4 7.51
178.97 1422988503 12.8 1126.4 7.47
145.04 1422990843 14.0 1428.0 8.08
176.79 1422990843 14.0 1428.0 7.42
178.63 1422990843 14.0 1428.0 7.23
176.79 1423004103 20.0 3060.0 7.24
144.97 1423136463 84.6 29948.4 6.71

APPENDIX B: MANUAL INSPECTION OF FINAL
CANDIDATES

The manual inspection is performed using spectrograms
generated from calibrated strain data. The spectrograms are
constructed using the Welch method by averaging 60-s
Fourier transforms over the inspected duration, correspond-
ing to a frequency resolution of approximately 0.017 Hz.
To ensure consistency with the HMM search, only analysis-
ready data segments included in the search are used to
construct the spectrograms.

All 10 remaining candidates for GW250207 overlap with
noise artifacts visible in the spectrograms, predominantly in
the Hanford detector. The surviving candidates’ starting
frequencies, search configurations, and detection statistics
are listed in Table VI. In this section, we present repre-
sentative examples illustrating the basis for their veto.

For each candidate, spectrograms from the Hanford and
Livingston detectors are examined in the relevant fre-
quency sub-band and time segment. A common pattern is
observed across all surviving candidates: the candidate
tracks coincide with visible wandering noise features in the
Hanford data, while the corresponding Livingston spectro-
grams remain comparatively free of similar features.
Furthermore, the optimal paths recovered from the com-
bined Hanford-Livingston data generally lie close to those
from the Hanford data alone, indicating that the candidate
significance is dominated by detector-specific artifacts
rather than coherent excess power present in both
detectors.

Figure 5 shows a representative example corresponding
to a candidate with f, = 176.82 Hz, £, = 1422988503 s,
Teon = 12.8 min, and T, & 19 h. A weak noise track can
be seen near the recovered track, whereas no comparable
structure is present in the Livingston data. The optimal path
obtained by combining data from both detectors closely
follows the Hanford-only path, consistent with a detector-
specific noise artifact. Similar behavior is observed for the
remaining candidates. The gaps visible in the spectrograms
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FIG. 5. Representative example of a candidate vetoed during manual inspection. The (a) and (b) panels show the Hanford and
Livingston spectrograms, respectively. The red dashed, blue dotted, and magenta solid tracks denote the optimal paths obtained from
Hanford-only, Livingston-only, and combined Hanford-Livingston data, respectively. Gaps in the spectrograms correspond to intervals
that were not analysis ready and were therefore excluded from the search.

correspond to intervals that were not analysis-ready and were therefore excluded from both the HMM search and the
spectrogram.
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