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We present the first directed searches for long-transient and continuous gravitational waves from
ultralight vector boson clouds around known black holes (BHs). We use LIGO data from the first
part of the fourth LIGO-Virgo-KAGRA observing run. The searches target two distinct types
of BHs and use two new semicoherent methods: hidden Markov model (HMM) tracking for the
remnant BHs of the mergers GW230814_ 230901 and GW231123_135430 (referred to as GW230814
and GW231123 in this study), and a dedicated method using the Band Sampled Data (BSD)
framework for the galactic BH in the Cygnus X-1 binary system. Without finding evidence of a
signal from vector bosons in the data, we estimate the mass range that can be constrained. For
the HMM searches targeting the remnants from GW231123 and GW230814, we disfavor vector
boson masses in the ranges [0.94,1.08] and [2.75,3.28] x 107" eV, respectively, at 30% confidence,
assuming a 1% false alarm probability. Although these searches are only marginally sensitive to
signals from merger remnants at relatively large distances, future observations are expected to
yield more stringent constraints with high confidence. For the BSD search targeting the BH in
Cygnus X-1, we exclude vector boson masses in the range [0.85,1.59] x 1073 &V at 95% confidence,

assuming an initial BH spin larger than 0.5.

I. INTRODUCTION

Ultralight bosons are a class of theoretical particles
proposed in certain extensions of the Standard Model,
and their discovery could address numerous unresolved
questions in particle physics and cosmology (e.g., the
nature of dark matter [1-4] or the strong charge-parity-
problem [5-7]). Theories predict different subclasses of ul-
tralight bosons based on spin, including scalar (spin-0) [5—
9], vector (spin-1) [10-16], and tensor (spin-2) [17-22]
fields. Assuming only gravitational coupling, the superra-
diance mechanism provides a means by which ultralight
bosons may form bound states around rotating black
holes (BHs) and grow into macroscopic clouds, producing
quasi-monochromatic, long-duration gravitational wave
(GW) signals that may be observable by ground-based
detectors [23-40].

Ultralight vector bosons with mass my can extract
rotational energy from a BH through the superradiance
mechanism if the following condition is satisfied:

0 <w<mOy, (1)

where w &~ my ¢%/h is the angular frequency of the boson
field, m is the azimuthal quantum number, and Qg is
the angular frequency of the BH’s outer horizon. Bound
states can therefore grow exponentially in time with an
instability growth rate that is maximized when the bo-
son’s Compton wavelength A is comparable to the BH’s
horizon radius r4. For a superradiantly unstable state,
the instability extracts energy and angular momentum
fluxes from the BH at the horizon into the bosonic field,
with the change in mass directly related to the change in
angular momentum. If we assume the primary interaction
of the ultralight bosons is gravitational, this results in
compound field amplification and the growth of a macro-

scopic cloud that may extract as much as ~ 10% of the
BH’s initial mass [23, 37, 41-48].

This exchange of energy and angular momentum con-
tinues until Eq. (1) is saturated (w = m$y), or in other
words, until the BH has been spun down so much that su-
perradiance can no longer occur. At this point, the cloud
begins to deplete through GW emission, which occurs at
roughly twice the boson cloud oscillation frequency, with
a small positive frequency drift as the magnitude of the
bosons’ binding energy to the BH decreases [30, 37-39, 49—
52]. For stellar and intermediate-mass BHs and bosons
with masses within the range ~ 10714-10711 eV [26, 29],
this emission frequency falls in the sensitive band of
ground-based GW detectors. Thus, current and future
ground-based GW detector networks [53-59] offer a unique
way to search for these ultralight bosons. If no detection
is made, we are able to place constraints on the existence
of ultralight bosons within the above mass range.

Many observational studies have already been designed
and implemented to search for ultralight scalar bosons,
and, in the absence of a detection, constrain their exis-
tence. Although a handful of studies have derived con-
straints on vector bosons as well, the vector signal mor-
phology has only recently been accurately modeled via
numerical calculations in both the relativistic and non-
relativistic regimes,' enabling more accurate predictions
of the signal morphology and more robust constraints
on the boson mass [39]. Constraints are placed on the
existence of ultralight scalar [26, 29, 32, 60] and vec-
tor [30, 32, 61] particles using BH spin measurements. In

1 In the relativistic regime, the BH and the superradiant cloud
are approximately the same size, whereas in the non-relativistic
regime, the cloud is much larger than the BH.



some cases, however, there are systematic uncertainties
related to the BH parameters that limit these studies.
Searches for continuous gravitational waves (CWs) that
target either the galactic center or the entire sky are used
to constrain scalars and, based on certain astrophysical as-
sumptions, they disfavor the mass range of approximately
~ 10713-10712 eV [62-66]. Using the null results from
searches for a stochastic GW background generated by
a population of BHs with scalar [67, 68] and vector [69]
clouds, boson masses ~ 10713 eV have been disfavored
for both scalars and vectors, based on certain assump-
tions regarding the BH population and spin distributions.
A directed search targeting the black hole in the X-ray
binary Cygnus X-1 excludes scalars in the mass range of
~[0.6,1] x 10712 eV, depending on the BH’s estimated
age [70, 71]. In addition to indirect searches, ground-
based interferometers are used as particle detectors for
the direct detection of ultralight scalars in Refs. [72-74]
and vectors in Refs. [75, 76]. Looking to the future, the
existence of a scalar cloud could impact the inspiral of
binary BHs, and this may soon be detectable for certain
boson masses and field strengths [33, 77, 78].

In this study, we present the results from the first di-
rected searches for GW signals from ultralight vector
boson clouds (VBCs) around selected known BHs, per-
formed using data from the first part of the fourth observ-
ing run (O4a) of the LIGO Scientific Collaboration, Virgo
Collaboration, and KAGRA Collaboration (LVK). We
use two semicoherent methods to target vector boson sig-
nals produced by two different categories of astrophysical
sources: i) using methods outlined in Refs. [79, 80] based
on a hidden Markov model (HMM), we undertake the
first ever directed searches for GWs from VBCs around
compact binary merger remnant BHs [81-83], and ii) us-
ing a new method based on the so-called Band Sampled
Data (BSD) framework [84], we search for GWs from a
VBC around the BH in the known binary system Cygnus
X-1. Each method is tailored to track signals from a dif-
ferent type of source; while merger remnants are isolated
and are expected to emit signals with rapidly evolving
frequencies, Cygnus X-1 is a binary system with a BH
that would emit a nearly monochromatic signal and has
uncertain orbital parameters that must be accounted for.
For a more in-depth discussion of these sources and their
differences, see Sec. 11 C.

One benefit of targeting known BHs—whether they are
remnants from previous GW observations or identified
via X-ray emissions—is that more robust constraints can
be derived. In contrast to the broader searches mentioned
above, which rely on assumptions about the underlying
BH population, directed searches benefit from more com-
plete information about the target BHs. In particular,
uncertainties in the BH age and spin—which can strongly
influence the resulting constraints—are reduced or elimi-
nated when the source is well-characterized. For young
merger remnants, very few hypotheses are needed on the
history and evolution of the BHs since their formation.
On the other hand, targeting a galactic BH like Cygnus

X-1 is beneficial due to its proximity [85]. In addition, be-
cause the system is much older [86], any signal observable
during O4a must correspond to an emission process that
occurs over much longer timescales and produces a more
slowly evolving signal (i.e., like a traditional CW), and
hence the search can be run across the full O4a dataset.?

The organization of the paper is as follows. In Sec. II,
we identify the target BHs and give an overview of the
GW signal parameters relevant to the searches. In Sec. 111,
we outline the two search methods used in this study. We
describe the search configurations and general setup for
each method in Sec. IV. In Sec. V, we discuss the results
from the searches and explain the candidate follow-up
process. Then, in Sec. VI, we estimate the range of vector
boson masses that can be disfavored given that no signal
is detected. We summarize our findings and conclude in
Sec. VII.

II. TARGET SOURCES

In this section, we give an overview of the BHs targeted
by the two search pipelines, as well as their expected
GW signal parameters, which can be predicted using a
combination of analytic [30, 87-90] and numerical [32, 36—
39, 91] methods. We generate the signal parameters using
the waveform model SuperRad, which models the dynam-
ics, oscillation frequency, and GW emission of ultralight
boson clouds with high accuracy [52, 92].

A. DMerger remnant black holes

For the HMM search, we target two binary merger
remnant BHs from Od4a [83]: the remnants of the
GW230814_230901 [83] and GW231123_135430 [93]
mergers (henceforth referred to as GW230814 and
GW231123, respectively). The estimated median parame-
ters for each remnant are shown in Table I, where M; and
X; are the mass and dimensionless spin of the BH before
superradiance has occurred, Dy, is the luminosity distance,
¢ is the inclination angle, and RA and Dec are the right
ascension and declination of the BH. The remnants from
these two events are chosen in particular because, for
each BH, we find that the median estimated luminosity
distance is less than the furthest reachable distance (see
Fig. 9 in Ref. [79]) for a BH with the same median mass
and spin. Note, because we use an earlier version of the
parameter estimates (which were the most recent and
accurate estimates available at the time of this study),
the values shown in Table I vary slightly from those re-
ported in Refs. [83] and [93]. However, these differences

2 While merger remnants could produce similarly long-lived GW
emission if the bosons with appropriate masses exist, the growth
time of the corresponding clouds would far exceed the O4a time
frame.



are minor and have no noticeable impact on the analyses
or conclusions, as the searches are relatively insensitive
to small deviations in the parameter estimates.?

The parameter estimates used in this study have been
generated with the NRSur7dq4 waveform model [94]. This
model has been chosen because it interpolates between
numerical relativity data without making additional wave-
form modeling assumptions, and it typically performs well
for signals from higher-mass sources like GW231123 [93].
In standard astrophysical formation scenarios of binary
systems, the high spin for the primary BH favored by the
analysis of GW231123 [93] is in tension with the existence
of a vector boson with mass that would give the loudest
signal for the remnant BH [61]. Nonetheless, there is value
in targeting the remnant for a direct and independent
search.

B. Cygnus X-1

In the BSD-based search, we target the BH in the
Cygnus X-1 system, with parameters listed in Table I
taken from a recent study [85]. Cygnus X-1 is a binary
system with an orbital period P = 5.599829 + 0.000016
days [95]. Several of its orbital parameters are constrained
through X-ray observations and are summarized in Ta-
ble I1. The age of the BH is estimated to be 6.2+ 1.8 x 10°
yrs [86].

Given the system’s age, any detectable signal is ex-
pected to exhibit high stability, with only small variations
in the emission frequency over time. This expectation is
supported by simulations using the SuperRad waveform
model, showing that the signal frequency drift remains
within O(107'2) Hzs™! across the entire parameter space,
which is well below the frequency resolution of the analy-
sis. Consequently, we assume a monochromatic emission
for the whole duration of O4a, and we neglect frequency
derivatives typically included in standard Taylor expan-
sions (e.g., [96, 97]).

In the literature, several studies report an extreme spin
(> 0.95) for the BH in Cygnus X-1 [98-102]. These results
disfavor the existence of a VBC since a significant part of
the rotational energy of the BH would have been extracted
through superradiance, so such a high spin could not be
measured after superradiance took place. However, these
measurements are impacted by systematic uncertainties
and may depend on the accretion model. This is reflected
by a disagreement in the literature with other studies

3 For GW230814, the posterior distributions of the BH properties
from the preliminary version of the parameter estimation are
consistent with those reported in Ref. [83]. For GW231123, the
posterior distributions show minor differences compared to those
presented in Ref. [93]. In particular, the distribution of Dy, in
Ref. [93] is more tightly constrained than the preliminary version
used in this study; nonetheless, the two distributions remain
consistent at the 90% confidence level. Since we adopt the broader
Dy, distribution, our results can be considered conservative.

allowing spin values between 0.5 and 0.9 [103-108], some
even compatible with a spin below 0.2 [109, 110]. In the
Cygnus X-1 search, we ignore this tension by treating the
measurable final spin of the BH after superradiance as
a free parameter. To estimate the VBC properties, we
adopt an initial spin value y; = 0.95, as shown in Table I.
In Sec. VI, we derive constraints on the possible boson
mass for different assumed values of ;.

C. GW signal parameters

Using the SuperRad waveform model [52, 92] and the
values for M; and y; shown in Table I, we find the opti-
mal vector mass—that is, the mass m“)/pt that optimizes
superradiant instability for a given BH, producing the
maximum GW strain amplitude attainable by the sys-
tem at a reference epoch t.ef. For the remnants from
GW230814 and GW231123, ¢, is fixed at the time when
the VBC reaches its full size [79], corresponding to the
time ts,¢ when Eq. (1) is saturated. In the case of Cygnus
X-1, we consider the start of the O4a period as the refer-
ence time. The values of m{F" are shown for each source
in the second column of Table III. Then, based on these
values and the median BH parameters, we use SuperRad
(for the fastest growing, initially dominant mode m = 1)
to estimate the GW signal parameters for each BH. The
parameters, also listed in Table III, are defined as fol-
lows. Tgrowth and 7gw are the VBC growth and depletion
timescales. The parameters hgﬂ, fo, and fo are, respec-
tively, the peak GW strain amplitude in the detector
frame,* the GW emission frequency, and the frequency
drift, each evaluated at the reference time (t = tycf).

Here, we provide a depiction of how the signal frequency
evolves once the VBC is saturated, independent of the
specific target being searched. At tg,, the VBC is oscillat-
ing around the BH with angular frequency w = mQy [38].
Then, the initial frequency of the GW emission in the
source frame depends on this angular frequency at tga¢:
fo = w/m. The evolution of the GW frequency can be
approximated as [52]

| fonise|

Jaw(t) = foo — TSIy —

(2)

where fo, is the asymptotic frequency at late times
(t — tsat > Taw), and fsnigs is the negative shift of fow
away from f., as a result of the self-gravity of the VBC
at teat [52, 79, 92], i.e., we have fy = foo — | fsnise|- While
Eq. (2) provides a useful illustration of how the emis-
sion frequency evolves over time, the frequencies and
their time derivatives shown in Table III are computed
with greater accuracy using Superrad, which incorporates

4 ho in the detector frame is scaled by the orientation angle
of the BH ¢ as follows: h§T = ho271/2{[(1 + cos?:)/2]? +
cos? 1 }1/2 [111].



Table I. Estimated median parameters for the remnant BHs from the GW230814 and GW231123 mergers and for the galactic

BH Cygnus X-1.

Source M; [Mo] Xi Dy, [Mpc] cost RA [rad] Dec [rad]

Remnant from GW230814  58.9718*  0.68+9:0) 30117708 0.0379-71 3.2172:62b 0.0411-020
Remnant from GW231123  219.8+22%*  0.8510:95 205413950 0.4594% 3.37H 80 0.3870 83"
BH in Cygnus X-1 21.2722 0.95¢ 0.0022279:0001%  0.88710 000 5.22883712°  0.61438355°

& We use M; and x; to represent the mass and dimensionless spin of the BH before superradiance occurs, i.e., the final BH mass (My) and
spin (x ) used in the compact binary coalescence parameter estimation. The reason we do not use My and x s here is to avoid confusion

with the final BH mass and spin after superradiance occurs.
b See Fig. 1.
¢ At reference epoch MJD 56198.

d The spin of Cygnus X-1 is debated in the literature. In our analysis, we treat the final spin of the BH as a free parameter and assume a
nominal initial spin of x; = 0.95. The impact of the initial spin on the derived constraints is discussed in Sec. VI.

Table II. Orbital parameters for Cygnus X-1.

Parameter Symbol Value Ref.
Orbital Period [days] P 5.599829(16) [95]
Proj. Semi-major Axis [s]  ap 36.887202  [85]
Eccentricity [-] e 0.018815:90%8 [85]
Arg. of periastron [deg] w 306.675%  [85)

higher-order relativistic corrections [92]. Note that the
signal characteristics differ between merger remnants and
Cygnus X-1, as the depletion timescales Tqw considered
are different by orders of magnitude.

As is clear from Tables I and III, the characteristics of
these target BHs are quite different. While the merger
remnants are young, isolated BHs that are expected
to emit short-duration, more rapidly evolving signals,
Cygnus X-1 is a binary system with a much older BH
that is expected to emit a long-duration, approximately
monochromatic signal. Hence, we use two different search
methods, each designed to exploit a different aspect of
VBC signals: HMM is a flexible, less model-dependent
method that is well-suited for signals with larger frequency
drifts and greater uncertainties (see Sec. ITT A), whereas
the Binary BSD-VBC search technique is designed for
signals with negligible frequency drifts from sources whose
orbital motion must be taken into account (see Sec. IIIB).

In the case of BHs from merger remnants with
Dy, ~ O(Gpc), we must take into consideration the
non-negligible impact of redshift on the GW emission
frequency and timescale. The frequency in the detector
frame scales as faer = fore(1+2)7 1, and correspondingly,
the frequency derivative scales as faet = fore(1 + 2)72,
where foc (fsee) is the frequency (derivative) in the source
frame, and fqet (faet) is the frequency (derivative) in
the detector frame. In a similar vein, the GW emission
timescale is modified as 785 = 788, (1 + 2). For an in-
depth discussion of how these redshift corrections affect
the searches, see Sec. IV in Ref. [79].

III. METHODS

In this paper, we use two semicoherent search meth-
ods: the HMM tracking method (Sec. IITA) and the
Binary BSD-VBC method (Sec. IIIB). Although both
methods are based on previous work on traditional CW
searches targeting individual spinning neutron stars with
nonaxisymmetries [65, 84, 111, 112], this section describes
how they have been tailored to searches for vector boson
signals.

A. HMM method: Merger remnants

The HMM tracking technique is useful for detecting
signals with wandering frequencies. It models the fre-
quency evolution probabilistically as a Markov chain of
transitions between discrete, unobservable (“hidden”) fre-
quency states over a number of discrete time steps, and it
connects these hidden states with observable data through
an emission probability. HMM tracking has been used
in various searches for continuous or long-transient GW
signals [49, 70, 111-121]. This method is beneficial for
two main reasons: i) it is computationally efficient, which
is important for this study because vector boson signals
live in a large, multi-dimensional parameter space, and
ii) it is more capable of accounting for both the detec-
tor noise fluctuations and any uncertainties that may be
present in the predicted signal waveform than other, more
model-dependent CW semicoherent search techniques (see
Ref. [122]).

Reference [49] was the first to propose using an HMM-
based method for follow-up searches targeting slowly-
evolving scalar boson clouds around BH merger remnants.
Since vector bound states carry spin angular momentum,
they can still grow via superradiance even with zero orbital
angular momentum number (¢ = 0). As a result, vector
bound states can be concentrated closer to the BH, leading
to clouds that grow and deplete more rapidly and radiate
at much higher power than scalar clouds [30, 36, 38—40].
This results in GW signals that are short-lived by CW
standards [~ O(days-months)] with frequency drift pa-



Table III. Estimated GW signal parameters for the remnant BHs from the GW230814 and GW231123 mergers and the BH in
Cygnus X-1 using the median BH parameters and their respective mg’ * values.

Source myP 107" eV]  Tgrowtn Taw RET [10724  fo [Hz]  fo [Hzs™!]
Remnant from GW230814 3.805 7.8 h 28 h 0.341 170.4 6.2 x 1077
Remnant from GW231123 1.652 2.3 h 25h 1.69 51.2 9.4 x 1076
BH in Cygnus X-1 1.040 560y 7.5 x10%y 1.75 50.3 1.6 x 1071°

rameters that are too large for the capabilities of the
standard HMM method. Thus, building upon the work
of Isi et al. [49], Ref. [79] implemented a modified HMM
search pipeline capable of tracking signals from VBCs
that occur over shorter timescales. The pipeline is an
efficient semicoherent search method combining the HMM
tracking scheme with a frequency-domain matched filter
(F-statistic), which quantifies the likelihood that a sig-
nal, parameterized by its frequency and associated time
derivatives, is present in the data [123]. Previous stud-
ies have shown that this pipeline is sensitive enough to
potentially detect signals from VBCs using data from
current-generation detectors [79].

In the following two subsections, we summarize the
HMM search pipeline described in Ref. [79], as well as
the process of choosing search configurations for a given
system, explained in Ref. [80]. Section IITA 1 is meant to
give a high-level overview of the HMM algorithm; for a
more detailed explanation, see Refs. [111, 112].

1. Search pipeline

The search pipeline combines the HMM tracking tech-
nique with an F-statistic, computed over discrete time
segments. The F-statistic takes as its input short Fourier
transforms (SF'Ts) of the relevant time series data col-
lected by each GW detector [124]. Note that for the
simulated data used in various places throughout the
study, we create these SFTs by injecting synthetic signal
waveforms generated by the waveform model SuperRad
into Gaussian noise using the simulateCW Python module
in the LALPulsar library of LALSuite [125, 126].

For this pipeline, we compute the F-statistic coherently
over time segments of length T,,,. These coherent seg-
ments are then incoherently combined using an HMM,
which is solved via the Viterbi algorithm [127]. The
Viterbi algorithm efficiently finds the most probable path
of the signal evolution (also known as the Viterbi path) in
the frequency-time plane with N¢ frequency bins of width
df and Np time segments of length Teon (see detailed for-
mulation and descriptions in, e.g., Refs. [111, 112]). The
value Teon (and correspondingly 6 f) are bounded by the
predicted signal’s maximum frequency derivative fiax
such that i) the signal may be thought of as monochro-
matic across a single time segment and ii) the signal
can increase at most one frequency bin between each
time segment. The frequency bin width §f is fixed to

1/(2Tcon). Given that the maximum spin-up of the signal
across the full search duration Tops = Teon N must satisfy
SmaxTeon < 0f, we have the following upper bound on
Teon:

Teon < (2fmax) Y2 (3)

Because increasing T, generally improves the search
sensitivity [111], in these searches we fix Teop to its largest
possible value to maximize sensitivity for a given source
model configuration (see Section III A 2). The frequency
drift is at its maximum when the VBC reaches saturation
at a time tg,¢. Thus, for a given system, we compute fiax
using SuperRad and then set Teop = (2 fmax)’l/ 2. This
ensures that the signal will not evolve outside HMM’s
tracking capabilities.

The Viterbi path returned by the search pipeline has
an associated detection statistic that quantifies its sig-
nificance. There are different ways to define the detec-
tion statistic (see, for example, the Viterbi score in, e.g.,
Ref. [111], or the log likelihood of the optimal path, £, in,
e.g., Ref. [128]). For the searches in this paper, we use
L divided by the number of coherent segments Ny [79],
written as

L=L/Nr. (4)
The main reason for this choice is because £ is more
reliable for shorter duration CW searches, as compared
to, e.g., the Viterbi score, which only remains reliable for
very long duration searches where Ng > Nr.

2. Configurations

Given a target BH, we start by finding m$F'. We
then define a range of vector masses the pipeline may
be sensitive to, my € [0.6,1.1]m{" > given the BH we
consider, and we choose some number of evenly spaced my
values from within this range [80]. We must then choose
a set of search configurations to sufficiently cover this
parameter space. As demonstrated in Ref. [80], because
we use the flexible HMM search technique, even a single

5 As shown in Ref. [79], these searches are in fact more sensitive to
some sub-optimal vector masses than the optimal mass because,
for a given BH, sub-optimal masses produce longer-lived GW
emission, allowing us to extend the T, used in the search.



set of search configuration parameters can recover signals
generated by systems with a range of parameters. Still, we
require more than one configuration to provide adequate
coverage of the full parameter space. The process of
choosing these configurations is explained in detail in
Appendix A of Ref. [80] and summarized here.

We first impose several limits on the allowed search con-
figurations to ensure computational feasibility: We require
the SFT length to lie within 15 sec < Tspr < 30 min
(they need not be fixed to the standard Tspr = 30 min
used in most CW searches) and the coherent length within
1 min < T, < 10 day. The ratio Teon/Tspr must be an
integer value of at least four; that is, each detector must
contribute a minimum of four SFTs per T, segment.
Finally, we set Tons = Tgw but require that it must not
exceed 180 days to minimize the computational cost of
the search [79]. The search computing cost for a given
system scales with the duration of the signal, ranging
from approximately 10 min to 1 hr on a single-core com-
puter. For each remnant BH for the full parameter space,
the search takes roughly O(10?) core-hours. If no signal
is detected, deriving the final sensitivity across the full
parameter space via simulations (using the same configu-
rations) typically takes O(10%) core-hours per target.

Following the guidelines outlined in Ref. [80], we ran-
domly draw 200 posterior samples from the remnant BH’s
multidimensional posterior distribution. For each sample
BH and each value of my we consider in the search, we
find the optimal search configuration {tstart, Teoh, Tobs |,
where tsart is the GPS start time of the search (corre-
sponding to when the VBC has reached saturation). We
then independently draw 11 values from each of these
three distributions at the following percentiles: 2, 10, 20,
30, 40, 50, 60, 70, 80, 90, and 98. This forms 11 search
configurations with which we will run the search (see
Tables IV and V for the sets of configurations used in this
work). For most systems drawn from the remnant’s pos-
terior distribution, more than one of these configurations
should be able to recover the signal, making this spacing
a conservative choice.

B. Binary BSD-VBC method: Cygnus X-1

The Binary BSD-VBC pipeline developed in this work
builds on the BSD framework [84], which provides a
compact and flexible format to manipulate and ana-
lyze calibrated strain data. Thanks to its modularity,
the BSD framework has been applied to various CW
searches—both fully coherent [129, 130] and semicoher-
ent [62, 65, 75, 96, 114, 131, 132]—including the all-sky
search for scalar boson clouds using data from the LVK’s
third observing run [62].

The Binary BSD-VBC method adapts and extends
these pipelines to target CW signals emitted by VBCs
around BHs in known binary systems. The main case
study is Cygnus X-1, whose orbital parameters are well
constrained by X-ray observations [85, 86, 95]. Details of

the specific implementation for this source are given in
Sec. IV B.

1. Search pipeline

In this search, data are analyzed in sub-bands of 1 Hz
overlapped by 0.5 Hz using the BSD format. The files
contain a complex time series downsampled to 1 Hz and
covering the full O4a.

The search pipeline follows a two-step approach based
on standard BSD tools. The first step aims to increase
the signal coherence by coherently removing the Doppler
modulation caused by the combined motion of the source
and the detector. This correction is performed, for a given
set of parameters A, using a heterodyne method [84].

The second step consists of a standard semicoherent
search for the demodulated signal. A collection of sig-
nificant peaks in the time-frequency plane, known as
the peakmap, is generated using the method detailed in
Ref. [133]. Under proper demodulation, the signal ap-
pears in the peakmap as a line of constant frequency, with
all its power contained in the same frequency bin of width
0fo = 1/Tcon. To identify the signal, the peakmap is
projected onto the frequency axis to produce a histogram
of peak counts per frequency bin.

The significance of the number of peaks in each fre-
quency bin is evaluated by the robust Critical Ratio (CR)
statistic [97], defined in Appendix A 3. Outliers are then
selected by uniformly dividing the 1 Hz band into 50
sub-bands of 0.02 Hz and choosing the frequency bin with
the highest CR statistic within each sub-band.

2. Configurations

We adopt a signal model, described in Appendix
A1, where the frequency modulation is entirely de-
fined by a set of modulation parameters A =
{fo, RA, Dec, ap, tasc, 2, e, w} where fo is the emission
frequency, ap = asin(t)/c with a the semi-major axis, ¢
the inclination angle, and c¢ the speed of light, t.s. is the
time of ascending node, €2 is the orbital angular frequency
related to the orbital period P as Q = 27/P, e is the
orbital eccentricity, and w is the argument of periapse.
The sampling of parameters A must ensure adequate cov-
erage of the parameter space to avoid significant loss in
the detection sensitivity. At the same time, the compu-
tational cost of the analysis scales with the number of
templates, which must therefore be kept to a minimum.
The number of templates needed to cover a parameter
space is discussed in Sec. A 4.

The dimensionality of the parameter space to be cov-
ered can be reduced based on the following considerations.
We substitute the unknown emission frequency with the
central frequency of the 1 Hz analysis band. The search
targets a system whose sky position is known with high



precision; we therefore fix RA and Dec to their elec-
tromagnetic estimates. For the orbital parameters, we
further assume that the angular frequency 2, eccentricity
e, and argument of periastron w are well-constrained from
electromagnetic observations, allowing the use of single
central values of ), e, and w for the heterodyne correction.

With these assumptions, the parameter space for a
given target BH is reduced to a two-dimensional plane
(ap, tasc). The time of ascending node t,s. is bounded by
the orbital period as t.s. € [—P/2, P/2], and we further
impose constraints on a, consistent with electromagnetic
observations of the source. The validity of these assump-
tions must be checked for each potential target of the
method. The case of Cygnus X-1 is discussed in Sec. IV B
and has been verified through simulated signal injections
into simulated data that mimics the detectors’ noise levels.

To cover the remaining parameter space, we use a
restricted version of the binary search metric described in
Ref. [134]. From this metric, and allowing for a maximal
loss in signal-to-noise ratio of 10%, the resolutions in the
orbital parameters are given by
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These resolutions are used to construct a square lattice
Zs, as described in Refs. [134, 135]. Details on the grid
construction can be found in Appendix A 4.

Typically, an analysis satisfying these limitations would
take < O(10%) core-hours to cover the reduced parameter
space, such as the one of Cygnus X-1. In the absence
of detection, constraints can be derived very efficiently
using the method outlined in Sec. VIB 1, and the compu-
tation time needed to derive these constraints is negligible
compared to the analysis time.

3. Candidate selection and coincidences

For every 1 Hz band, the search is repeated for all
templates A, each of them producing 50 triggers. On these
triggers, we select a subset of the most significant outliers.
Specifically, for each frequency bin of width 6 fo = 1/Tton,
we select the two outliers with the highest CR values.
In this way, and for the coherence time T,,, = 1000 s
considered in this search, a maximum of 2000 outliers are
selected for each 1 Hz band. This step reduces the number
of outliers to a manageable level. Since the upper limits
presented in Sec. VIB 1 are evaluated every 1 Hz based
on the loudest outlier, this selection does not impact the
constraints placed by this search.

Candidates are then filtered, keeping only those with a
CR above a threshold. Similar to Ref. [114], the threshold
is chosen for each 1 Hz band as the mean CR plus two
standard deviations of the CR distribution of the out-
liers. This distribution is built by excluding candidates
associated with known instrumental lines (see Sec. V B).
We then identify pairs of outliers coincident between the

Hanford and Livingston detectors. Outliers are consid-
ered coincidental if they are on the same or adjacent
frequency bins. Furthermore, coincident outliers must
have compatible orbital parameters, i.e.,

Aap\? [ Atase\’
d o p + asc < 3 6
metric \/( 6ap> (5tasc 9 ( )
where Aap, and At denote the differences between the
parameters of the candidates in each detector.
Coincident pairs of candidates, referenced hereafter as

stage-2 candidates, are further analyzed in the follow-up
procedure presented in Sec. V B.

IV. SEARCH SETUP

In this section, we provide details on the parameters and
configurations used to run the HMM and BSD searches.
We use data taken by the two Advanced LIGO detec-
tors, Hanford and Livingston [53], during O4a, which
ran from 15:00 UTC on May 24, 2023 to 16:00 UTC
on January 16, 2024 [56, 136-138]. The HMM searches
analyze data spanning two different time segments (cor-
responding to the weeks following both the GW230814
and GW231123 binary merger events), whereas the BSD
search uses the full O4a data, for which the duty factors
are 67% and 69% for Hanford and Livingston, respec-
tively. All the data used in this paper, acquired when the
detectors were in science observing mode, are online cali-
brated (i.e., low-latency C00 frames), and analysis-ready
(channel names: H1:GDS-CALIB_STRAIN_CLEAN_AR and
L1:GDS-CALIB_STRAIN_CLEAN_AR) [137, 139-145]. Cali-
bration uncertainties in the strain data can affect boson
parameter estimates (if a signal is detected) and influ-
ence constraints or sensitivity estimates (if not). In O4a,
the 1-0 frequency- and time-dependent uncertainties are
< 10% in magnitude and < 10 deg in phase and differ
between LIGO sites [139]. However, their overall impact
is subdominant to noise fluctuations. We therefore do not
explicitly include calibration uncertainties in our analysis.
The HMM searches take as input SFTs generated after
applying a glitch gating procedure [146]. The BSD are
generated from the Short FFT Database (SFDB) [133],
and cleaned using the double-gating procedure described
in Refs. [84, 147].

A. HMM searches: Merger remnants
1. GW230814

Recalling Sec. ITC and Table III, for the remnant
BH from GW230814, we find m{F" = 3.805 x 10713 V.
Thus, the interesting vector mass range [0.6, 1.1] m$F" (see
Sec. IIT A 2) becomes [2.283,4.185] x 10713 eV for this
search. Each boson mass within this range, if it exists,

would emit GWs at a different frequency, so we have



a corresponding frequency range of [97, 196] Hz across
which we run the search, divided into 1 Hz sub-bands.
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Figure 1. Joint RA and Dec posterior distribution for the
merger remnants from GW230814 (top) and GW231123 (bot-
tom). The black contours show the 90%, 50%, and 10%
confidence intervals. The red crosses indicate the sky positions
targeted in the search for each remnant.

When choosing which sky position(s) to target, it may
seem reasonable to simply target the median RA and
Dec listed in the table. However, because the estimated
posterior distribution of the RA for this system is bimodal,
the median is not representative of the data (see top panel
of Fig. 1).° Instead, we choose the optimal sky positions
empirically by drawing a joint random sample of 100
RA and Dec values from the BH posterior distribution,
injecting them into Gaussian noise, and attempting to

6 GW230814 was observed only by the Livingston detector, so
the remnant’s poorly constrained sky location aligns with the
detector’s antenna pattern.

recover them using a grid of sky positions. The spacing
of this grid reflects the size of the effective point spread
function (EPSF) shown in Fig. 2, in which a signal has
been injected at RA, Dec = [3.854, 0.370] rad and then
recovered using a grid of sky positions offset from this
sky position. Overall, the sky positions that recover the
largest number of randomly sampled injections are RA,
Dec = [1.088, -0.387], [1.388, -0.387], [3.254, 0.370], and
[3.554, 0.370] rad. We target all four sky positions in
the search to obtain better coverage over the whole sky.”
They are marked with red crosses in the top panel of
Fig. 1. The search is not particularly sensitive to sky
localization for short-duration signals with rqw < 1 day,
although the low sky resolution does lead to degraded
sensitivity [79]. For longer signals with 7qw 2 1 day,
however, a mismatch in sky position can still cause a
marginal signal to be missed. This uncertainty due to
poorly-constrained sky localization is incorporated into
the sensitivity estimates we present in Sec. VI A.
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47/3
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Figure 2. Colored contour of Z/ith as a function of RA and
Dec for a synthetic signal injected at [3.854, 0.370] rad, shown
with a white cross marker. The signal was generated using the
median BH remnant parameters from the GW230814 merger
shown in Table I and using my = 2.283 x 10~ *® eV. The bright
EPSF enclosed within the white contour signifies the region
of the sky with £ > Lin where the signal has been recovered.

Using the method outlined in Appendix A of Ref. [80]
for choosing search configurations, we use 11 different
configurations in the search, shown in Table IV. In partic-
ular, we choose a set of T¢on values to cover the full
range of fuax values that may occur for the system:
~ O[1072,107°%) Hzs™!. Across all 11 configurations,

7 Tt is particularly valuable to target multiple sky positions (when
the true sky position is not well constrained) for the configurations
that use longer Tco;, values. This is because searches with longer
coherent segments are more sensitive to Doppler modulation
effects and thus the assumed sky position, so there is a larger
chance of missing a GW signal if an incorrect sky position is used.



we run the search on detector data spanning the GPS
times [1376111180, 1385937626] s. Gaps are present in the
available data from Hanford and Livingston during this
time period, resulting from both scheduled maintenance
and unexpected lock loss due to various environmental
disturbances. In particular, although the duty factor
is ~ 70% for each detector during the analysis time of
GW230814, many of the data gaps lie within roughly
two days post-merger, when the signal is expected to be
strongest. While the HMM search pipeline is designed to
accommodate data gaps, the less data that is available,
the less sensitive the search becomes. This decreased
sensitivity is reflected in the eventual estimated vector
mass range that is disfavored by targeting this remnant
(see Sec. VIA).

2. GW231123

As in the previous section, we refer to Table III for the
optimal boson mass corresponding to the remnant BH
from GW231123: m(‘)/pt = 1.652 x 1073 eV. Thus, for
the search we consider the range my = [0.901,1.502] x
107 eV and the corresponding frequency band [21,
73] Hz, split into 1 Hz sub-bands.

Once again, the RA posterior distribution shows some
bimodality, but because the sky position is significantly
more well-constrained than GW230814 [i.e., the 90% con-
fidence interval is constrained to O(103) deg?], for the
search we simply target the two local maxima marked by
red crosses in the bottom panel of Fig. 1, located at RA,
Dec = [3.329, 0.372] and [5.153, 0.318] rad. These two
local maxima are tested using the same method described
above for GW230814, and we find that they provide suffi-
cient coverage across the 90% credible region of the sky
position.

We start by identifying 11 potential search configura-
tions at the same percentiles used for GW230814. How-
ever, two configurations cannot be used in the search,
as their GPS start times (1602835969 and 2785340449
for the 90th and 98th percentiles, respectively) do not
fall within the fourth observing run (04).® Thus, we
limit the number of configurations used in the search
to only the first 9, shown in Table V. Again, we choose
the set of T, values to cover the potential fi,.x range
~ O[10715,107%] Hzs™! for this system. Gaps are again
present in the data available from both detectors, limiting
the search sensitivity; while the duty factor for Hanford
is 68% across the relevant time frame, for Livingston it is
only 51%.

8 These times correspond to a non-optimal region of the parameter
space where the VBC grows and dissipates very slowly and thus
it will be O(years) before the GW emission reaches its peak.

Table IV. Search configuration parameters and the percentiles
at which they are drawn for the BH remnant from the
GW230814 merger. These percentiles are chosen so that the
configurations used in the search adequately cover the rem-
nant’s full posterior distribution.

Percentile Tspr [m] Teon [m] Tobs [m] GPS start time [s]

2 2.85 11.4 991.8 1376111180
10 3.4 13.6 1278.4 1376115080
20 3.9 15.6 1653.6 1376119160
30 4.55 18.2 2311.4 1376124380
40 5.75 23.0 3519.0 1376134280
50 7.45 29.8 5632.2 1376148320
60 10.45 41.8 9823.0 1376172680
70 15.05 60.2 17759.0 1376211140
80 24.4 97.6  36990.4 1376285360
90 26.85 161.1  79583.4 1376412320
98 27.65 248.85 155780.1 1376590820

Table V. Search configuration parameters and the percentiles at
which they are drawn for the BH remnant from the GW231123
merger. These percentiles are chosen so that the configurations
used in the search adequately cover the remnant’s full posterior
distribution.

Percentile Tspr [m] Teon [m] Tobs [m] GPS start time [s]

2 0.6 24 84.0 1384788409
10 1.0 4.0 172.0 1384792009
20 1.45 5.8 301.6 1384796449
30 2.25 9.0 630.0 1384804309
40 3.55 14.2 1235.4 1384816729
50 6.0 24.0 2424.0 1384837489
60 9.4 37.6 4587.2 1384866949
70 14.35 57.4 9011.8 1384911769
80 26.2 157.2  42601.2 1385145169

B. BSD search: Cygnus X-1

Using the median values for the parameters of Cygnus
X-1 reported in Table I, we find the boson mass my’" =
1.040 x 10713 eV produces the signal with the maximum
strain amplitude at the start of O4a. Taking into ac-
count the uncertainties in the BH parameters, we esti-
mate the signal amplitudes corresponding to boson masses
around mSP" using the SuperRad model. Then, compar-
ing these values to the minimum detectable strain given
in Eq. (67) of Ref. [97], we select the frequency band
fo € [24.5,125.5] Hz as the range of frequencies where a
signal could be detected. Therefore, the search spans 202
distinct 1 Hz bands, overlapped by 50%.

We fix the coherence time to T.o, = 1000 s for all fre-
quency bands investigated. This value is motivated by
multiple factors. Demodulating the data using the central
frequency of the band rather than the real—unknown—



frequency of the signal leads to a residual modulation of
the signal. Our choice of T,y ensures that, for any signal
present in the band, the residual modulation A f is smaller
than the size of a frequency bin, i.e. 2Af < 1/Tcop. Sim-
ilarly, this coherence time ensures that the uncertainties
in the eccentricity parameters of Cygnus X-1’s orbit, re-
ported in Table II, are fully covered by a template using
the central values of the parameters. At the same time, a
coherence time T, = 1000 s keeps the analysis time to
a realistic level with O(60000) core-hours being needed
to analyze the parameter space of Cygnus X-1 in both
LIGO detectors.

Following the grid construction method presented in
Sec. ITI B 2, for each band we define a set of parameter
points {Al}fil covering the uncertainties in the orbital
parameters of Cygnus X-1 reported in Table II. The time
of superior conjunction T of Cygnus X-1 has been esti-
mated in Ref. [95], but the extrapolation of this value
to estimate the time of ascending node ¢, at the O4a
period leads to significant uncertainties compared to our
search resolution. We choose an agnostic approach where
the range of all possible values t,s. € [—P/2, P/2] has
been covered by the search. The number of templates per
band ranges from N = 1960 at 24.5 Hz to N = 43416
at 125.5 Hz, in agreement with Eq. (A12). Combining
the number of templates used in all the bands, the search
uses 3 687225 templates.

The search is performed with bands overlapped by
0.5 Hz to avoid cropping signals close to the band edges
during BSD creation. Each band is searched indepen-
dently, and each produces its own set of outliers, among
which outliers and stage-2 candidates are selected follow-
ing the discussion in Sec. I11B 3.

V. CANDIDATE FOLLOW-UP

In this section, we outline the follow-up procedures
used to eliminate any search candidates whose origins
are not astrophysical. See Tables VI and VII for the
numbers of candidates that remain from the HMM and
BSD searches after each veto procedure described in the
following sections.

A. HMM searches: Merger remnants

For GW230814, we run the search over 99 individual 1
Hz bands, 11 search configurations, and 4 sky positions.
This is 4356 iterations in total. Similarly, for GW231123,
we have 52 1 Hz bands, 9 search configurations, and 2
sky positions, yielding 936 search iterations. For each 1
Hz band, we require the detection statistic £ to exceed a
threshold Ly}, corresponding to a 1% false alarm proba-
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bility (Pra).” The value of Lin, which varies for each Tiopn
used in the searches, is obtained empirically as follows:
For a given value of Ty, we run 300 searches in pure
Gaussian noise (with Amplitude Spectral Density (ASD)
= 4x 10724 Hz~1/2) at a randomly chosen 1 Hz frequency
band, and we define Ly}, as the value of £ that lies at the
99th percentile of these results.

After implementing this initial threshold cut, we have
421 and 285 signal candidates across all configurations for
GW230814 and GW231123, respectively. However, many
candidates actually appear to be the same candidates
picked up by different configurations (e.g., for GW230814,
a candidate at ~ 102.1 Hz is identified for nearly every
value of Teon and at every sky position). We expect a large
fraction of these first-pass candidates to be simply the
result of noise artifacts (e.g., power line harmonics, ther-
mally excited mirror suspension violin modes [137, 148])
and non-Gaussianities in the interferometric data. We use
the known-line [149] and single-interferometer veto tech-
niques described in Appendix B 1 (which are commonly
used in CW searches) to help distinguish candidates of
this nature from a true astrophysical signal [128]. We
manually inspect any candidates that survive these initial
vetoes by assessing their consistency with the signal model,
scrutinizing the spectrograms, identifying clear character-
istics of noise (such as a candidate occurring in only one
detector due to short-period artifacts and failing to meet
the stringent criteria of the single-interferometer veto),
etc. For a detailed description, see Appendix B1. Ta-
ble VI shows the candidates that remain for each merger
remnant after each veto. After manual inspection, no
signal candidates remain.

Table VI. Number of candidates remaining from the search
targeting the remnants from the GW230814 and GW231123
mergers after each veto has been applied.

Remaining candidates

Stage GW230814 GW231123
Initial candidates 421 285
Known-line veto 44 209
Single-interferometer veto 19 101
Manual inspection 0 0

B. BSD search: Cygnus X-1

From the BSD-based search, we identify 27 stage-2
candidates that pass the selection process described in
Sec. IIIB3. We follow up these candidates using the
vetoing procedure described in Appendix B 2. The list of

9 The 1% false alarm probability corresponds to each configuration
in each 1 Hz band.



candidates is first filtered by removing outliers associated
with known instrumental lines [149], reducing the list to
eight candidates. During the creation of outlier pairs (see
Sec. ITI B 3), the same outlier could be matched to multiple
coincident outliers in the other detector. To remove this
redundancy, we cluster all pairs sharing a common outlier,
which reduces the number of independent candidates to
six. We then apply standard vetoes adapted from previous
BSD-based searches (e.g., [65, 114]), which are based on
the consistency of the candidates with the parameters
of Cygnus X-1 and with the expected behavior of the
detection statistic. Three candidates pass these vetoes
and are further inspected. All three are consistent with
artifacts produced by non-Gaussianities in the detector.
More details on the follow-up procedure are given in
Appendix B2. Table VII summarizes the number of
candidates remaining after each veto.

Table VII. Number of candidates remaining from the Cygnus
X-1 search after each veto has been applied.

Remaining candidates
Stage Cygnus X-1
Initial candidates 27

Known-line veto

Clustering
Astrophysical consistency veto

Statistical consistency check

O W Ut O

Manual inspection

VI. CONSTRAINTS

In this section, we estimate the vector boson mass range
that can be constrained given the absence of a confident
detection in the searches described above.

A. HMM searches: Merger remnants

After applying the veto procedures described in
Sec. VA, all candidates from the HMM searches are
eliminated. In this section, we investigate the confidence
with which we disfavor the existence of a given vector
boson mass range. We adopt an empirical approach in
which synthetic signals are injected into simulated Gaus-
sian noise configured to match the real data, with ASDs
derived from detector data at the corresponding times
and frequencies, and with data gaps reproduced to reflect
those present during the analysis period. We marginalize
the detection probabilities over the BH parameter un-
certainties to reduce potential biases in the sensitivity
estimates. We make a common assumption when inter-
preting the search results: the vector field interacts only
gravitationally, with no additional interactions or cou-
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plings to the Standard Model. See Sec. IV of Ref. [80] for
details on how this assumption can be partially lifted.

In Ref. [80], a framework is developed for constraining
the boson mass that marginalizes over the parameter
uncertainties typical to a binary merger remnant detected
gravitationally. We start by drawing a number Ngy of
random samples from the BH posterior distribution with
parameters 6;. Then, for a given boson mass, we generate
a synthetic GW signal for each sample BH and inject the
signal into a number Ny of random Gaussian noise
simulations. We evaluate the recovery rate across all
sampled systems and noise realizations as shown:

Ngu

Z Ndet(ei;mV)v (7)

1

Piet (mv) = NBHT
noise

where Nget(0;;my) is the number of recovered (E_ >
L) signals out of Nyeise hoise realizations for a given
vector mass my and set of BH parameters ;. This value
Pyet(my) can be interpreted as the confidence to which
the existence of the vector boson with mass my can be
excluded given that no signal is detected in the searches.

In Fig. 3 we show the confidence with which we disfavor
the vector mass using this procedure for GW230814 (left
panel) and GW231123 (right panel), where, following the
guidelines in Ref. [80], we have used Npg = 200 and
Nhoise = 10. We run the simulations across all config-
urations used in the real searches (i.e., {RA, Dec} and
{Tsrr, Teon, Tobs, and search start time}). The synthetic
signal is considered recovered if at least one configuration
returns an above-threshold detection statistic. The or-
ange, blue, and purple lines in the figure indicate a 1%,
5%, and 10% P, threshold, respectively. Pg.; indicates
the confidence with which one can disfavor a vector mass
range given the null search results (i.e., if some range of
data points lie above a given Pyt value, that mass range is
disfavored with Pge confidence). While the searches tar-
geting the remnant from GW230814 and GW231123 are
not sensitive enough to constrain the vector mass at high
confidence, the following is an example of how we would
estimate the boson mass range that can be constrained:
We disfavor the vector mass ranges [2.75,3.28] x 10713
and [0.94,1.08] x 10713 eV for GW230814 and GW231123,
respectively, with 30% confidence for Py, = 1%.

These results show that we are approaching the sensi-
tivity required to place robust constraints on the vector
boson mass. As the detectors continue to undergo im-
provements in subsequent observing runs, we anticipate a
growing number of high-SNR events, which will enable
increasingly sensitive searches and stronger constraints
across a wide range of the mass parameter space. In
addition, once the vector mass can be constrained with
higher confidence, the results can be mapped to other
interaction models [80].
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Figure 3. The detection probability Pact as a function of my (bottom axis) and the corresponding GW frequency fo in the
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B. BSD search: Cygnus X-1

Among the 27 stage-2 candidates obtained from the
BSD search, none pass the follow-up procedure. In the
absence of a plausible signal candidate, we set upper
limits on the strain amplitude of CWs emitted by a VBC
surrounding Cygnus X-1. In the following subsections,
we outline the procedure used to estimate these upper
limits and describe how they are subsequently translated
into constraints on the mass of a hypothetical ultralight
vector boson.

1. Upper limits and Sensitivity

In this section, we estimate upper limits on the strain
amplitude hg, defined as the maximum amplitude above
which the presence of a CW signal can be excluded at a
given confidence level. The limits are computed using a
conservative semi-analytical method previously applied in
Refs. [62, 65, 96]. The method evaluates the upper limits
in each 1 Hz frequency band using the analytical relation
[62, 65, 96]

h95% ~

B [Su(f)
v~ i\ T V/CRunax + 1.645, (8)

where N ~ Typs/Teon is the number of segments used
to construct the peakmap, the value 1.645 is computed
from Eq.(67) in Ref. [97] fixing the confidence level to

for the remnants with median parameters also shown in Table I. The error bars represent the 1o beta-binomial uncertainty

95%, 5711/2(f) is the detector average ASD, and CRax
is the maximum CR value observed in the band. The
coefficient B accounts for the average detector response
to the source sky position and signal polarization and
depends on the peak selection threshold. For this search
and the sky position of Cygnus X-1, we evaluate B ~ 3.37
in Livingston and B = 3.30 in Hanford. The computation
of these factors is detailed in Appendix A 5 following the
discussions in Refs. [65, 97] . The final upper limit placed
in each band is taken as the less constraining limits of the
two detectors.

We have verified that this semi-analytical approach
yields conservative upper limits compared to those ob-
tained with a classical frequentist approach based on
simulated signal injections, while requiring fewer compu-
tational resources. This verification was performed on ten
1 Hz frequency bands, randomly selected within the search
frequency range, using simulated data that reproduces
the detectors’ noise levels. The validation complements
previous checks carried out for other observing runs of
the LIGO and Virgo detectors and for similar BSD-based
methods [65, 151].

In Fig. 4, we show the joint upper limits at a 95%
confidence level, reporting in each frequency band the
worst-case estimate between the two detectors. We also
report the boson masses corresponding to the frequency
axis, assuming the central astrophysical parameters of
Cygnus X-1 reported in Table 1.

We quantify the performance of the search using the



sensitivity depth [152], defined as

Sn(f)

95% __

D% = Vo ()
UL

This quantity has become a key figure for assessing the
performance of a CW search configuration, independent
of the noise level [96, 153-155]. For the BSD search, we
report a sensitivity depth of 37.22 Hz~ /2 in the band
centered on 50.5 Hz corresponding to the optimal boson
mass for Cygnus X-1 (see Table III). The average depth
over all the analyzed bands is 35.15 Hz~'/? and is more
or less constant in all the bands, excluding the one with
significant noise disturbances.
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Figure 4. Upper limit estimates at a 95% confidence level
(black curve) as a function of frequency (top axis) and the
corresponding boson mass assuming the central values for
the mass and age of Cygnus X-1 (bottom axis). The hashed
regions correspond to the predicted strain amplitude from
a VBC around Cygnus X-1, assuming the central value (or-
ange, circles), 5th percentile (blue, horizontal lines), and 95th
percentile (purple, vertical lines) of the BH mass posterior
distribution from [85]. We assume the BH initial spin to be
xi = 0.95 and the hashed regions account for uncertainties in
the BH age and distance.

2. Constraints

The upper limits obtained in the previous section can be
used to constrain the existence of ultralight vector bosons
by comparing them to the expected strain amplitude of a
signal emitted by a VBC in Cygnus X-1. The amplitude
is estimated assuming the central value, the 5th, and the
95th percentiles of the BH mass posterior distribution
reported in Ref. [85]. We also consider the uncertainties
in the BH age and distance and assume the BH spin
before the superradiant instability to be x; = 0.95. The
amplitude is then evaluated at different boson masses (i.e.,
at different frequencies) using the SuperRad model [52, 92].
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The simulated strain amplitudes are shown in Fig. 4, along
with the upper limits derived in the previous section.

By comparing the upper limits with the expected strain
amplitude, we can exclude the presence of a signal emitted
by a VBC in Cygnus X-1 in every frequency band in the
range 41.25-80 Hz, with the exception of the narrow band
69.75-70.25 Hz. The absence of a signal in these bands
excludes the existence of an ultralight vector boson with
a mass in the range [0.85,1.65] x 10712 eV (excluding the
band [1.44,1.45] x 10713 V).

These exclusion regions are obtained under the assump-
tion that the initial spin of the BH was x; = 0.95. This
assumption can be relaxed by computing the exclusion re-
gion for different initial spin values. As the assumed initial
spin decreases, the expected amplitude decreases accord-
ingly. Nevertheless, based on SuperRad simulations, for
any value x; > 0.5, our upper limits can constrain the exis-
tence of a signal between 41.25 and 77.25 Hz, correspond-
ing to boson masses within the range [0.85, 1.59] x 10713 eV
(with the same excluded band as before). For spin values
xi < 0.5, the lower expected amplitude narrows down the
constrained frequency range. At y; = 0.2, we are still able
to constrain frequencies in the range 50.25-77.25 Hz and
boson masses [1.03,1.59] x 1072 eV. For lower initial spin
values, the expected amplitude decreases rapidly, quickly
leaving the existence of an ultralight vector boson uncon-
strained by our search. All of these exclusion intervals
are computed at a 95% confidence and using the least
constraining values for the BH age, distance, and mass.

VII. CONCLUSION

In this paper, we carry out the first directed searches
for long-duration, quasi-monochromatic GWs from VBCs
around known BHs. We analyze data from the first part
of the LVK’s fourth observing run, and we use two semi-
coherent CW search methods, HMM tracking and the
Binary BSD-VBC pipeline. Having found no evidence of
a GW signal, we estimate the range of ultralight vector
boson masses that can be constrained. From the HMM
search, we disfavor the vector mass ranges [0.94, 1.08]
and [2.75,3.28] x 10713 eV at 30% confidence (Pr, = 1%).
While the present search sensitivity is limited because we
target remnant BHs with SNR values < 40—and thus the
confidence level remains statistically insignificant—future
searches targeting higher SNR events are expected to yield
high-confidence constraints. Meanwhile, the BSD-based
search excludes the mass range [0.85,1.59] x 10713 eV at
95% confidence, assuming an initial spin value y; > 0.5
for Cygnus X-1.

As the BSD search demonstrates, we are now able to set
constraints on the existence of ultralight vector bosons by
targeting known galactic BHs. Although the constraints
obtained from Cygnus X-1 cover only a narrow range
of masses, future improvements in detector sensitivity
will enhance these constraints. The boson mass ranges
that can be constrained also highly depend upon the BH



parameters. Therefore, running similar searches targeting
other known galactic BHs could extend the exclusion
region.

The first HMM search targeting binary merger rem-
nants demonstrates that we are approaching the required
sensitivity to place high-confidence constraints on a range
of vector masses. Targeting young merger remnants allows
us to set independent constraints with minimal assump-
tions about the BH’s history and evolution since formation.
Several contributing factors will improve the sensitivity of
this type of search: in particular, both increased detector
sensitivity and improved search methodologies. Future ob-
serving runs and next-generation GW detectors will offer
enhanced sensitivity, enabling the detection of numerous
binary mergers in the high-SNR regime [57-59, 83]. These
high-SNR events will yield remnant BHs with masses and
spins that are more accurately and precisely measured.
For HMM-based searches, improved posteriors on these
parameters will directly translate into tighter constraints
on the vector boson mass. In addition, future searches
can incorporate modifications to the analysis pipelines
to further improve search sensitivity (e.g., extending the
HMM-based analysis in suitable cases to track time deriva-
tives of the signal frequency within the F-statistic, as
demonstrated in Ref. [121]).

Observational studies have indirectly constrained the
existence of ultralight vector bosons either from BH spin
measurements [30, 32], by reinterpreting the results of GW
searches [64], or from searches for a stochastic GW back-
ground [69]. A recent analysis using the GW231123 and
GW190517 constituent BHs disfavors a vector mass range
of [0.11,18] x 10713 eV assuming a BH age of 10° yrs [61].
In other searches, the interaction of ultralight vectors
with ground-based GW detectors has been directly con-
strained [75, 76]. While each approach involves its own
assumptions and limitations, the results presented in this
paper provide independent constraints obtained from di-
rected searches that, consistent with previous studies,
disfavor the existence of vector bosons with masses of
~1x10713 eV.
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Appendix A: Details on BSD search pipeline
1. Signal phase

The phase evolution of a monochromatic signal emitted
by a source in a binary system is, in the detector frame,
given by

(1) = 2 fot + Ae(t),

where fj is the signal frequency. The phase modulation
due to the combined motion of the source and the detector
is given by

(A1)

AG(1) = 2fo [“ G

C

: (A2)

with r the position vector of the detector relative to the
Solar-System Barycenter (SSB), and 1 the unit vector
pointing from the SSB to the source. The Rgmer delay, R,
can be expressed in a low-eccentricity orbit approximation
(consistent with the nearly circular orbit of Cygnus X-1),
neglecting an irrelevant constant term [134]:

R(t)

c

e cos(w)

= ap | sin(¢y(t)) + sin(2¢(t))
esin(w) (43)

5 cos(20(1)
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where a;, is the projected semi-major axis, e is the orbital
eccentricity, and w is the argument of periapse. The
function v is the mean orbital phase measured from the
time of ascending node t,g., defined as

¢(t) = Q(t - tasc)7 (A4)

with Q the orbital angular frequency.

2. Heterodyne correction

The procedure of the heterodyne correction of BSD
is presented in Ref. [84]. It consists of multiplying the
data by a complex phase factor exp(—i A¢(t)) to correct
Doppler-induced variations. The phase A¢(t) is com-
puted from Eq. (A2) assuming a set of parameters A to
compensate for the delays in the signal arrival time from
the motion of the source and the detector. The mod-
ulation also depends on the unknown signal frequency.
Taking advantage of the BSD framework and the down-
sampling of the data into 1 Hz bands, we substitute for fj
a reference value fixed at the central frequency. By doing
so, we ensure that the error in frequency is bounded by
|fo — foret| < 0.5 Hz.

3. Detection statistic

The CR statistic is estimated on a peakmap by project-
ing the peakmap on the frequency axis and producing the
distribution of number of peaks per frequency bin n(f).
We then use a robust estimator defined as [97]

(A5)

where 7 is the median of the number of peaks per fre-
quency bin, and the dispersion parameter o is defined
by

_ median(|n(f) — /)
N 0.6745

(A6)

The normalization factor o ensures that if n follows a
normal distribution, then o is the standard deviation.

4. Template placement

For the placement of templates to cover the ap, tasc
parameter space, we use a restricted version of the binary
search metric described in Ref. [134]. We use the metric in
the semicoherent short-segment regime, where T.o, < P,

1
Yapa, = B(WQTcoth)za (A7)

1 2
gtasctasc = E(WQ2TC0}1anp) . (AS)



The resolution in an orbital parameter ¢ is then given
by [134]*°
0; =

0.1[g—]", (A9)

where g~! is the inverse metric, and the factor 0.1 corre-
sponds to a maximal loss of signal-to-noise ratio of 10%.
Explicitly, we get for the two remaining orbital parameters
ap and taec:

V0.6

(5ap = m, (A].O)
F—CE (A11)
’/TﬂzapTcoth

Constructing a template grid with varying resolution
across the parameter space can be challenging. To sim-
plify this, we adopt a conservative strategy by fixing all
the variable parameters to values that maximize grid
density. Specifically, we use the maximum frequency
fo, max within the 1 Hz band, and the maximum value
of the projected semi-major axis ap max Within the range
to be covered. Fixing the resolutions as dap(fo, max) and
Otase(fo, max; Gp,max) Over the entire parameter space en-
sures an overcoverage of the search parameter space. With
this simplification, the template grid is constructed using a
standard square lattice Zo, as described in Refs. [134, 135].

With this placement strategy, the number of templates
needed to cover the parameter space is given by [134]

[l
T V20ap | | V26tase |

where R,, and Ry
be covered.

(A12)

are the sizes of the dimensions to

asc

5. Upper limits formula

The average prefactor B in Eq. 8 is computed by repro-
ducing the derivation of Eq.(67) in Ref. [97] and according
to the correction detailed in Ref. [156]. The general ex-
pression of B is a function of time, the signal polarization
angle 1, the source sky-position (RA, Dec), and the source
inclination angle ¢. It can be expressed as

m (po(l —po))l/4
2 2
2.4308 <(F+A+ +FAy) >t i

B:

(A13)
where the factor 555 is taken from Eq. B18 in Ref. [97],
and pg and p; are functions of the peak selection threshold

10 Note that a factor 2 is missing compared to Ref. [134]. In the
present work, these resolutions are used to compute the distance
from a template placed on the parameter space rather than the
total extent of this template.
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One [97, 156]. For Oy = 2.5, we have py = 0.075 and
p1 = 0.096, using the updated definition of p; shown in
Ref. [156]. The two beam pattern functions Fy and Fy
are defined in Ref. [123], and the polarization amplitudes
are given by A, = HCTOSQL and Ay = cost [97].

For the BSD search, we evaluate the expression of 5
for the sky-position of Cygnus X-1, and by averaging over
the inclination angle error range [85] and the polarization
angle ¢ € [—7/4,7/4]. Using properties of the beam
pattern function [65], we can write

<(F+A+ + FXAX)2>t,¢),cOSL|DeC
= <F>2< >t,1p‘DeC <A3‘ + Ai>COSL .
(A14)

We compute <Ai + A2 >com = 1.582, and, following the
development in Ref. [65], (F32 >tw‘D = 0.197 in Liv-

ingston and 0.206 in Hanford. Injecting these values in
Eq. A13 gives B =~ 3.37 in Livingston and B =~ 3.30 in
Hanford.

Appendix B: Follow-up vetoes

As detailed in this section, we only veto candidates that
we are confident are caused by noise artifacts. The safety
of the vetoes used prior to the final manual inspection has
been verified in previous analyses employing HMM- and
BSD-based techniques, using Monte Carlo simulations
in clean frequency bands (see, e.g., Refs. [65, 114, 115]).
However, if a GW signal is present in the data but over-
laps with a noise artifact, it is deemed “contaminated”
and will be vetoed. In other words, we do not yet have
a sufficiently reliable method to separate signals from
overlapping, unidentified noise artifacts. Consequently,
the false dismissal probability cannot be easily quantified
for the vetoes discussed here with the presence of noise
artifacts.

1. HMM searches: Merger remnants
a. Known-line veto

The first veto we use in the HMM search involves
comparing the frequency path of each signal candidate
against all known instrumental lines present in either
the Hanford or Livingston detector to see if there is any
overlap [149]. We increase the width of the Viterbi path
5f ~ 107C6f; + 8 fspr, where f; is a given frequency
anywhere along the path and § fgpr is the SFT frequency
bin width. The first part accounts for the Doppler modu-
lation due to Earth’s sidereal motion, and the second part
accounts for the additional data used in the F-statistic
calculation. We consider candidates with a wide range



of sky positions, start times, and total durations. Be-
cause most search timescales are much shorter than a
year, we conservatively choose not to factor in Earth’s
orbital Doppler modulation in this initial veto. The few
longer-duration candidates (with Tops > a few months)
that could have been vetoed if Earth’s orbital Doppler
modulation had been included are addressed in later steps.

b. Single-interferometer veto

Next we use a technique that vetoes candidates caused
by noise artifacts in a single detector that are not yet
well understood or identified in the official release of
O4a known instrumental lines. The detailed criteria are
as follows: We run the search with each interferometer
individually. Then, a signal candidate can be vetoed as
an unknown instrumental line if the detection statistic in
one detector is below threshold while the other is greater
than the detection statistic from the combined detector
search, and if the Viterbi paths of the latter two searches
overlap.

c¢.  Manual inspection

Because the previous two veto procedures are designed
for following up long-duration CW search candidates, they
are not always able to effectively identify candidates from
a short-duration search. Thus, there are many candidates
that still remain at this stage. We visually inspect each
candidate using a variety of approaches designed to dis-
tinguish signals from noise artifacts, typically applying
multiple checks to each candidate for confirmation. These
approaches are listed here.

1. We relax certain criteria of the single interferometer
veto based on close inspection; for example, we veto
any candidate whose detection statistic is below
threshold in one detector and anomalously high in
the other (e.g., £ > 100), regardless of the detection
statistic from the original combined search.

2. We compare the frequency drift of the candidate
across Tops against the expected frequency drift of
a real signal. If the candidate frequency remains
within a single bin for at least three quarters of
the total duration, and if it is not identified by at
least one other configuration with a larger value of
Teon (which is by design more sensitive to signals
with smaller frequency drifts), then it is unlikely to
be a real signal. For example, one candidate from
GW231123 has an apparent fyo < 1078 Hzs™!, but
the expected frequency drift optimized for T¢on =
14.2 mis fo ~ 7 x 1077 Hzs™!. This veto criterion
is typically applied in conjunction with at least one
other veto as a cross-check.

3. We assess whether the detection statistic of a given
candidate is consistent with expectations for a signal
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from the remnant BH given its distance estimate.
If the statistic is significantly larger than expected
(e.g., £ 2 100), we can veto the candidate as a loud
but unidentified noise artifact. This veto is applied
only in conjunction with at least one other veto.
For example, if the detection statistic combining
two detectors is significantly larger than expected
for the target’s distance, it is usually accompanied
by the candidate being much louder in one detector
than in the other, in which case the candidate is
also vetoed according to the first manual inspection
criterion described above.

4. We examine the signal candidate in the spectrogram
from each interferometer in the relevant frequency
band and time segment to determine whether it
overlaps with any visible noise artifacts.

5. Finally, if two candidates with the same fre-
quency path are found using two different search
configurations—in other words, if the same candi-
date is identified in two different searches—and if
one of them has been vetoed by any of the above
criteria, we consider the other likely to have arisen
from the same artifacts. This veto criterion is typ-
ically applied in conjunction with other manual
inspections as a cross-check.

2. BSD search: Cygnus X-1

For the BSD search, the 27 stage-2 candidates have
been filtered by removing outliers associated with known
instrumental lines [149] and clustering candidates that
shared a common outlier. Six candidates remained after
this filtering and are listed in Table VIII. The values
reported in the table correspond to the averages of the
template parameters between the two detectors, and the
quoted uncertainties are obtained by propagating the tem-
plate resolutions given in Eqs. A10 and A11. As discussed
in Sec. ITII B 2, the other parameters, {RA, Dec, P,e,w},
are fixed to the central values listed in Tables I and II,
and are therefore identical for all the candidates.

Given the small number of surviving candidates, we
conducted the following tests and visually inspected the
results for each. Although we did not formally estimate
the false dismissal probability, the validity and safety of
each veto have been confirmed by applying the follow-up
procedure to simulated signals with parameters similar
to those of the six candidates. The tests, adapted from
previous BSD-based searches (e.g., [65, 114]), are grouped
into three categories: (i) consistency of the candidate
with its astrophysical parameters, (ii) consistency of the
detection statistic with different search configurations,
and (iii) a manual inspection where we associated some
candidates to artifacts caused by non-Gaussianities in the
detector. These tests are described in detail below.



Table VIII. Parameters of the candidates from the BSD search,
averaged between the two detectors. For each candidate, we
indicate the test by which it was vetoed.

fo [He] ap [3] tasc [s] Veto
32.751 38.84 £ 0.82 5600 £ 1700 Stat.
37.131 36.09 £0.73 188100 £+ 1600 Manual
41.176 36.79 £ 0.66 —4383 £1400 Astro.

41.627 38.60 £ 0.65 —11800 £+ 1300 Stat.
53.890 40.62 £ 0.50 204700 £ 950 Manual
96.114 38.10 £0.28 223790 £ 570 Manual

a. Known-line veto

Similar to the HMM method, we veto any candidate
whose frequency evolution crosses a known instrumental
line in either the Hanford or Livingston detector [149].
For a candidate observed at a frequency fy, we estimate
the modulation range as fo &6 f, where § f is the modula-
tion size computed with the parameters of the candidate,

df = max, (dAdi(t)), where A¢(t) is the phase modula-

tion defined in Eq. A2.

b. Clustering

During the candidate selection process, we consider
all possible pairs between the outliers of the two detec-
tors. Some redundancy is therefore possible in the list
of candidates. Indeed, from the eight candidates passing
the known-line veto, two outliers are repeated twice, in
association with two different (but similar) outliers in the
second detectors. We therefore cluster these two sets of
candidates and follow them up conjointly. The number
of unique candidates is reduced to six.

c. Astrophysical consistency veto

The second step of the follow-up procedure involves
assessing the consistency of each candidate with an astro-
physical signal through two key checks. Any candidate
failing at least one of these tests is discarded from further
analysis.

1. Frequency refinement. Since the search demod-
ulates the data using the central frequency of each
1 Hz band, a real signal may not be perfectly cor-
rected if its true frequency differs from this reference.
To refine the analysis, we re-run a localized search
using the candidate recovered frequency as the refer-
ence frequency for demodulation. A genuine signal
must persist with similar or improved significance
under this correction.
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2. Unmodulated test. As the search is directed

toward a signal emitted from Cygnus X-1, the sig-
nificance of an astrophysical signal should decrease
when using parameters incompatible with the tar-
get. In particular, we try to recover the candidate
without performing the heterodyne correction. A
candidate persisting with comparable significance in
this configuration cannot be of astrophysical origin
and is therefore vetoed.

d. Statistical consistency check

. Sensitivity vetoes. For a true signal, the detection

statistic should scale with the sensitivity of each
detector. We check this by normalizing the CR with
the median ASD of the 1 Hz band, 1/S,,. We then

require

CRy 3 CRe (B1)

/S, /Sy

where detector 1 is less sensitive and detector 2 is
more sensitive. The factor 3 is a conservative choice
and indeed none of the candidate was vetoed by
this check.

. Cumulative and Uniformity veto. A genuine

astrophysical CW signal should persist throughout
the observation run, and we expect: (i) steadily
increasing significance as more data are included,
and (ii) the candidate to be present in any subset
of the data.

We first examined cumulative behavior by comput-
ing the CR and signal-to-noise ratio (SNR) over data
segments whose durations increased in 30-day steps,
for both detectors and for data with and without
heterodyne correction. We compared the corrected
and uncorrected results, looking for behavior incon-
sistent with the presence of a signal. One candidate
was vetoed because the uncorrected data yielded
higher significance for most of the run. A second
candidate showed a sharp increase during the first
month, indicating the presence of non-stationary
noise.

To verify the persistence across subsets, we ana-
lyzed one-month segments with various start times,
again for both detectors and both data types. Some
variation is expected due to varying duty cycles or
noise levels, so results were interpreted with toler-
ance. For the second suspect candidate identified in
the cumulative test, corrected and uncorrected data
gave similar CR values except in the first month,
where the corrected data produced a much higher
CR. This confirmed the non-persistent nature of the
candidate, and it was vetoed.



e. Manual inspection

Finally, we manually inspect the three remaining candi-
dates. For each, we investigate the spectra of the corrected
and uncorrected data using two different frequency reso-
lutions: 5.5 x 10~* and 1.1 x 10~® Hz, corresponding to
coherence times of 30 min and 1 day, respectively. In all
three candidates’ bands, we observe strong non-Gaussian
noise profiles. Such non-Gaussianities are known to pro-
duce artifacts in specific frequency bins during peakmap
peak selection [133], and, coincidentally, all the remain-
ing candidates are present in one of these frequency bins.
By slightly modifying the resolution of the background
estimation used to compute the equalized spectra [133],
we force the artifact-affected bins to be moved away from
the candidate bins. This modified setup ensures that
the candidates’ frequency bins were not contaminated
by the peakmap creation artifacts. We tested several
such configurations, and in all cases the CR of each can-
didate dropped well below the selection threshold. We
also assessed the impact of these modified configurations
on simulated signal injections, finding that all injections
remained detectable in all configurations. On this basis,
we vetoed all remaining candidates.
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