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Directional search for persistent gravitational waves: Results from the
first part of LIGO-Virgo-KAGRA’s fourth observing run

A. G. Abac et al.
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(LIGO Scientific Collaboration, Virgo Collaboration, KAGRA Collaboration)

(Received 21 October 2025; accepted 16 January 2026; published 6 July 2026)

The angular distribution of gravitational-wave power from persistent sources may exhibit
anisotropies arising from the large-scale structure of the Universe. This motivates directional
searches for astrophysical and cosmological gravitational-wave backgrounds, as well as continu-
ous-wave emitters. We present results of such a search using data from the first observing run through
the first portion of the fourth observing run of the LIGO-Virgo-KAGRA Collaborations. We apply
gravitational-wave radiometer techniques to generate skymaps and search for both narrowband and
broadband persistent gravitational-wave sources. Additionally, we use spherical harmonic decom-
position to probe spatially extended sources. No evidence of persistent gravitational-wave signals is
found, and we set the most stringent constraints to date on such emissions. For narrowband point
sources, our sensitivity estimate to effective strain amplitude lies in the range ð0.03–8.4Þ × 10−24

across all-sky and frequency range (20 − 160) Hz. For targeted sources—Scorpius X-1, SN 1987A,
the Galactic Center, Terzan 5, and NGC 6397—we constrain the strain amplitude with best limits
ranging from ∼1.1 × 10−25 to 6.5 × 10−24. For persistent broadband sources, we constrain the

gravitational-wave flux F95%;UL
α;n̂ ð25 HzÞ < ð0.008–5.5Þ × 10−8 erg cm−2 s−1 Hz−1, depending on the

sky direction n̂ and spectral index α ¼ 0; 2=3, 3. Finally, for extended sources, we place upper limits

on the angular power spectrum C
1=2
l

< ð0.63–17Þ × 10−10 sr−1.

DOI: 10.1103/wgp7-t8r8

I. INTRODUCTION

A gravitational-wave background (GWB) is a diffuse
signal resulting from the incoherent superposition of
numerous unresolved gravitational wave (GW) sources.
Its stochastic nature may stem from either the formation
mechanisms of the sources or the limited sensitivity of
current detectors. A wide range of sources is expected
to contribute to the GWB, each with distinct character-
istics and frequency signatures. The GWB is typically
categorized into two main types: the astrophysical
GWB [1], arising from unresolved sources such as
compact binary coalescences [2–6] and rotating neutron
stars [7–15], and the cosmological GWB [16], poten-
tially generated by early Universe phenomena such as
inflation [17–19], cosmic strings [20–23], or phase
transitions [24,25].

While to first order the GWB is expected to be
homogeneous and isotropic across the sky, it may exhibit
two kinds of anisotropy: large-scale and local. Large-scale
anisotropies may arise from the uneven distribution of
sources on cosmological scales [26–34], propagation
effects due to large-scale structures along the line of sight
[35], and kinematic anisotropies caused by the motion of
the observer relative to the GWB rest frame [36–40]. In
contrast, local anisotropies can be caused by nearby,
spatially clustered sources, for example a concentration
of millisecond pulsars in regions such as the Galactic
plane and Virgo cluster, leading to prominent hot spots in
the sky [36,41–45].
The LIGO-Virgo-KAGRA Collaboration (LVK) has set

progressively improved upper limits (ULs) on the GWB
energy density of both isotropic and anisotropic compo-
nents [46–54]. To look for GWB anisotropies, the LVK
performs directional searches using a GW-radiometer
algorithm to generate skymaps and a spherical harmonics
(SPH) decomposition to compute angular power spectra
[55–57]. These tools can be used to identify cosmological,
astrophysical, or local anisotropies. In addition, the GW
radiometer algorithm designed to search for GWB is also
well suited to look for other types of persistent GW sources,
including continuous gravitational wave (CGW) sources.
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Until the third observing run (O3), the pixel-based
anisotropic searches [51–53] performed by LVK, targeting
pointlike persistent sources, typically followed two
approaches: narrowband radiometer (NBR) searches,
which focused on specific directions (Scorpius X-1, the
Galactic Center, SN 1987A, etc.) across multiple narrow
frequency bins, and broadband radiometer (BBR) searches,
which scanned the entire sky but averaged over a wide
frequency range. As a result, the prospects of detecting
unknown anisotropies were limited, since neither approach
could simultaneously explore the full angular and spectral
properties of the signal. In addition, matched-filtering-
based searches for persistent signals from galactic or
extragalactic sources, such as neutron stars [58–60] or
boson clouds around black holes [61–63], are computa-
tionally expensive and inherently limited by signal model-
ing assumptions. To address this limitation, we introduced a
new strategy in O3: performing directional searches in
narrow frequency bins across the whole sky. This approach,
formalized as the all-sky-all-frequency radiometer (ASAF)
search [54], enables a more comprehensive exploration of
potential anisotropic signals without prior assumptions on
their location or frequency content.
All of the above searches are performed in pixel basis,

which is well-suited for probing localized sources.
However, as mentioned above, GWB anisotropies can
also be expanded in the SPH basis, which is more
appropriate for studying extended or diffuse sources.
The LVK has also conducted searches using the SPH
basis and reported ULs on the angular power spectra using
data up to O3 [51–53].
In this paper, we present results from all four analyses:

ASAF, targeted NBR, BBR, and SPH, performed on the
LVK observational data from the first observing run (O1),
second observing run (O2), O3, and the first portion of the
fourth observing run (O4a). These analyses benefit from
data collected by an increasingly sensitive global network
of GW detectors, whose improved sensitivity over the years
has significantly enhanced our ability to probe anisotropic
sources of persistent GWs. Despite this progress, we do not
find evidence for such sources in any of the four analyses
and therefore set ULs on the GW emission depending on
specific sky directions or angular scales.
We note that this paper has two companions, one

focusing on new results of the isotropic GWB search
[64] and the other discussing cosmological implications
of the new isotropic search results [65].
The paper is organized as follows. In Sec. II, we

introduce the GW radiometer algorithm and search method-
ologies. In Sec. III, we present results from ASAF
radiometer search, targeted NBR search, BBR search,
and SPH search for extended sources. Finally, in
Sec. IV, we summarize our findings and outline prospects
for future searches. Comprehensive descriptions of the
individual analyses can be found in the Appendices.

II. MOTIVATION AND METHODS

A. Gravitational wave radiometer

The dimensionless GW energy density parameter,
ΩGWðf; n̂Þ, characterizes the energy content of the GWB
per unit logarithmic frequency f and unit solid angle in the
direction n̂. It is given by

ΩGWðf; n̂Þ ¼
2π2

3H2
0

f3Pðf; n̂Þ; ð1Þ

where Pðf; n̂Þ denotes the one-sided power spectral
density (PSD) of the GW strain field. This quantity
corresponds to the second moment of a stationary,
Gaussian, and unpolarized stochastic GW signal [66].
H0 ¼ 67.9 km s−1 Mpc−1 in the above equation denotes
the Hubble constant [67].
We aim to measure the angular distribution of the GWB,

i.e., Pðf; n̂Þ, by performing a cross-correlation1 between
data from a pair of detectors (usually referred to as baseline,
denoted by I, with the subscripts i ¼ 1, 2 labeling the two
detectors) that are geographically separated. We construct
the cross spectral density (CSD) estimator

CIðt; fÞ≡ 2

Tw1w2

s̃�1ðt; fÞs̃2ðt; fÞ; ð2Þ

where s̃iðt; fÞ represents the short Fourier transform (SFT)
computed from a time segment centered around time t,
using a 50% overlapping Hann window with a segment
duration of T ¼ 192 s. The factor w1w2 accounts for the
effect of windowing on the estimator [68,69].
In the presence of Gaussian, additive, and stationary

noise—assumed to be uncorrelated between detectors at
different sites—the noise- and source-averaged correlation,
denoted by h·ih̃;N, is given by

hCIðt; fÞih̃;N ¼
Z

d2n̂γIðt; f; n̂ÞPðf; n̂Þ; ð3Þ

which encodes information about the source anisotropy.
The overlap reduction function (ORF) [70–72], γIðt; f; n̂Þ,
acts as a transfer function by mapping the spatial
distribution of GW power onto the measured cross-
correlation. It depends on the signal frequency, the
observation time, the source sky location, the individual
detector response functions, and the distance between the
detectors. To probe specific types of angular distributions,
we discretize the sky Pðf; n̂Þ using an appropriate basis
eμðn̂Þ, i.e.,

1We note that the estimator constructed via cross-correlation is
nearly optimal, given that the autocorrelation is not utilized to
detect the GWB signal [50].
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Pðf; n̂Þ≡
X

μ

PμðfÞeμðn̂Þ: ð4Þ

The explicit expression for the ORF in an appropriate
basis is given by

γIμðt; fÞ≡
X

A¼þ;×

Z

d2n̂FA
1 ðt; n̂ÞFA

2 ðt; n̂Þeμðn̂Þe−2πif
Δx⃗I ðtÞ·n̂

c ;

ð5Þ

where FA
i denotes the individual detector response

functions, and Δx⃗I is the separation vector between
the detectors. In this article, we utilize two types of
bases: (i) the pixel basis eμðn̂Þ ¼ δ2ðn̂ − n̂μÞ under the
assumption the source is localized in the direction n̂μ; and
(ii) the SPH basis eμðn̂Þ ¼ Ylmðn̂Þ, with μ ¼ ðl; mÞ, under
the assumption the source is spatially extended. We note
that the estimators can be transformed between pixel and
SPH basis via forward and inverse SPH transforms [73].
Additionally, it is important to note that e0;0ðn̂Þ ¼ Y00ðn̂Þ
corresponds to the isotropic component of the GWB
angular distribution.
Assuming that the CSD for each time segment is a

Gaussian random variable, the maximum likelihood esti-
mator for GWB anisotropy, PμðfÞ, (for positive frequency)
is obtained by maximizing the joint likelihood across
different times and baselines as in Ref. [54], and it reads

P̂f ¼ Γ
−1
f · Xf; P̂μðfÞ ¼

X

μ0
ðΓ−1Þμμ0ðfÞXμ0ðfÞ: ð6Þ

Here, Xf is the narrowband dirty map and Γf is the narrow-
band Fisher information matrix, defined as follows [54,74]:

Xf≡γ†f ·N
−1
f ·Cf; XμðfÞ∝

X

It;1;2∈I

γI�μ ðt;fÞCIðt;fÞ
P1ðt;fÞP2ðt;fÞ

;

Γf≡γ†f ·N
−1
f ·γf; Γμμ0ðfÞ∝

X

It;1;2∈I

γI�μ ðt;fÞγIμ0ðt;fÞ
P1ðt;fÞP2ðt;fÞ

; ð7Þ

where Nf denotes the covariance matrix for the CSD and
P1;2ðt; fÞ are the noise one-sided PSDs. The narrowband
skymaps in the above equations are the foundation of all the
anisotropic analyses in this paper.

B. All-sky all-frequency radiometer search

The ASAF radiometer search targets pointlike, persis-
tent, narrowband GW sources by scanning the frequency
band and the sky using a HEALPix grid (Nside ¼ 16)2 [75]
and a frequency bin of 1=32 Hz. Such sources can exhibit

two types of waveforms in the time domain: (i) CGW
signal from a single GW source, and (ii) a narrowband
GWB arising from multiple unresolved sources along a
given line of sight, resulting in an incoherent signal.
Being an unmodeled search, the radiometer search is
robust against the signal model and serves as an alter-
native for detecting GW signatures from poorly known
sources, e.g., neutron stars having frequent glitches and/
or accretion from a binary companion [76] or unknown
CGW sources [60].
We compute the point estimate, which serves as an

estimator for the signal power and its associated uncertainty
due to random noise. This is achieved by utilizing narrow-
band dirty maps and the Fisher information matrix shown
in Eq. (7), both constructed in the pixel basis, as described
by the equations below

P̂n̂ðfÞ ¼ ½Γn̂ n̂ðfÞ�−1Xn̂ðfÞ;
σ2n̂ðfÞ ¼ ½Γn̂ n̂ðfÞ�−1; ð8Þ

where there is no summation over n̂. Owing to the
baseline’s blind spots, the Fisher information matrix in
the pixel basis is highly ill conditioned [56,77–81]. To
avoid introducing numerical noise due to inversion of
insensitive modes and their dependence on regularization,
we proceed without incorporating pixel correlations. As
shown in Ref. [80], this approximation is justified given
the current detector sensitivity when constructing clean
map estimators.

C. Targeted narrowband radiometer search

The radiometer algorithm can be used in a pixel-based
approach to target specific sky locations. For this analysis,
five astrophysically motivated locations have been selected:
three of them—Scorpius X-1, the Galactic Center, and the
supernova remnant SN 1987A—were also analyzed in
previous directional stochastic searches [51–53], while two
globular clusters, Terzan 5 and NGC 6397, are introduced
as new targets. These sources span a range of astrophysical
scenarios, including accreting neutron stars, dense stellar
environments, and young supernova remnants, and are all
plausible hosts of CGWemission [60]. A brief overview of
each source and its relevance to GW searches is provided in
Appendix C 1.
Unlike the ASAF search, targeting specific locations

allows us to account for the specific signal spread caused
by Earth’s Doppler modulation or the intrinsic character-
istics of the source. To do so, we combine the information
from nearby frequency bins by performing a running
average throughout the entire search frequency range. The
characteristic window of the average is defined as the N
neighboring bins around a fixed frequency bin required to
recover all the power spread by the phase evolution of the
source. The output of the bin combination is a new power

2This results in a sky grid with 12N2
side ¼ 3072 pixels, each

covering 13.4 deg2.
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spectrum with the same original frequency resolution δf,
but now accounting for the frequency variations of the
signal throughout the observation time. The details
regarding how the values of N can be determined are
given in Appendix C 2.

D. Broadband radiometer search

The BBR search is designed to measure the GWB
energy density from pointlike sources across the sky and
serves as a crucial tool for identifying persistent sources
when there is stochasticity in the phase evolution of the
signal due to a large number of sources. This search still
relies on the same methods as in the ASAF analysis,
while further assuming the pointlike GWB sources are
broadband in frequency with an angular power spectral
density Pðf; n̂Þ. Throughout this work, we search for
GWBs whose Pðf; n̂Þ can be factorized in one frequency-
dependent and one angular-dependent factor [36,53,66],
namely

Pðf; n̂Þ ¼ Pn̂0
ðfÞδ2ðn̂ − n̂0Þ ¼ H̄ðfÞPðn̂Þ; ð9Þ

where H̄ðfÞ is the spectral shape of the GWB, normalized
such that H̄ðfrefÞ ¼ 1, with fref ¼ 25 Hz [50,53]. We
model H̄ðfÞ as a simple power law, characterized by a
spectral index α that is fixed throughout the search, such
that [66]

H̄ðfÞ≡ H̄ðf; α; frefÞ ¼
�

f

fref

�
α−3

; ð10Þ

Pðn̂Þ≡ Pðn̂;α; frefÞ ¼ Pα;n̂0
ðfrefÞδ2ðn̂ − n̂0Þ: ð11Þ

We consider three different GWB power-law models:
α ¼ 0, consistent with a cosmological GWB from slow-
roll inflation or cosmic strings [16]; α ¼ 2=3, compatible
with an astrophysical GWB from compact binary coa-
lescence (CBC)s [1]; and α ¼ 3, corresponding to a flat
strain power spectrum [82].
By following the same maximum-likelihood approach

presented in Sec. II A, one can derive the expressions for
the broadband dirty maps and Fisher matrix

Xn̂ ¼
X

f

H̄ðfÞXn̂ðfÞ; ð12Þ

Γn̂n̂0 ¼
X

f

H̄2ðfÞΓn̂n̂0ðfÞ; ð13Þ

with Xn̂ðfÞ and Γn̂n̂0ðfÞ from Eq. (7), and the maximum-
likelihood estimator for Pðn̂Þ

P̂n̂ ¼
P

f H̄ðfÞσ−2n̂ ðfÞP̂n̂ðfÞ
P

f0H̄
2ðf0Þσ−2n̂ ðf0Þ : ð14Þ

We rescale this estimator to express it in units of the GW
energy flux spectrum at the reference frequency fref, where
Pðfref ; n̂Þ ¼ Pα;n̂ given H̄ðfrefÞ ¼ 1, as

F̂ α;n̂ðfrefÞ ¼
πc3

4G
f2refP̂α;n̂: ð15Þ

E. Spherical harmonics search

This analysis is intended to search for an anisotropic
distribution of spatially extended sources with a broadband
spectrum, as opposed to the point sources targeted by the
radiometer analyses discussed above. While we follow the
same factorization as given by Eq. (9) of the BBR search,
we adopt the SPH functions as a basis to characterize the
anisotropies of extended sources [57]

Pðf; n̂Þ ¼ H̄ðfÞ
Xlmax

l¼0

Xl

m¼−l

PlmYlmðn̂Þ; ð16Þ

where Ylmðn̂Þ is an SPH function of the mode ðl; mÞ
evaluated at the sky position n̂. Since now we search for a
GWB signal with a broadband spectrum, we construct a
broadband version of the P̂ estimator from its narrowband
counterpart, following the derivation in Eq. (14) but
adapted to the SPH basis. The P̂ estimator is referred to
as the clean map, and the inversion of the Fisher matrix
physically represents the deconvolution of the antenna
pattern and detector noise.
To interpret the anisotropies of GWBs under the

assumption of statistical isotropy, we are more interested
in the angular power of estimated P̂lm, rather than their
specific realization on the sky. Therefore, we introduce the
estimator of the angular power spectrum in the unit of sr−2

Ĉl ¼
�
2π2f3ref
3H2

0

�
2 1

2lþ 1

X

m

½jP̂lmj2 − ðΣRÞlm;lm�; ð17Þ

with its variance (under the weak-signal limit) given by

Var½Ĉl� ≈
�
2π2f3ref
3H2

0

�
4 2

ð2lþ 1Þ2
X

m;m0
jðΣRÞlm;lm0 j2; ð18Þ

ΣR is the covariance matrix of the regularized clean-map
estimator, defined as

ΣR ¼ Γ
−1
R · Γ · Γ−1

R ; ð19Þ

where Γ is the Fisher matrix of the dirty map on the SPH
basis and ΓR is its regularized version, whose details can be
found in Appendix E 2.
Also, due to the angular resolution limit, we perform the

analysis for SPH modes only up to the angular scale given
by lmax ¼ 3, 4, 16 for α ¼ 0; 2=3, 3, respectively [51–53].
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Technical details concerning the Fisher-matrix regulariza-
tion as well as the angular resolution are discussed in
Appendices E 1 and E 2. We eventually compare this Ĉl

estimator to its theoretical predictions to characterize a
potential signal or to place constraints on relevant theo-
retical models.
The estimator described above, which we refer to as the

auto-Ĉl estimator, has been used in previous LVK analyses
[51–53]. However, Ref. [83] showed that in the presence of
an astrophysical GWB, it is significantly biased by the shot-
noise-dominated nature of the signal, which arises from the
discrete spatial or temporal realization of individual events.
This consideration motivates us to also adopt the cross-Ĉl

estimator, defined as

Ĉ
ðcrossÞ
l

¼
�
2π2f3ref
3H2

0

�
2 1

2lþ 1

1

nðn − 1Þ
X

m

X

i≠j

P̂
ðiÞ
lmP̂

ðjÞ�
lm ;

ð20Þ

with its variance (under the weak-signal limit3)

Var½Ĉl� ≈
�
2π2f3ref
3H2

0

�
4 2

ð2lþ 1Þ2
1

n2ðn − 1Þ2

×
X

m;m0

X

i≠j

ðΣðiÞ
R Þ

lm;lm0ðΣðjÞ
R Þ

lm0;lm; ð21Þ

where n distinct clean maps are involved and Σ
ðiÞ
R repre-

sents a covariance matrix of regularized clean maps derived
from ith dataset. See Appendix E 3 for how we divide the
whole dataset into subsets in the optimal way.
To either claim a detection of an anisotropic GWB or

place ULs on the angular power spectrum, given the
observed P̂lm estimator, we evaluate its statistical signifi-
cance. Specifically, we compute p-values for the real and
imaginary parts of the P̂ estimator, respectively, in
each SPH mode using its expected probability density
function (PDF) based on Monte Carlo samples with the
detailed procedure discussed in Appendix E 4. We generate
50,000 such P̂sim samples for the whole dataset and
compute a p-value for each real and imaginary part of
each SPH mode. As a significance indicator, we adopt a 5%
p-value threshold, which we refer to as a local threshold.
Additionally, due to the presence of multiple observations
across all the SPH modes, we account for the trials factor in
a conservative way by dividing each local threshold by the
number of SPH modes, ðlmax þ 1Þ2, to obtain the global
p-value threshold.

III. RESULTS

To perform all four analyses described above, we analyze
data from O1 and O2 of the LIGO detectors [84–90]
located in Hanford (H) and Livingston (L); from O3 of
LIGO [91–94] and Virgo [95–98] (V); and from O4a of
LIGO [99–102].
These datasets are preprocessed following the procedure

described in [64]. Time-domain cuts are applied by
removing segments affected by non-Gaussian features,
hardware injections, and known instrumental artifacts;
applying nonstationarity cuts; and gating loud glitches.
These cuts are identical to those used in [64]. In addition,
frequency-domain cuts are applied to remove bins identi-
fied through coherence studies as contaminated by instru-
mental artifacts. Details of the observing run, including the
time- and frequency-domain cuts and the effective dataset,
are provided in Table IV of Appendix A.
We compute the CSD by combining the SFTs of

192-second segments from all detector pairs, using a
coarse-grained frequency resolution of Δf ¼ 1=32 Hz
and including the corresponding variances.
To reduce computational and storage costs in GWB

searches, we fold the 192-second segments across a
sidereal day (23h 56m 4s), leveraging the temporal sym-
metry of the ORF due to Earth’s rotation [69,103]. This
preserves all necessary information while enabling efficient
maximum-likelihood analysis over the full run.
We generate folded datasets for all observing runs [104]

up to and including O4a, and perform all analyses using the
PyStoch package [73,74], which now provides a unified
framework supporting both pixel- and SPH-based analyses
from O4a onward.

A. All-sky all-frequency radiometer search

To identify a potential GW signature in the data and set
constraints on source parameters in the absence of a
detection, we use the estimators constructed in Sec. II B
following the method outlined in Ref. [54] and detailed in
Appendix B.
We use a detection statistic, the signal-to-noise ratio

(SNR), defined as

ρ̂n̂ðfÞ≡
P̂n̂ðfÞ
σn̂ðfÞ

; ð22Þ

to evaluate the significance of the data. The distribution of
this statistic, obtained from O4a data using both the random
(unphysical) timeshift method [54] and the zero-lag data
(i.e., data without timeshift), is shown in Appendix B 1.
The zero-lag data is mostly consistent with the random-
timeshifted data within 2-sigma Poisson errors. With a
global p-value threshold of 5%, no evidence is found for a
persistent narrowband GW source. A total of 505

3While the weak-signal limit mentioned in Sec. II A assumes
the detector noise to dominate over the GWB signal and
astrophysical shot noise in the individual time-frequency com-
ponents, Eqs. (18) and (21) involve the whole dataset and subsets,
respectively, after marginalizing across times and frequencies.

DIRECTIONAL SEARCH FOR PERSISTENT GRAVITATIONAL … PHYS. REV. D 114, 022001 (2026)

022001-5



subthreshold candidates identified for follow-up, and
details are provided in Appendix B 1.
Next, assuming that the GW signal remains in the same

frequency bin and sky direction, we combine data from the
O1–O4a observing runs (including multiple baselines for
O3). This assumption sets an upper bound on the frequency
drift of a CGW signal

0.03125 Hz
8.3 years

¼ 1.2 × 10−10 Hz s−1: ð23Þ

We note that incorporating data from multiple datasets
reduced the notch fraction from 11.4% in O4a to 7.9% in
O1–O4a. The zero-lag data remains consistent with the null
hypothesis. Additionally, we investigate the top three SNR
candidates in zero-lag with SNR > 5.5. We find that these
candidates are associated with data quality issues at these
frequencies, including hardware injections and calibration
lines [99]. Finally, a total of 562 subthreshold follow-up
candidates have been identified for the follow-up with
methods tuned for searching for a CGW (see Appendix B 1
for the details).
Having found the data to be consistent with Gaussian

noise, we set Bayesian ULs on the effective strain ampli-
tude, defined as

heff;n̂ðfÞ≡ ½Pn̂ðfÞΔf�1=2; ð24Þ

with 95% confidence. We note that the effective strain
amplitude defined above is equal to the intrinsic strain
amplitude h0 for a circularly polarized CGW, provided the
signal remains confined within a single frequency bin
[105,106]. In practice, this assumption is violated due to
factors such as arbitrary polarization, Doppler shifts from
the Earth’s orbital motion, and intrinsic source motion
(e.g., proper motion or binary orbital motion), which
introduce biases in the estimator. The Doppler shift from
the Earth’s motion around the Sun can be approximated as
f0 × 2 × 10−4 cos δ, where f0 is GW frequency in the Solar
System barycenter frame and δ is the source declination.
Consequently, above ∼160 Hz, the signal drifts beyond a
single frequency bin. We therefore restrict our UL estimates
to the 20–160 Hz range, which we refer to as sensitivity
estimates in further discussion.

As shown in Table I, the sensitivity estimate with
O4a and O1–O3 data across sky and frequencies lie in
the ranges ð3.46–223.12Þ × 10−26 and ð3.39–963.23Þ ×
10−26 [54], respectively. After combining all available data
(i.e., O1–O4a), the sensitivity lies in range ð2.94–845.68Þ×
10−26.
To assess the improvement in the sensitivity estimate

with the addition of the latest data, comparing only the
minimum or maximum sensitivity across datasets is not a
robust approach. This is primarily due to two reasons. First,
specific frequency bins may be notched in one dataset but
present in another, preventing a uniform comparison. For
example, the notch fraction decreases from 7.6% in O4a to
0.4% in the combined O1–O4a dataset (below 160 Hz).
Second, the reported sensitivity incorporates both a point
estimate and its associated uncertainty, both of which can
fluctuate across the sky, introducing intrinsic statistical
variability. We therefore compute the sensitivity improve-
ment using the ratio of median sensitivity across these
shared frequency bins. As shown in Table I, the median
sensitivity ratios for O4a to O1–O3 and O1–O4a to O1–O3
are 0.89 and 0.79, respectively, indicating an overall
improvement by a factor of 1.12 (1.26).
To understand the variation of sensitivity across sky

directions and frequencies, we consider a simplified model
in which the sensitivity for each frequency-pixel pair is
approximated as a combination of the point estimate and its
associated uncertainty. Given that the observed SNR for
frequency-pixel pairs is consistent with Gaussian noise
with zero mean, the point-estimate P̂n̂ðfÞ can be assumed
to be centered near zero. Consequently, the sky-averaged
sensitivity can be approximated as [using Eqs. (7) and (8)]

SensitivityðfÞ≡ hσn̂ðfÞi1=2n̂ ∝ ðP1ðfÞP2ðfÞÞ1=4; ð25Þ

where P1ðfÞ and P2ðfÞ are noise PSD for detector 1 and 2
in baseline I. The sky-averaged sensitivity as a function
of frequency is shown in the left panel of Fig. 1 for
O1–O4a (blue) and O1–O3 (yellow). The trend follows the
shape of the typical noise curve, i.e., ðP1ðfÞP2ðfÞÞ1=4, with
the shaded region indicating 1-sigma sky fluctuations.
Similarly, the frequency-averaged sensitivity for a given
sky direction n̂ is given by [using Eqs. (7) and (8)]

TABLE I. We present Bayesian sensitivity estimate on the effective strain amplitude heff for three datasets: O4a, O1–O3, and the
combined O1–O4a. When comparing the median sensitivity of O4a to O1–O4a, an improvement is observed. To account for differences
in the vetoed frequency bins across observing runs, we also compare median sensitivity over the common frequency range.

Run
Vetoed-Frequency

Fraction (%)
Range

(×10−26)
Median
(×10−26)

Median Common
f (×10−26)

Median (Mean)
Ratio Run

O1−O3

O4a 7.6 3.46–223.12 9.00 9.29 0.89 (0.72)
O1–O3 1.2 3.39–963.23 10.04 10.39 1 (1)
O1–O4a 0.4 2.94–845.68 8.41 8.24 0.79 (0.67)
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Sensitivityn̂ ≡ hσn̂ðfÞi1=2f ∝

�
X

t

Γn̂ðtÞ
�

1=4

; ð26Þ

where Γn̂ðtÞ ¼
P

A F
A
1 ðt; n̂ÞFA

2 ðt; n̂Þ is the combined
antenna response [56], and the summation is over observ-
ing time. This captures the directional variation in detector
response over the full observing run. The corresponding
skymap of frequency-averaged sensitivity for O1–O4a is
shown in the top right panel of Fig. 1. For the HL baseline-
dominated data, the most sensitive sky regions lie between
declinations of approximately 20°–60°, with reduced sen-
sitivity near the celestial poles and equator.
The bottom right panel of Fig. 1 presents the ratio

of frequency-averaged sensitivity between O1–O4a and
O1–O3 across the sky, which varies between 0.63 and 0.71.

1. Marginal outlier at 92.8125 Hz

Signs of non-Gaussianity are observed in the negative
SNR tails of the zero-lag data, with the samples originating
from the same frequency bin at 92.8125 Hz. While an
actual astrophysical source is not expected to produce
negative SNR in our analysis, this candidate lies close to the
SNR threshold for a two-sided p-value. Therefore, a
follow-up analysis was conducted, with details pro-
vided below.
In the O4a data, we identified a frequency bin at

92.8125 Hz with extreme SNR values: a minimum of
−6.12 and a maximum of 5.2 in the zero-lag dataset. The
minimum SNR lies in the negative tail and is just above

the two-sided threshold of −6.18 corresponding to a 5%
p-value (see O4a SNR histogram in Appendix B). While
the positive SNR is not significant enough to be classified
as an outlier, the frequency-pixel pair was selected as a
subthreshold follow-up candidate. The associated SNR
skymap is given in Appendix B. In the random-timeshifted
dataset, the SNR range narrows to −2 to 2, and the skymap
structure disappears—consistent with behavior expected in
the case of a persistent signal. We investigate both tails to
determine whether the excess power arises from detector
noise or a GW signal.
We note that, while most hardware injections were too

weak to be confidently detected with our search method,
the injection near 52.8 Hz was identified as a subthreshold
follow-up candidate, with an SNR of 4.25—lower than that
of the observed “outlier.” As shown in Appendix B, the
SNR in the outlier frequency bin steadily builds up in the
zero-lag run and stands out compared to both neighboring
frequency bins and the random time-shifted dataset.
We also performed a simulation by injecting a GW signal

with SNR ∼ 4.9 at the sky location corresponding to the
observed maximum SNR, convolved with the detector
response, and added to numerous noise realizations. We
find that, in approximately 4 out of 104 trials, the negative
SNR exceeds the positive by a magnitude of 0.9, with the
maximum SNR exceeding 5.1, and the observed skymap is
found to be a good match with the simulated map (see
Appendix B).
When combining O4a data with previous observing runs

(O1–O4a), the SNR decreases from −6.12 to −4.3 and

FIG. 1. Bayesian sensitivity estimate to effective strain amplitude heff : Left panel: Sky-averaged sensitivity from the O1–O3 and
O1–O4a datasets are shown as blue and yellow solid lines, respectively. The shaded regions represent 1-sigma variations in the estimates
across the sky. The overall shape of the curves reflects the detectors’sensitivity profiles. Gaps indicate vetoed frequency bins, while narrow
vertical peaks correspond to instrumental spectral lines that were not vetoed, as their impact on the analysis was minimal. Top right panel:
Skymap of frequency-averaged sensitivity using O1–O4a data. The observed pattern reflects the typical sky sensitivity of an HL-
dominated network. As expected, the sensitivity is worse near the poles and equator, with improved sensitivity in the mid-declination
regions. Bottom right panel: Skymap showing the ratio of frequency-averaged sensitivity from O1–O4a to that from O1–O3.

DIRECTIONAL SEARCH FOR PERSISTENT GRAVITATIONAL … PHYS. REV. D 114, 022001 (2026)

022001-7



from 5.2 to 3.6. For a persistent astrophysical source lasting
∼8 years, we would expect the SNR—particularly in the
positive direction—to increase if earlier data were sensitive
and the signal remained in the same frequency bin.
Otherwise, a decrease in SNR upon combining runs may
instead indicate a detector noise artifact that was absent in
previous runs. We note that O3 HL data have sensitivity
comparable to O4a HL data, while other datasets were
insufficiently sensitive.
We do not see any excess autopower localized in these

frequency bins in the individual detectors; the nearest
unknown excess power is observed in the L detector at
around 92.7 Hz (3 bins away). We have not identified any
coherent instrumental witness channel that could account
for the elevated SNR. While some periods of elevated
detector noise are present, there is no evidence of persistent
or long-term nonstationary noise. Removing these periods
from the analyzed data does reduce the SNR, but the pattern
in the sky persists. The results remain inconclusive, and this
frequency bin will be monitored in future observing runs to
gather additional data.

B. Targeted narrowband radiometer search

For all five directions, we computed the SNR by
combining the appropriately sized frequency bins across
the detectors. The best SNRs after bin combination
are shown in Table II, together with their p-values. The
p-values are calculated from the maximum SNR distribu-
tion obtained by simulating many realizations of strain
power (details are shown in Appendix C 3).
Since we do not find any evidence for narrowband GWs,

we place 95% confidence ULs on the GW strain spectrum
from the five selected targets, shown in Fig. 2 together with
the 1σ sensitivity. The results indicate a median improve-
ment by a factor of 1.6–1.7 compared to previous results
from O1 to O3, with strain amplitudes ranging from ∼1.1 ×
10−25 to 6.5 × 10−24 depending on the target.
Since the O4a data have the best sensitivity so far, it is

worth comparing the contribution that the O4a dataset is
giving to improve the reach of our searches. At higher
frequencies, O4a alone can provide better sensitivity than
the combined O1 to O3 data. It also helps to improve the
previous ULs in all the frequency ranges for all selected

targets. The combination with future stages of the run
promises to significantly increase the reach of our searches.
It is also useful to compare the results obtained with

CGW searches. CGW searches use techniques that, for
sources with at least a partial knowledge of the parameters,
grant a much longer coherence time and hence better
sensitivity than the targeted radiometer (for example,
Ref. [107] for the previous run and [108] for O4a).
Taking into account the several semicoherent methods

used for the O3 all-sky search for isolated pulsars [109], the
sensitivity estimation over the whole sky is comparable to
the ULs shown in this section. However, more precise UL
estimation, like the one shown in the first half of the third
observing run (O3a) all-sky isolated CGW search [110],
can lead to significantly lower limits than the best ones
obtained with SN 1987A of h0 ≃ 10−25. As a reference for
the most recent SN 1987A dedicated search, see also the
90% confidence UL on O3 data in [111].
A directed search to the Galactic Center in O3, using a

CW semicoherent method, generally showed better sensi-
tivity estimations than the targeted NBR search [112].
Regarding Sco X-1, to assess the astrophysical signifi-

cance of the signal strength probed in this search, a
commonly used benchmark is the torque-balance level. In
most CGW searches of this target (see, for example,
[113,114], and the studies with updated ephemeris in
[115,116]), an order-of-magnitude estimate of the torque-
balance level is adopted as a reference point to evaluate
whether the explored parameter space is astrophysically
relevant. Given the absence of a detection in our search, we
compare our ULs with this benchmark and find that they
remain above the torque-balance level.
These upper limits assume a generic polarization

and marginalize over inclination and polarization angle
(see Appendix C 4). However, if we instead consider the
circular polarization case—typically not quoted in our
fully unmodeled analyses—our results indicate that the
search has surpassed the torque-balance threshold under the
hypothesis of circular polarization (more details are shown
in Appendix C 5).

C. Broadband radiometer search

We present the results of the BBR analysis for the O4a
dataset only and after combining them with the previously

TABLE II. Results of the targeted narrowband radiometer search on the O1–O4a combined datasets. We show the maximum SNR
with its estimated p-value and frequency bin for each search direction. We also give the best 95% confidence-level GW strain ULs, with
the corresponding frequency band, taken as the median of the most sensitive 1-Hz band.

Direction Max SNR Frequency band (Hz) p-value (%) Best UL (×10−25) Frequency band (Hz)

Scorpius X-1 4.2 1706.09375–1707.21875 53.7 1.5 192.9375–193.0625
SN 1987A 4.1 1672.6875–1672.75 59.0 1.1 246.75–246.8125
Galactic Center 4.4 372.28125–372.90625 22.5 1.9 227.4062–228.03125
Terzan 5 4.5 821.46875–822.09375 16.3 1.9 260.71875–261.34375
NGC6397 4.5 264.84375–265.40625 18.2 1.7 251.40625–251.96875
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existing results from O1 to O3, which we also summarize in
Table III. We have performed such an analysis for three
spectral indices, namely α ¼ f0; 2=3; 3g, whose final
results are the skymaps shown in Fig. 3. As in Ref. [53]
we pixelate the sky by employing the HEALPix scheme [75],
but instead of using Nside ¼ 32 as in [53], here we use
Nside ¼ 16. We have opted for this choice as a compromise

among the different angular resolutions of the baselines at
the lower and upper ends of their most sensitive frequency
bands, for different spectral indices α [56,117]. We recall
that we apply the same data quality prescriptions as detailed
in Sec. III and Appendix A.
Following the methods from Appendix D, we have first

evaluated the SNR maps for α ¼ 0, 2=3, and 3, and then we

FIG. 2. Plots showing the ULs for the five targets of the O1–O4a NBR search. In each plot, the black solid line shows the Bayesian
ULs set at 95% confidence level, while the gray line is the 1σ sensitivity estimation in the hypothesis of no signal. The shaded blue area
shows the 1σ sensitivity estimation with data up to the O3 run, highlighting the sensitivity improvement granted by adding the O4a run
to the analyses.
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have assessed the statistical significance of the maximum
SNR for each spectral index. We find that these SNR values
are consistent with the noise-only hypothesis, and we
therefore proceed with the UL calculation. There is no
evidence of outliers in the BBR results, in contrast to the
ASAF outlier in the 92.8125 Hz skymap. This is not
inconsistent with the ASAF outlier, which is a narrowband
feature and does not contribute significantly when inte-
grating over the whole frequency band in the BBR
analysis [118].
Figure 3 illustrates the skymaps showing the 95%

Bayesian ULs on the GW energy flux Fα;n̂ð25 HzÞ in
CGS units for α ¼ 0, 2=3 and 3, obtained by combining the
data from O1 to O4a. When comparing Fig. 3 to the results
from the first three observing runs, we find that the median
improvement in ULs across the sky is a factor of 1.4 for
α ¼ 0, 1.4 for α ¼ 2=3, and 1.7 for α ¼ 3, respectively.

D. Spherical harmonics search

Following the procedure for significance assessment
described in Sec. II E, we compute the p-value for each
real and imaginary part of the clean map estimator for the
combined dataset across O1–O4a, and compare them to the
local and global p-value thresholds, respectively. We find
that all SPH modes lie within the global p-value threshold
across the three power-law spectrum models, indicating

consistency with a Gaussian distribution. See Appendix E 4
for more details. Given the absence of a detected GWB

signal, we compute ULs on C
1=2
l

at each angular scale
characterized by the l value, for different power-law
frequency spectrum models. Figure 4 shows the Cl ULs
derived from the two estimators for each power-law
spectrummodel. Also, the uncertainties of Ĉl measurement
are improved by factors of 1.4-2.2 compared to the
previous search, as discussed with more details in
Appendix E 4.
Note that the variance of the Ĉl estimator and its ULs

depend on the definition of the Ĉl estimator or even the
specific regularization we apply to the Fisher matrix.
Therefore, one should not quantitatively compare the
ULs reported here to those in Ref. [53], where the
regularization was performed differently as compared to
what is presented in this paper. The improvement factors
mentioned above are based on the ULs recomputed for
O1 + O2 + O3 data using the consistent regularization
method, described in Appendix E 2 for either definition of
the Cl estimators. For the same reason, these ULs cannot
be compared between the two different estimators. Even
though we apply the same regularization to both cases, the
variance of the cross-Ĉl estimator also depends on how
the entire dataset is split into subsets since the inversion of
a Fisher matrix is not a linear operation. Therefore, we

FIG. 3. 95% confidence Bayesian UL skymaps from a BBR search for pointlike sources. The maps are presented in the equatorial
coordinate system and show UL skymaps of the GW energy flux from the combination of all the data from O1 to O4a LIGO observing
runs and the Virgo O3 data. α ¼ 0, 2=3, and 3 are represented from left to right.

TABLE III. The maximum SNR across all-sky positions, its estimated p-value, and the range of the 95% ULs on GW energy flux
F95%;UL
α;n̂ ð25 HzÞ ½erg cm−2 s−1 Hz−1� set by the BBR search by combining the LIGO data from O1 to O4a and the Virgo O3 data. The

median improvement across the sky compared to limits from the O3 analysis is a factor of 1.4-1.7, depending on α. O1þ O2þ O3
(HLV) ULs reported in the last column differ from the ULs in [53] due to the different Nside parameter we are employing here.

Max SNR (% p-value) UL ranges ð10−8Þ ½erg cm−2 s−1 Hz−1�
α ΩGWðfÞ HðfÞ HL(O4a) O1þ O2þ O3þ O4a O1þ O2þ O3þ O4a O1þ O2þ O3 (HLV)

0 Constant ∝ f−3 1.7 (93) 2.2 (72) 1.2–5.5 1.7–7.6
2=3 ∝ f2=3 ∝ f−7=3 1.8 (97) 2.4 (76) 0.6–3.0 0.85–4.1
3 ∝ f3 Constant 3.8 (20) 3.8 (19) 0.008–0.092 0.013–0.11
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treat these estimators as two different ways to present our
search results.
Below, we consider the implications of our results for

different astrophysical models. For α ¼ 2=3, the UL found

here for the corresponding lmodes isC1=2
l

<1.2×10−9 sr−1,
whereas several theoretical studies in the literature [119–

121] predict a range of C
1=2
l

∼ ð0.2–5Þ × 10−11 sr−1 for
1 ≤ l ≤ 4, assuming the normalized GW energy density
due to an isotropic GWB of compact binaries is ΩGW ≲

ð2.2–6.7Þ × 10−9 [64]. Also, note that the shot noise term is
expected to be ðCshot

l
Þ1=2 ∼ 10−10 sr−1, dominating the

anticipated true astrophysical power spectrum [122], and
is still below the obtained ULs by an order of magnitude.
This is consistentwith the fact that the point estimates for the
two types of the Ĉl estimators are not significantly different.
For α ¼ 0, we find the UL to be C

1=2
l

≤ ð0.7–1.7Þ ×
10−9 sr−1 for 1 ≤ l ≤ 3, whereas the theoretical study
on Nambu-Goto strings based on the model 3 in
Ref. [123], combined with the most up-to-date constraints
on Gμ using the isotropic component of the GWB [65],

Gμ ≲ ð2.7 ∼ 4.2Þ × 10−15, sets C1=2
1 ≲ 10−12 sr−1. For both

choices of the power spectra (α ¼ 0 and α ¼ 2=3), we
conclude that the predictions of the theoretical models are
consistent with the search results presented here.

IV. CONCLUSIONS

We do not find evidence for GW signals in any of the
four analyses using data from the first three observing runs
of LIGO, Virgo, and O4a. Hence, each analysis yielded the
most stringent constraints to date from the directional
search for persistent GWs. For the all-sky all-frequency
analysis, we observe a median (mean) improvement factor
of 1.12 (1.38) in Bayesian sensitivity estimate to the
effective strain amplitude when comparing O4a to O1–O3

in Table I. Combining data from O1–O4a enhances this
improvement by a factor of 1.13 relative to O4a alone, and
the fraction of notched frequency bins is reduced from
11.4% to 7.9%. For the targeted narrowband radiometer
analysis, O4a contributes significantly to improve the upper
limits of the entire frequency range (see Fig. 2), in
particular at higher frequencies. In the broadband radiom-
eter analysis, when comparing with the first three observing
runs in Table III, the median improvement across the sky in
the upper limits on the GW energy flux is 1.4, 1.4, and 1.7
for α ¼ 0; 2=3, 3, respectively. Lastly, the spherical har-
monic analysis has introduced a cross-Cl estimator to
remove the potential shot noise and GWB bias as opposed
to the conventional auto-Cl estimator. The uncertainty on
the angular power spectrum, Cl, derived from each
estimator has improved by a factor of 1.4–2.2 compared
to the first three observing runs. Also, the upper limits for
each estimator shown in Fig. 4 are consistent with the
predictions of the theoretical models, such as cosmic
strings and kinematic dipole.
During O4a, the Virgo detector was not in science mode

and is therefore not included in our analysis. However, as
noted in previous studies [53], incorporating the Virgo
detector into the network (even with its higher noise levels
compared to the LIGO detectors) serves as a natural
regularizer in extended source searches. This, in turn,
enables us to resolve finer structures in the GW skymaps.
As shown in [124], current directional analyses are not
affected by correlated noise, such as magnetic correlations
between detectors. While these contributions are currently
negligible, they are expected to become increasingly
important as detector sensitivities improve.
Improvements in detector sensitivity, longer observing

runs, and larger network configuration will get us closer to
the detection of potential local anisotropies or previously
unknown pointlike sources. It is also worth noting that the

FIG. 4. 95% ULs on the two Cl estimators for different α using combined O1 + O2 + O3 + O4a data.
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potential of all-sky all-frequency sources to uncover
unknown narrowband signals represents an exciting direc-
tion for future investigations. A thorough investigation of
the potential follow-up candidates from the all-sky all-
frequency analyses, as presented in Ref. [125], could
provide valuable insights into the nature and significance
of the identified candidates.
Looking ahead, as the fourth observing run progresses,

we will continue to incorporate additional data and update
the findings reported in this paper.
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APPENDIX A: OBSERVING RUNS AND

DATASET

Table IV details each individual observing run of the
detectors from O1 to O4a, including their start and end
times, the amount of data lost through time-domain cuts,
and the effective data available for the GWB directional
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searches. As part of the time-domain cuts, we exclude data
contaminated by instrumental artifacts, hardware injections
used for signal validation, and segments containing known
GW signals. We also apply a standard nonstationarity cut
[64] to eliminate segments that do not behave as Gaussian
noise. The table also shows the fraction of frequency bins
removed from the analysis. These removals follow the same
frequency-domain cuts described earlier, based on coherence
studies identifying contamination from instrumental arti-
facts. The specific bins removed may vary across analyses
depending on sensitivity to narrow spectral features.

APPENDIX B: ASAF RADIOMETER SEARCH

1. Significance

We summarize the statistical framework used here to
identify the GW signal in the ASAF search.
The null hypothesis assumes that the data contain only

Gaussian noise, while the alternative hypothesis is that a
GW source is present in at least one frequency-pixel pair.
The detection statistic is the SNR [Eq. (22)], which under
the null ideally follows a zero-mean Gaussian distribution.
Because real detector data include non-Gaussian features

such as narrowband artifacts and glitches, the null SNR
distribution is obtained using the random time-shift (TS)
method [54]. The procedure involves dividing the data from
the entire observing run into multiple jobs (2493 in the case
of O4a), each typically having a maximum duration of
5000 seconds. For each job, the data from one detector is
held fixed while the data from the other detector is shifted
by a random time delay, uniformly sampled between 1 and
2 seconds. This random time-shifting process effectively
eliminates any coherent and persistent signals, ensuring
that only the noise background remains in the data [54].
After ensuring the Gaussianity of the null distribution,

we proceed to test the zero-lag (ZL) data (without an
unphysical time-shift) against the null hypothesis. We
determine the observed highest SNR across frequency-
pixel pairs and compute the local p-value, pL, assuming a
Gaussian distribution for noise. Since many simultaneous

tests increase the chances of false positives (the look-
elsewhere effect). we adjust to global p-value, pG, using
Sidak’s correction [127,128]

pG ¼ 1 − ð1 − pLÞNtrials ≈ NtrialspL for pL ≪ 1: ðB1Þ

where Ntrials is the number of frequency-pixel pairs. We
reject the null hypothesis if pG < 5%. The histogram of
SNR for the ZL (blue) and TS (magenta) data is shown in
Fig. 5, along with the SNR thresholds corresponding to
1-(solid vertical) and 2-sided (dashed vertical) global
p-values of 5% for the O4a (left panel) and O1–O4a (right
panel) datasets. Additionally, details of marginal outlier
observed in the O4a dataset are presented in Fig. 6.

2. Follow-up candidates identification

After assessing the significance of our data, we identify
subthreshold candidates for follow-up using more sensitive
methods, such as matched-filtering-based searches [125].
We first determine the sky pixel with the maximum SNR,

ρ̂maxðfÞ≡maxn̂ ρ̂n̂ðfÞ; ðB2Þ

for each frequency bin in both zero-lag and time-shifted
data. The full frequency range is divided into 10 Hz sub-
bands for the time-shifted data. For each sub-band, we
compute the histogram of ρ̂maxðfÞ and determine the
threshold below which 99% of the histogram area lies.
This results in an array of sub-band-wise thresholds, which
are then smoothed using a running average. Candidates in
the zero-lag data with SNR exceeding this threshold are
selected for further investigation. If the zero-lag data is
consistent with random-timeshifted data (and Gaussian
noise), this procedure is expected to yield at least ≈513
candidates. The following calculation shows why this
number of candidates is expected:

TABLE IV. This table shows the individual observing runs, their start and end times, the detectors involved, the data quality cuts (both
time and frequency domain) applied, and the effective data used in this analysis.

Frequency notch fraction (%)

Run [51–54] Start time (UTC) End time (UTC) Detectors
Time domain

cut (%)
Effective
data (days)

ASAF
analysis

Other
analyses

O1 2015-09-18 15:00 2016-01-12 16:00 H, L 35 29.85 25.5 21.1
O2 2016-11-30 16:00 2017-08-25 22:00 H, L 16 99 19.6 15.3
O3 2019-04-01 15:00 2020-03-27 17:00 H, L, V 10.7 (HL) 169 (HL) 21 (HL) 14.8 (HL)

14.3 (HV) 146 (HV) 34.8 (HV) 25.2 (HV)
14.7 (LV) 153 (LV) 28.15 (LV) 21.9 (LV)

O4a 2023-05-24 15:00 2024-01-16 16:00 H, L 8.3 108.65 11.4 11.4
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FIG. 6. Follow-up subthreshold candidates: Left panel: distribution of the maximum SNR statistic (y-axis) as a function of frequency
(x-axis) obtained with O4a observing run, where Max (SNR) denotes the maximum SNR across the sky within each frequency bin.
Scatter points for the zero-lag and time-shifted datasets are shown in blue and magenta, respectively. Gray vertical lines indicate vetoed
frequency bins excluded due to known instrumental artifacts. The brown horizontal line indicates the SNR threshold corresponding to a
5% 1-sided global p-value. The yellow curve shows the maxSNR threshold corresponding to a 99% local p-value in each 10-Hz band,
smoothed over three neighboring bands. While the zero-lag data is consistent with Gaussian noise, we identify 505 subthreshold follow-
up candidates marked with teal circles, which may be further analyzed using matched-filtering-based CGW search pipelines. Right
panel: Same as the left panel, but using data from O1–O4a observing runs.

FIG. 5. ASAF search results—Significance: Left panel: distribution of SNR for the zero-lag (blue) and time-shifted (magenta) datasets
with O4a observing run. The time-shifted (unphysical) distribution is consistent with a Gaussian (gray line) with mean −5 × 10−4 and
standard deviation 0.98. Poisson 1- and 2-sigma uncertainties for the time-shifted histogram are shown as a yellow-shaded region. The
zero-lag histogram is largely consistent with the time-shifted data, except for non-Gaussian excess at negative SNR. Vertical brown lines
(solid and dashed) indicate the 1- and 2-sided 5% global p-value SNR thresholds. Although an astrophysical signal is expected to yield a
positive SNR, we investigate the origin of the observed negative SNR feature. Right panel: Same as the figure in the right panel but with
O1–O4a data.

A. G. ABAC et al. PHYS. REV. D 114, 022001 (2026)

022001-14



Sub-bands¼ð1726−20ÞHz
10Hz

≈171;

Bins per sub-band¼ 10Hz
Δf

¼ 320;

Top-1%candidates per sub-band¼ 320×0.01≈3;

Total Top-1%candidates¼ 171×3¼ 513: ðB3Þ

The distribution of ρ̂maxðfÞ for the ZL (blue) and TS
(magenta) data is shown in Fig. 7, along with the identified
subthreshold candidates indicated by teal circles for the
O4a (left panel) and O1-O4a (right panel) datasets.

3. Upper limit calculation

We adopt a hybrid frequentist-Bayesian approach for
setting constraints [129]. Assuming the point estimate
is a sufficient statistic for measuring GW source proper-
ties, we apply Bayes’ theorem to construct the posterior
distribution.
For clarity, the dependence of estimators ½P̂n̂ðfÞ; σn̂ðfÞ�

and strain parameter heff;n̂ðfÞ on direction and frequency
is assumed to be implicit in the following discussion. Each
element in the matrices ½P̂; σ� here represents an obser-
vation from the individual dataset (e.g., baseline or
observing run).

0.95 ¼
Z ðheffÞ95%

0

dheff
LðP̂ΔfjE; heffÞpðheffÞ

R
dheffLðP̂ΔfjE; heffÞpðheffÞ

:

ðB4Þ

The integrand in the above equation represents the
posterior distribution for heff, where LðP̂ΔfjE; heffÞ is
the likelihood and pðheffÞ is the prior for heff. The like-
lihood LðP̂ΔfjE; heffÞ is modeled as a multivariate
Gaussian distribution for the random vector P̂Δf ∼

N ½ðheffÞ2I;E� where I is a column matrix with unit
elements. The prior is assumed to follow a uniform
distribution, heff ∼U½0; 10 ffiffiffiffiffiffiffiffiffi

σΔf
p � [54] where σ2 is squared

sum of variance from individual dataset, i.e., σ2 ¼
P

i Σii.
We note that the integration in the denominator spans the
prior-defined range of heff .
Given that the strain data is obtained by calibrating the

detector response to GW strain, our estimator is subject to
calibration uncertainties (see [48–54,130] for details).
Marginalization over calibration uncertainty introduces
an additional covariance term to the noise variance matrix
of P̂ [131]. The modified covariance matrix E is given by

E ¼ Σþ ðheffÞ4D; ðB5Þ

where Σ is the noise covariance matrix, defined as
Σij ¼ σ2i δijΔf, and D accounts for calibration errors.

FIG. 7. Details of O4a marginal outlier toward negative SNR tail: The SNR skymap for 92.8125 Hz marginal outlier in O4a is shown
in the top right panel. The positive and negative SNR blobs may be correlated through the point spread function: a GW source at the
location of maximum SNR could produce a corresponding negative SNR feature next to it. To test this, we simulate skymap by injecting
a source in the positive SNR direction and recover a map similar to the observed map, as shown in the bottom right panel. This motivates
further investigation of both blobs. In the left panel, we show the evolution of cumulative SNR in the direction of maximum SNR
(marked by an up triangle in the top right panel) as a function of observing days during O4a. The thick blue indicates the outlier
frequency bin, while the two other thin blue curves represent the adjacent frequency bins immediately before and after the outlier. The
magenta lines represent SNR evolution for random timeshifted data.
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The indices i, j run over the number of analyzed datasets.
As an example, for the baselines HL and LV, theDmatrix is

D ¼
 

ϵ2H þ ϵ2L þ ϵ2Hϵ
2
L ϵ2L

ϵ2L ϵ2L þ ϵ2V þ ϵ2Lϵ
2
V

!

; ðB6Þ

where ϵH, ϵL, and ϵV are the amplitude calibration
uncertainties of the individual detectors [132].4 The off-
diagonal elements in the matrix are present only when the
datasets analyzed from a given observing run share
common detectors.

APPENDIX C: TARGETED NARROWBAND

RADIOMETER

1. Source direction and its relevance

In this section, we list the sources chosen for the targeted
search, explaining their relevance and selection criteria.
Scorpius X-1: It is a neutron star in a low mass x-ray

binary (LMXB) system, considered one of the most
promising targets for CGW searches [58,59]. In several
searches [114,116,133], a torque balance is assumed
between accretion spin-up from the companion star and
angular momentum loss by gravitational emission (see also
[134,135]), and it has a known position and ephemeris.
However, its rotational frequency remains unknown [136],
and a spin wandering effect is expected, caused by
stochastic fluctuations of the accretion rate [137]. The
difficulty in characterizing its rotation makes it an optimal
target for an unmodeled narrowband search, like the
targeted NBR, across a large frequency range.
Galactic Center: Identified as the location of the super-

massive black hole Sagittarius A*, it has been addressed as
the host of multiple potential GWs sources, making it a
target for dedicated searches for persistent signals
[54,138,139]. Being a potential host of many unresolved
sources with unknown parameters, it is another natural
target for our search.
SN 1987A: A young supernova (SN) remnant, SN

1987A has been identified as a promising target for GW
searches due to its recent origin [140,141]. However, until
recently, it was not possible to confirm the existence of a
neutron star at its center. This has now been established
through electromagnetic emission detected by the James
Webb Space Telescope [142]. Although the source param-
eters remain unknown, this confirmation underscores the
relevance of SN 1987A as a target for GW searches.
Terzan 5 and NGC 6397: Globular clusters are known to

contain many neutron stars and can be promising targets for
GW searches. Among the possible selection criteria, we

follow [143,144] that point to Terzan 5 and NGC 6397 as a
possible host of a large number of unresolved sources,
together with the fact that Terzan 5 alone hosts approx-
imately 18% of the known millisecond pulsars [145].
However, other criteria exist (for example, see [146]).

2. Bin combination

The value of the number N of bins to be combined, for
the individual sources analyzed, is determined as follows:
for Scorpius X-1, assuming torque balance and hence
neglecting steady spin variation during the observing time,
it is computed using the evolution predicted by its orbital
parameters (see [147]). For the Galactic Center, Terzan 5,
and NGC 6397—which may host a large number of
unknown sources—we compensate only the Earth’s
Doppler modulation, fixing N ¼ 10 for all of them.
The high latitude of SN 1987A causes a negligible

Doppler spread due to Earth’s motion with the default
frequency resolution used (Δf ¼ 1=32 Hz); hence, in this
case, N ¼ 1.
However, SN 1987A is a young supernova remnant, and

it is expected to have a strong spin-down effect due to
rotational energy loss. We did not consider the cumulative
effect of different observing runs when establishing the bin
combination, as this would require specific techniques to
account for the several-month gaps between runs, under
various assumptions about the source’s spin derivatives
(see, for example, the study carried out in [148]).
This leads to ULs that are less conservative than

those obtained by combining additional bins, under the
assumption that the entire signal is confined to a single
frequency bin rather than distributed across several.

3. Significance

For a given target n̂, to assess the significance of
the SNR-frequency data results after the bin combination,
a p-value is estimated with the following process: (1) a
large number (n ∼ 256) noise-only distributions of Pn̂ðfÞ
are generated, drawing for each frequency bin a value
from Gaussian distributions with mean 0 and the corre-
sponding σf obtained from the data; (2) for each reali-
zation, the generated Pn̂sim

ðfÞ and the measured σðfÞ are
combined according to the data from the given target,
yielding a simulated SNR distribution with the same bin
combination; (3) the maximum SNR from each of the
simulated distributions is stored; (4) a range of p-values
running from [0, 1] in n steps are generated and associated
with the maximum SNRs obtained; (5) via a linear
interpolation the data SNRs are matched to the SNR–p-
value distribution obtained by the simulations. A fre-
quency bin whose SNR corresponds to a p-value of less
than 5% is considered an outlier that needs to be analyzed
more thoroughly.

4The uncertainties adopted for different detectors and observ-
ing runs in this study are as follows: ϵO1H ¼ 0.048, ϵO1L ¼ 0.054,
ϵO2H ¼ 0.026, ϵO2L ¼ 0.0385, ϵO3H ¼ 0.0696, ϵO3L ¼ 0.0637, ϵO3V ¼
0.05, ϵO4aH ¼ 0.0693, and ϵO4aL ¼ 0.041.
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4. Bayesian posterior and UL plots

In the following, the calculation of the upper limits
via the integration of Bayesian posteriors will be
broken down. The starting point is the definition of
expectation value and variance of the cross-correlation
statistics for persistent GW signals. They can be written
respectively [105]

μP ¼
P

jðAþ2

Fþ
1jF

þ
2j þ A×2

F×
1jF

×
2jÞðFþ

1jF
þ
2j þ F×

1jF
×
2jÞ

P

jðFþ
1jF

þ
2j þ F×

1jF
×
2jÞ2

:

ðC1Þ

and

σ2P ¼ 2P1P2

T2
coh

P

jðFþ
1jF

þ
2j þ F×

1jF
×
2jÞ2

; ðC2Þ

where the sum is over theM segments of the semicoherent
search with coherence time Tcoh; the GW amplitudes for
the two polarizations Aþ, A× depend on the source
inclination angle ι and the GW strain tensor amplitude
h0

5; the antenna patterns for the two polarizations and the

two detectors at the time segment j, F
fþ;×g
f1;2gj , depend

explicitly on the polarization angle ψ ; the single-sided
power spectral density estimations for the two detectors
are P1;2. In the case of circularly polarized signal Aþ ¼
A× ¼ h0 and μP ¼ h20.
The ULs are computed by integrating the Bayesian

posterior function up to the value hUL
0 that returns the

chosen 95% confidence

0.95 ¼
Z

hUL
0

0

pðh0jP; σPÞ: ðC3Þ

For a given frequency bin, the posterior comes from the
marginalization integral

pðh0jPÞ ∝
Z

1

−1

dðcos ιÞpðιÞ
Z

π=4

−π=4

dψpðψÞ

×
Z

3

−1

dλpðPjh0; ι;ψ ; λÞpðλÞ ðC4Þ

over the inclination angle ι, the polarization angle ψ [105]
and the calibration factor λ [131].
The priors for the first two integrals—respectively pðιÞ

and pðψÞ—will be uniform distributions within the integral
range, and their values will be absorbed in the ∝ symbol.
The latter integral is over an unknown correction factor
representing the uncertainty in the calibration. We assume

for it a Gaussian prior distribution pðλÞ, with σλ as standard
deviation, a known parameter called calibration error.
The likelihood distribution is

LðPjh0; ι;ψ ; λÞ ¼ exp

�

−
1

2

�
λP − μP

λσP

�
2
�

; ðC5Þ

where the dependence on h0,ι,ψ lies within μP .
The marginalized posterior for a generic polarization

will be

pðh0jPÞ∝
Z

1

−1

dðcos ιÞ
Z

π=4

−π=4

dψ

Z
3

−1

dλ exp

�

−
1

2

�
λP−μP

λσP

�
2

−
1

2

�
λ

σλ

�
2
�

: ðC6Þ

In the case of a circularly polarized signal, the likelihood
becomes independent of ι and ψ , and the posterior integral
will simply reduce to

Lðh0jPÞ∝
Z

3

−1

dλ exp

�

−
1

2

�
λP−h0

λσP

�
2

−
1

2

�
λ

σλ

�
2
�

: ðC7Þ

It has been shown that there is a scale factor of ∼2.5
between ULs computed with a marginalization for a
generic polarization with respect to the circular polarization
ones, which depends only on the SNR of the search results
[105]. Calculating the integrals in Eq. (C6) for each
frequency bin can consume a large amount of computing
resources, hence ULs for the two cases are simulated only
for a small number of SNR values between −8 and 8. The
ratio between the two simulated distributions will be called
“upper limit ratios.”
The final UL values are computed under the computa-

tionally much simpler hypothesis of circular polarization.
Assuming a Gaussian prior for the calibration factor, an
analytical solution for the marginalized posterior exists
[149,150] in the form of

pðh0jPÞ ∝
1
ffiffiffiffiffiffiffiffiffiffiffi

2πE2
p exp

�

−
1

2

ðP − h20Þ2
E2

�

; ðC8Þ

where E≡ σP þ h40σλ. By interpolation on the real SNR
data, the UL ratios are applied to reproduce the ULs for a
generic polarization.
For the combination of datasets, we have to treat the

combined effect of the calibration error of the different
runs, changing how the ULs are produced. It can be shown
that the combined likelihood is the product of the single
dataset likelihood [131]

LðPjh0; λÞ ¼
Y

i

LðPijh0; λiÞ: ðC9Þ

With P ¼ fP1;…;Png we indicate the vector of the
detection statistics for a fixed frequency bin and with

5
Aþ ¼ 1

2
h0ð1þ cos2 ιÞ and A× ¼ h0 cos ι, where ι is the source

inclination angle.
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λ ¼ fλ1;…; λng the vector of the unknown calibration
factor we want to marginalize, across the n datasets. The
marginalized posterior will, in turn, be

pðh0jPÞ ∝
Z

dλLðPjh0; λÞpðλÞ: ðC10Þ

It is important to underline that the detector baseline
calibration uncertainty affecting our results is the combi-
nation of the single detector calibration uncertainties. This,
in general, will produce covariance matrices with off-
diagonal elements like in the example in Eq. (B6) that
have to be considered in the integration. If, in turn, we
consider the same baseline across different runs, we can
consider the single-run calibration uncertainties independ-
ently of each other and separate the integrals. In this case as
well, the marginalized posterior will be the product of the
single dataset posteriors

pðh0jPÞ ¼
Y

i

pðh0jPiÞ: ðC11Þ

5. Comparison between UL and torque

balance for Scorpius X-1

An order-of-magnitude estimate of the torque-balance
level, often used in Sco X-1 CGW searches [113,114] to
gauge the astrophysical relevance of the explored parameter
space, is given by

h0 ≈ 3.4 × 10−26

�
f0

600 Hz

�
−1=2

: ðC12Þ

This curve is shown in Fig. 8 as a dashed black line. If we
compare the 95% confidence level UL obtained by the

NBR search to the torque-balance curve, it is evident that
for a generic polarization, the search does not reach
amplitudes below the torque balance hypothesis.
On the other hand, if we consider a circularly polarized

signal, then the ULs are not marginalized over inclination
and polarization angle, reaching lower effective strain
amplitudes. In this scenario, and in agreement with the
aforementioned searches, our results surpass the torque-
balance limit.

APPENDIX D: BROADBAND RADIOMETER

SEARCH—STATISTICAL SIGNIFICANCE

To assess whether a signal is present or not in the BBR
search data in Sec. III C, we consider the SNRmap for each
spectral index and evaluate the statistical significance of the
maximum SNR under the hypothesis that only noise is
present in the data. This is accomplished by simulating
Ntrials realizations of the SNR sky-maps and selecting the
maximum SNR for each of them, hence constructing the
probability distribution function of the maximum SNR. In
practice, for each trial: (1) we simulate a skymap where
each pixel contains Gaussian noise; (2) we color the noise
in each pixel by using the singular values decomposition of
the Fisher matrix to generate the simulated dirty map in the
absence of any signal; (3) we use the diagonal of the Fisher
matrix to obtain σn̂ ¼ ðdiagfΓn̂n̂0gÞ−1=2 and the simulated
estimator map P̂n̂;noise in the absence of a signal; (4) we
obtain the SNR map as P̂n̂;noise=σn̂; (5) we select the
maximum SNR and add it to the histogram of the
maximum-SNR distribution. After Ntrials, we evaluate
the maximum-SNR statistical significance (p-value) as the
ratio of the number of histogram entries that exceed the
maximum value of the observed SNRs to the total number
of the histogram entries (i.e., Ntrial).
If the statistical significance of the maximum SNR is

consistent with the noise-only hypothesis, we proceed with
the evaluation of the ULs on the GWB angular power
spectrum. The evaluation of the ULs follows the same
Bayesian approach as that described in Appendix B by
replacing heff0 with P and P̂Δf with P̂ in Eq. (B4), which
we then rescale to GW energy flux units.

APPENDIX E: SPHERICAL HARMONICS

ANALYSIS

1. Angular resolution

The number of SPH modes to evaluate scales as
ðlmax þ 1Þ2, and hence, in practice, one cannot search
for arbitrary high-order modes due to substantial computa-
tional costs. More importantly, the interferometry in gen-
eral imposes a minimum angular scale below which a given
baseline becomes insensitive to real signals. For a mono-
chromatic signal at the frequency f�, the interferometry-
limited angular scale is given by

FIG. 8. Comparison of the UL for generic polarization (solid
black line) and a circularly polarized signal (solid gray line) with
the torque-balance level from Eq. (C12) (dashed black line).
While the former does not reach the torque-balance threshold, the
latter lies well below it.
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θ ¼ c

2df�
; ðE1Þ

where d is the separation of two GW detectors, e.g., d ¼
3000 km for the LIGO detectors. Since SPH searches target
broadband signals, f� cannot be uniquely determined, but
is approximated by the dominant frequency component of
the signals. This dominant frequency can be estimated by
the tangent point between a given power-law spectrum and
the baseline’s sensitivity curve, i.e., power-law integrated
curve [151]. Therefore, the larger power-law index α leads
to a higher value of f�, e.g., f� ¼ 52.5, 256.5 Hz for α ¼ 0,
3, respectively. Once θ is known, the highest SPH mode
lmax, which corresponds to the minimum angular scale, can
be expressed as lmax ¼ π=θ. Following this argument, we
have adopted lmax ¼ 3, 4, 16 for α ¼ 0; 2=3, 3, respec-
tively [51–53].

2. Regularization of the Fisher matrix

Apart from the angular resolution mentioned above,
another numerical issue arises from the fact that the Fisher
matrix is often ill conditioned—that is, some of its
eigenvalues are extremely small, which makes the inversion
of the Fisher matrix numerically unstable and introduces
additional numerical noise. This issue can be mitigated by
regularizing the Fisher matrix; in previous analyses, we
addressed this by discarding negligible eigenmodes. In
O4a, we revisited the criterion for identifying such negli-
gible eigenmodes, taking into account their residual sum of
squares (RSS) to strike a balance between noise variance
and signal recovery bias. Regularizing the Fisher matrix is a
common mathematical problem, and hence, there are
several regularization methods developed in the field of
astronomy [77,81,152–154]. Our approach is to replace the
singular values for a subset of the SPH modes (e.g., M out
of the total N modes) that have smaller eigenvalues than a
given threshold (λM) with infinities, i.e.,

UΓV ¼ diagðλ1;…; λM;…; λNÞ ðE2Þ

→ diagð∞;…;∞; λMþ1;…; λNÞ; ðE3Þ

where U, V are each a unitary matrix, which diagonalizes
Γ, and λi are the i-th singular values of Γ sorted as
λ1 < λ2 < � � � < λN . This would effectively remove the
contribution from the regularized SPH modes after
inverting the Fisher matrix [57]. Note that the clean map
estimator would be affected by a potential bias in the
presence of astrophysical anisotropies

hP̂μi ¼ Γ
−1
R · Γ ·P ≠ P; ðE4Þ

where ΓR is a regularized Fisher matrix. Although, tech-
nically speaking, the fractional number of singular modes
to keep, fkeep, is still arbitrary, optimizing the regularization

involves a trade-off relation between a lower variance, i.e.,
larger SNR, and the accuracy of the clean map estima-
tor [117].
Since O1, LVK has adopted an empirical approach that

keeps 2=3 of the total modes, i.e., fkeep ¼ ðN −MÞ=N ¼
2=3 across different α values [51–53]. In O4a, we revisit
this approach and introduce an alternative justification by
computing RSS of the clean map estimator for a given
simulated signal [77,81]. This is defined as

RSS ¼ jP̂ðkÞ −P
injj2; ðE5Þ

where Pinj is an injected GWB signal and P̂ðkÞ is a clean
map estimator with the noise realization using the Fisher
matrix derived from the time-shifted O4a dataset, and the
regularization keeping k singular modes. For each k, we
repeat this computation with 10 different noise realizations
and take their mean value. Since the mean of RSS follows

hRSSi ¼ hjP̂ðkÞj2i − 2Re½hP̂ðkÞi ·Pinj� þ jPinjj2 ðE6Þ

¼ σ2P
|{z}

variance

þ jhP̂ðkÞi −Pinjj2
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

bias

; ðE7Þ

the first and second terms in Eq. (E6) represent the variance
and bias of the clean map, respectively. Therefore, mini-
mizing hRSSi in terms of k identifies the optimal point that
compromises the variance and bias. In principle, RSS
values depend on the anisotropy model of the injected
GWB, and here we consider only the monopole compo-
nent, i.e., Plm ¼ 0 (l ≠ 0 or m ≠ 0), as a plausible
detection scenario.
Figure 9 shows a normalized RSS as a function of fkeep

for each α value, which demonstrates the optimal fkeep of
0.3, 0.35 and 0.72 for α ¼ 0; 2=3, 3, respectively. We will

FIG. 9. Normalized RSS as a function of fkeep for each α value.
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adopt these values for the regularization applied to the main
results of the SPH analysis.
Also, Fig. 10 shows the distribution of eigenvalues for

the Fisher matrix with different α values combining O1 to
O4a data. The two dashed lines with each color compare
the number of modes to keep between the conventional
(fkeep ¼ 2=3) and the RSS regularization methods.
Compared to the conventional fkeep ¼ 2=3, the new regu-
larization keeps fewer modes for α ¼ 0; 2=3, while keeping
more modes for α ¼ 3. Although this change in fkeep alters
the variance of the clean map estimator, we note that it does
not indicate a physical change in the sensitivity, but rather a
different way of presenting the results.

3. Cross Ĉl estimator

In the limiting case where the detector data contain only
detector noise, the auto-Ĉl estimator given by Eq. (17) is
unbiased. However, Ref. [83] showed that in the presence
of an astrophysical GWB, it is significantly biased by the
shot-noise-dominated nature of the signal, which arises
from the discrete spatial or temporal realization of indi-
vidual events. Also, this shot noise effect scales as∝ 1=Tobs
in terms of Cl, where Tobs is the observation time, which is
the same scaling expected for the ULs set by the search. As
a result, shot noise may become a limiting factor in future
SPH searches—particularly if sensitivity improves faster
than the 1=Tobs scaling, whether due to enhanced detector
sensitivity or the inclusion of additional detectors. In such a
regime, the analysis could begin to detect GWB signals
from plausible astrophysical populations, e.g., from CBCs.
In addition, Ref. [83] found that the auto-Ĉl estimator is
biased even in the absence of shot noise in the GWB signal.

Therefore, we introduced the cross-Ĉl estimator shown
in Eq. (20), which involves multiple clean maps derived
from subsets of the whole dataset. For each subset, we
compute the corresponding dirty map XðiÞ and Fisher
matrix Γ

ðiÞ, and follow the same deconvolution procedure
as described earlier to obtain the individual clean maps.
This cross-Ĉl estimator, obtained by summing over all
pairs of distinct maps, is by construction unbiased,
accounting for the fact that the bias arises from autocor-
relation of each data segment. This concerns contributions
to the bias not only due to the GWB signal and shot noise
but also the detector noise, which is why ΣR is no longer
subtracted from the clean map product, unlike in Eq. (17).
In practice, there are many ways to divide the total dataset
into subsets, with no trivial choice. However, following
Ref. [83], we aim for constructing subsets of the data with
approximately equal sensitivity, leading to the best UL on
the Cl measurement. Therefore, in our case, we combine
data across different observing runs and baselines to yield
data subsets with approximately equal sensitivity as
follows: The data from the O1 and O2, as well as the
HV and LV baselines of the O3, are combined into one
subset. The total dirty map and Fisher matrix of this subset
are then given by

Xð1Þ ¼ XO1 þ XO2 þ XO3ðHVÞ þ XO3ðLVÞ;

Γ
ð1Þ ¼ Γ

O1 þ Γ
O2 þ Γ

O3ðHVÞ þ Γ
O3ðLVÞ; ðE8Þ

respectively, similar to Ref. [52]. We construct the first
subset in this manner and divide the HL baseline dataset
from O3 and O4a according to the sensitivity of this
dataset, since O1, O2, and the HVand LV baselines of O3
are significantly less sensitive than the HL baselines of O3
and O4a. Specifically, the data from the HL baseline of O3
and O4a are divided equally into 6 and 11 subsets,
respectively. For each subset, we compute the correspond-
ing dirty map, XðiÞ, and Fisher matrix, ΓðiÞ, where the
index i ranges from 2 to 7 for O3 and from 8 to 18 for O4a.

4. UL and significance computation

Following the procedure for significance assessment
described in Sec. II E, we compute the p-value for each
real and imaginary part of the clean map estimator for the
combined dataset across O1–O4a, and compare all these
p-values to the local and global p-value thresholds,
respectively. For better visualization, we convert each p-
value to a z-score, which ranges between ½−∞;∞�, through
the inverse error function. Including the α ¼ 3 case shown
in Fig. 11, all SPH modes lie within the global p-value
threshold (the dashed lines) across the three power-law
spectrum models, indicating the consistency with a
Gaussian distribution. Similarly, we investigate p-values
for the 18 subsets of data used to compute the cross-Ĉl

estimator and confirm that they remain within the global

FIG. 10. Distribution of eigenvalues for the Fisher matrix with
different α values combining O1 to O4a data. The two dashed
lines with each color compare the number of modes to keep
between the conventional (fkeep ¼ 2=3) and new (RSS) regu-
larization methods.
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p-value threshold with very few exceptions.6 Therefore, we
confirm that no confident detection is made at a p-value
below <5%. We then compute the Cl point estimates and
their 1σ uncertainty using Eqs. (18) and (21) for either of
the two estimators, respectively. Although the auto-Ĉl

estimator is potentially biased due to shot noise in an
astrophysical GWB signal, Fig. 12 shows that the

differences between the two estimators remain consistently
within their 1σ error bars across all l values. This suggests
that such a bias is not noticeable, as expected in the absence
of a detected signal, given the current search sensitivity.
Given the absence of a detected GWB signal, we

compute ULs on C
1=2
l

at each angular scale characterized
by the l value, for different power-law frequency spectrum
models, by constructing Bayesian posteriors from the
Monte Carlo samples using the same procedure described
for computing p-values in Sec. II E. The P̂sim samples
generated for the whole dataset and each of the 18 subsets
are converted into the auto-Ĉl and cross-Ĉl estimators
based on Eqs. (17) and (20), respectively. We add the
observed Cl point estimates to each sample and construct

FIG. 11. z-score distribution of α ¼ 3 case for the combined O1–O4a data.

FIG. 12. Cl point estimates using either type of the estimators mentioned above for each power-law spectrum model with the
combined O1 + O2 + O3 + O4a data.

6Considering all individual data subsets and for α∈ f2=3; 3g,
the global p-value threshold was exceeded for a negligible
number of SPH modes. For α ¼ 0, however, this occurred for
approximately 4% of all SPH modes. Due to this notable
deviation from Gaussianity in the latter case, the results of the
cross-Ĉl estimator for α ¼ 0 should be interpreted with caution.
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the simulated PDF, pðCljĈlÞ. Furthermore, we account for
the calibration uncertainty by marginalizing this simulated
PDF over the calibration factor λ such that

pðCljĈlÞ ¼
Z

dλpðCljĈl; λÞpðλÞ; ðE9Þ

where

pðCljĈl; λÞ ¼ pðCl=λ
2jĈl; λ0 ¼ 1Þ; ðE10Þ

pðλÞ ∝ exp

��

−
ðλ − 1Þ2
2σ2λ

�	

: ðE11Þ

The variance of the calibration factor, σ2λ , is given by the
sum of the individual calibration uncertainties measured in
each baseline and observing run,7 i.e., σ2λ ¼

P

i ϵ
2
i .

Eventually, we identify 95th percentiles of pðCljĈlÞ
and define it as the UL at the 95% confidence level.
When we generate the P̂sim samples, we need to account

for a complication due to the requirement that the clean
maps be real quantities on the pixel basis; each sample
needs to conserve the following symmetry

Γl−m;l0−m0 ¼ ð−1Þmþm0
Γ
�
lm;l0m0 : ðE12Þ

The clean map estimator P̂lm follows a multivariate
complex Gaussian distribution with zero mean and the
covariance matrix Σ given by Eq. (19). To satisfy this
condition, we draw each real and imaginary part of a
sample separately by constructing a real covariance
matrix

�
ReP̂sim

Im P̂sim

�

∼N

��
0

0

�

;

�
ΣRR ΣRI

ΣIR ΣII

��

; ðE13Þ

where each block matrix in the real covariance matrix is
defined as

ΣRR ¼ 1

4
fΣlml0m0 þ ð−1ÞmΣl−ml0m0

þ ð−1Þm0
Σlml0−m0 þ ð−1Þmþm0

Σl−ml0−m0g; ðE14Þ

ΣII ¼
1

4
fΣlml0m0 − ð−1ÞmΣl−ml0m0

− ð−1Þm0
Σlml0−m0 þ ð−1Þmþm0

Σl−ml0−m0g; ðE15Þ

ΣRI ¼ Σ
⊤
IR

¼ −i

4
fΣlml0m0 þ ð−1ÞmΣl−ml0m0

− ð−1Þm0
Σlml0−m0 − ð−1Þmþm0

Σl−ml0−m0g: ðE16Þ
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52Università di Camerino, I-62032 Camerino, Italy

53University of Washington, Seattle, Washington 98195, USA
54California State University Fullerton, Fullerton, California 92831, USA
55SUPA, University of Strathclyde, Glasgow G1 1XQ, United Kingdom
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76Università di Perugia, I-06123 Perugia, Italy
77University of Oregon, Eugene, Oregon 97403, USA

78Syracuse University, Syracuse, New York 13244, USA
79Inter-University Centre for Astronomy and Astrophysics, Pune 411007, India

80INFN, Sezione di Pisa, I-56127 Pisa, Italy
81Università di Pisa, I-56127 Pisa, Italy
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292Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi”, I-00184 Roma, Italy

293Kennesaw State University, Kennesaw, Georgia 30144, USA
294Subatech, CNRS/IN2P3—IMT Atlantique—Nantes Université, 4 rue Alfred Kastler BP 20722 44307
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