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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 continuous-
wave emitters. We present results of such a search using data from the rst observing run through
the rst 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 e ective strain amplitude lies in the range (0 :03 84) 10 2
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 % to 6:5 10 2*. For persistent broadband sources, we constrain the
gravitational-wave ux F%3**“" (25Hz) < (0:008 55) 10 ®ergem ?s 'Hz !, depending on the
sky direction f and spectral index = 0; 2=3; 3. Finally, for extended sources, we place upper
limits on the strain angular power spectrum ct? < (0:63 17) 10 ©sr 1,

I.  INTRODUCTION two kinds of anisotropy: large-scale and local. Large-

A gravitational-wave background (GWB) is a di use
signal resulting from the incoherent superposition of nu-
merous 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 bi-
nary coalescences [2{6] and rotating neutron stars [7{15],
and the cosmological GWB [16], potentially generated by
early-universe phenomena such as in ation [17{19], cos-
mic strings [20{23], or phase transitions [24, 25].

While to rst order the GWB is expected to be ho-
mogeneous and isotropic across the sky, it may exhibit

Deceased, September 2024.

scale anisotropies may arise from the uneven distribu-
tion of sources on cosmological scales [26{34], propaga-
tion e ects due to large-scale structures along the line of
sight [35], and kinematic anisotropies caused by the mo-
tion 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 con-
centration of millisecond pulsars in regions such as the
Galactic plane and Virgo cluster, leading to prominent
hotspots 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
components [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 gravita-
tional wave (CGW) sources.

Until the third observing run (O3), the pixel-based
anisotropic searches [51{53] performed by LVK, targeting
point-like persistent sources, typically followed two ap-
proaches: narrowband radiometer (NBR) searches, which
focused on speci c directions (Scorpius X-1, the Galac-
tic Center, SN 1987A, etc.) across multiple narrow fre-
guency bins, and broadband radiometer (BBR) searches,
which scanned the entire sky but averaged over a wide
frequency range. As a result, the prospects of detect-
ing unknown anisotropies were limited, since neither ap-
proach could simultaneously explore the full angular and
spectral properties of the signal. In addition, matched-
Itering-based searches for persistent signals from galac-
tic or extragalactic sources, such as neutron stars [58{
60] or boson clouds around black holes [61{63], are com-
putationally expensive and inherently limited by signal
modeling assumptions. To address this limitation, we in-
troduced 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 ra-
diometer (ASAF) search [54], enables a more comprehen-
sive 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. How-
ever, as mentioned above, GWB anisotropies can also be
expanded in the SPH basis, which is more appropriate
for studying extended or di use 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 analy-
ses: ASAF, targeted NBR, BBR, and SPH, performed
on the LVK observational data from the rst observing
run (O1), second observing run (02), O3, and the rst
portion of the fourth observing run (O4a). These anal-
yses benet from data collected by an increasingly sen-
sitive global network of GW detectors, whose improved
sensitivity over the years has signi cantly enhanced our
ability to probe anisotropic sources of persistent GWs.
Despite this progress, we do not nd evidence for such
sources in any of the four analyses and therefore set ULs
on the GW emission depending on speci ¢ sky directions
or angular scales.

We note that this paper has two companions, one fo-
cusing 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. Il, we intro-
duce the GW radiometer algorithm and search method-
ologies. In Sec. Ill, we present results from ASAF ra-

1 We note that the estimator constructed via cross-correlation is
nearly optimal, given that the auto-correlation is not utilized to
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diometer search, targeted NBR search, BBR search, and
SPH search for extended sources. Finally, in Sec. IV, we
summarize our ndings and outline prospects for future
searches. Comprehensive descriptions of the individual
analyses can be found in the Appendices.

Il.  MOTIVATION AND METHODS

A. Gravitational Wave Radiometer

The dimensionless GW energy density parameter,

ow (f; h), characterizes the energy content of the GWB
per unit logarithmic frequency f and unit solid angle in
the direction f\. It is given by

22

3 . .

ew (f; n) = 1)

where P (f; i) denotes the one-sided power spectral den-
sity (PSD) of the GW strain eld. This quantity cor-
responds to the second moment of a stationary, Gaus-
sian, and unpolarized stochastic GW signal [66].Hg =
67.9kms *Mpc ! in the above equation denotes the
Hubble constant [67].

We aim to measure the angular distribution of the
GWSB, i.e., P(f; n), by performing a cross-correlatiort
between data from a pair of detectors (usually referred
to as baseline, denoted byl , with the subscripts i =1;2
labeling the two detectors) that are geographically sep-
arated. We construct the cross spectral density (CSD)
estimator:

C'(t;f) S (1) so(t; ) ; (2)

T W1 W3
where s;(t;f) represents the short Fourier transform
(SFT) computed from a time segment centered around
time t, using a 50% overlapping Hann window with a seg-
ment duration of T = 192 s. The factor Wyw, accounts
for the e ect of windowing on the estimator [68, 69].

In the presence of Gaussian, additive, and stationary
noise|assumed to be uncorrelated between detectors at
di erent sites|the noise- and source-averaged correla-
tion, denoted by hiy, , is given by

Z
hC! (t;f )iy =

dn L(GHEMPE N (@)
which encodes information about the source anisotropy.
The overlap reduction function (ORF) [70{72],

'(t;f; n), 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.

detect the GWB signal [50].
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To probe speci ¢ types of angular distributions, we discretize the skyP (f; A) using an appropriate basise (f), i.e.,

P(f; )

P (f)e (h):

(4)

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

z
(1)

A=+ ;

ARG AFN (A e (h)e 2T —<

! (t) n
c

(5)

where F* denotes the individual detector response functions, and %' is the separation vector between the detectors.

In this article, we utilize two types of bases: (i) the pixel
basise () = 2(f A )under the assumption the source
is localized in the direction i ; and (ii) the SPH basis
e (h) = Y.y (h), with = (;m), under the assumption
the source is spatially extended. We note that the esti-

mators can be transformed between pixel and SPH basis
via forward and inverse SPH transforms [73]. Addition-
ally, it is important to note that e (i) = Ygo(f) corre-
sponds 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 estimator
for GWB anisotropy, P (f), (for positive frequency) is obtained by maximizing the joint likelihood across di erent

times and baselines as in Ref. [54], and it reads

Pr= 1 Xi;

Here, X ¢ is the narrowband dirty map and
[54, 74]:

X
P )= (

Ly o(F)X off): (6)

0

¢ is the narrowband Fisher information matrix , de ned as follows

X b(tf)Cl(t;f)
y 1 . R A A S
Xeoof Neo G X (D) i1 PLET)P2(ET) -
X I (- I (4-
; fy Nfl . O(f)/ (t!f) D(tlf)

11221 PLGT)Pa(tF)

where N ¢ denotes the covariance matrix for the CSD andP;.»(t;f) 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 point-like, persis-
tent, narrowband GW sources by scanning the frequency
band and the sky using aHEALPixgrid (Nsige = 16)? [75]
and a frequency bin of 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. Be-
ing an unmodeled search, the radiometer search is ro-
bust against the signal model and serves as an alternative
for detecting GW signatures from poorly known sources,

2 This results in a sky grid with 12 N2

Sdqe = 3072 pixels, each cov-
ering 13:4 deg?.

e.g., neutron stars having frequent glitches and/or ac-
cretion 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 uncer-
tainty due to random noise. This is achieved by utilizing
narrowband dirty maps and the Fisher information ma-
trix shown in Eq. (7), both constructed in the pixel basis,
as described by the equations below

Pa(f)=1 an(F)] * Xa(f);
FE)=1 an(P)]

where there is no summation overn® 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 in-
sensitive modes and their dependence on regularization,

(8)



we proceed without incorporating pixel correlations. As
shown in Ref. [80], this approximation is justi ed 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 speci ¢ sky locations. For this anal-
ysis, ve astrophysically motivated locations have been
selected: three of them|Scorpius X-1, the Galactic Cen-
ter, and the supernova remnant SN 1987A|were also an-
alyzed 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 CGW emission
[60]. A brief overview of each source and its relevance to
GW searches is provided in Appendix C 1.

Unlike the ASAF search, targeting speci c locations
allows us to account for the speci c 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 av-
erage throughout the entire search frequency range. The
characteristic window of the average is de ned as theN
neighboring bins around a xed 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 spectrum with the same original frequency resolu-
tion f , but now accounting for the frequency variations
of the signal throughout the observation time. The de-
tails 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 en-
ergy density from point-like 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 analy-
sis, while further assuming the point-like GWB sources
are broadband in frequency with an angular power spec-
tral density P (f; n). Throughout this work, we search for
GWBs whoseP (f; n) can be factorized in one frequency-
dependent and one angular-dependent factor [36, 53, 66],
namely:

P(f; A)= Pn,(f) (h Nho)= H(F)P(A); (9)
where H (f ) is the spectral shape of the GWB, normal-
ized such that H (f ) = 1, with f = 25 Hz [50, 53].
We model H (f ) as a simple power law, characterized by
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a spectral index
such that [66]

that is xed throughout the search,

H() H( 5 f rer) = ; (10)

fref
P() P (N 5 f rer)= P oag(frer) 2(ﬁ No) :
We consider three di erent GWB power-law models: =
0, consistent with a cosmological GWB from slow-roll
in ation or cosmic strings [16]; = 2=3, compatible with
an astrophysical GWB from compact binary coalescence
(CBC)s [1]; and = 3, corresponding to a at strain
power spectrum [82].

By following the same maximume-likelihood approach
presented in Sec. Il A, one can derive the expressions for
the broadband dirty maps and Fisher matrix:

(11)

Xa = H()Xa(f); (12)

ARO = Hz(f) ano(f);
f

(13)

with X (f)and ano(f) from Eg. (7), and the maximum-
likelihood estimator for P (i)

P
g HE) 2 2()Pa(f)
o H2(f9 , 2(F9)
We rescale this estimator to express it in units of the

GW energy ux spectrum at the reference frequencyf (e,
whereP (frer;A) = P. n givenH(frer) =1, as

Iﬁn:

(14)

c3.,
If\; n(fref) = 7fref

a6 fePin:

(15)

E. Spherical harmonics search

This analysis is intended to search for an anisotropic
distribution of spatially extended sources with a broad-
band 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]

Nax

P(f; n)= H(f) Pm Ym(f);  (16)

=0 m=

where Y, (fi) is an SPH function of the mode (; m) eval-
uated at the sky position it . Since now we search for
a GWB signal with a broadband spectrum, we construct
a broadbandversion of the P estimator from its narrow-
band counterpart, following the derivation in Eq. (14) but
adapted to the SPH basis. TheP 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 as-
sumption of statistical isotropy, we are more interested
in the angular power of estimatedP-, , rather than their
speci ¢ realization on the sky. Therefore, we introduce
the estimator of the angular power spectrum in the unit
of sr ?

2 X h [
& = !

2 23 . .
>+ 1 Jlﬁ‘mJ2 ( R)mm

ref

3H?

a7
with its variance (under the weak-signal limit) given by:
223 * 2 X

ref
N 2
@+n2

Var[C']

. 2
3H§ OJ( R)m:m 9 ;

(18)

r is the covariance matrix of the regularized clean-map
estimator, de ned as:

R = Rl Rl ; (19)
where s the Fisher matrix of the dirty map on the SPH
basis and g 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
givenby ‘max =3;4; 16 for =0;2=3; 3, respectively [51{
53]. Technical details concerning the Fisher-matrix regu-
larization as well as the angular resolution are discussed
in Appendices E1 and E2. We eventually compare this
¢ estimator to its theoretical predictions to character-
ize a potential signal or to place constraints on relevant
theoretical models.

The estimator described above, which we refer to as
the auto-C: estimator, has been used in previous LVK
analyses [51{53]. However, Ref. [83] showed that in the
presence of an astrophysical GWB, it is signi cantly bi-
ased by the shot-noise-dominated nature of the signal,
which arises from the discrete spatial or temporal real-
ization of individual events. This consideration motivates
us to also adopt thecross-C- estimator, de ned as
2 2§3 X X

ref

3H2

2 9 1

é‘(cross) —
22 +1n(n 1)

0 pa) .
PO PO

(20)

m i6j

with its variance (under the weak-signal limit3 )
4

2 23, 2 1
( g))‘m;‘m o g))‘m";‘m ;
mmO0i6j

3 While the weak-signal limit mentioned in Sec. Il A assumes the
detector noise to dominate over the GWB signal and astro-
physical shot noise in the individual time-frequency components,
Egs. (18) and (21) involve the whole dataset and subsets, respec-
tively, after marginalizing across times and frequencies.
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wheren distinct clean maps are involved and (Ri) repre-
sents a covariance matrix of regularized clean maps de-
rived from i-th 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 P, estimator, we evaluate its statistical sig-
ni cance. Speci cally, we compute p-values for the real
and imaginary parts of the P 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 gener-

ate 50,000 suchP s samples for the whole dataset and
compute a p-value for each real and imaginary part of
each SPH mode. As a signi cance indicator, we adopt a
5% p-value threshold, which we refer to as docal thresh-
old. Additionally, due to the presence of multiple ob-
servations 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, {max + 1) 2, to
obtain the global p-value threshold.

I1l.  RESULTS

To perform all the 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 proce-
dure described in [64]. Time-domain cuts are applied
by removing segments a ected by non-Gaussian features,
hardware injections, and known instrumental artifacts;
applying non-stationarity cuts; and gating loud glitches.
These cuts are identical to those used in [64]. In addi-
tion, frequency-domain cuts are applied to remove bins
identi ed through coherence studies as contaminated by
instrumental artifacts. Details of the observing run, in-
cluding the time- and frequency-domain cuts and the ef-
fective dataset, are provided in Tab. 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 f = 1=32 Hz and in-
cluding the corresponding variances.

To reduce computational and storage costs in GWB
searches, we fold the 192-second segments across a side-
real day (23h 56m 4s), leveraging the temporal symmetry
of the ORF due to Earth's rotation [69, 103]. This pre-
serves all necessary information while enabling e cient
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 uni-
ed 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. 11 B
following the method outlined in Ref. [54] and detailed
in Appendix B.

We use a detection statistic, the signal-to-noise ratio
(SNR), de ned as

Pa(f) |
n(f)’

to evaluate the signi cance 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 Ap-
pendix B1. The zero-lag data is mostly consistent with
the random-timeshifted data within 2-sigma Poisson er-
rors. With a global p-value threshold of 5%, no evidence
is found for a persistent narrowband GW source. A total
of 505 sub-threshold candidates identi ed 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:

" ()

(22)

0:03125Hz _

=1:2 10 PHzs !: 2
8:3years 0 zs (23)

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 SNR5.5. We
nd that these candidates are associated with data qual-
ity issues at these frequencies, including hardware injec-
tions and calibration lines [99]. Finally, a total of 562
sub-threshold follow-up candidates have been identi ed
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 e ective strain ampli-
tude, de ned as

he n(f) [Pa(f) fI'7%;
with 95% con dence. We note that the e ective strain
amplitude de ned above is equal to the intrinsic strain
amplitude hq for a circularly polarized CGW, provided
the signal remains con ned 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

(24)
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can be approximated asfq 2 10 “cos , where fq
is GW frequency in the Solar System Barycentre frame
and 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 Tab. I, the sensitivity estimate with O4a
and 01-0O3 data across sky and frequencies lie in the
ranges (346 22312) 10 2¢ and (3:39 96323)

10 26 [54], respectively. After combining all available
data (i.e., O1-O4a), the sensitivity lies in range (294
84568) 10 6.

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 rea-
sons. First, specic 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 sensitiv-
ity incorporates both a point estimate and its associated
uncertainty, both of which can uctuate across the sky,
introducing intrinsic statistical variability. We therefore
compute the sensitivity improvement using the ratio of
median sensitivity across these shared frequency bins. As
shown in Tab. I, the median sensitivity ratios for O4a to
01{03 and 01{0O4a to 0O1{0O3 are 0.89 and 0.79 respec-
tively, indicating an overall improvement by a factor of
1.12 (1.26).

To understand the variation of sensitivity across sky di-
rections and frequencies, we consider a simpli ed 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 Gaus-
sian noise with zero mean, the point-estimatePy (f ) can
be assumed to be centered near zero. Consequently, the
sky-averaged sensitivity can be approximated as (using
Egs. 7 and 8)

Sensitivity(f) h a(f )irl,=2 I (PL(F)P2(f )4 (25)
where P, (f ) and P,(f ) are noise PSD for detector 1 and
2 in baselinel . The sky-averaged sensitivity as a func-
tion of frequency is shown in the left panel of Fig. 1 for
01{O4a (blue) and 0O1{03 (yellow). The trend follows
the shape of the typical noise curve, i.e., P1(f )P2(f)) 1™,
with the shaded region indicating 1-sigma sky uctua-
tions. Similarly, the frequency-averaged sensitivity for a
given sky direction rt is given by (using Eqgs. 7 and 8)

1=4

Sensitivity, h a(f)i 2/ a(t) . (26)

t

P
where a(t)= 5 F{(t ) F4(t; n) is the combined an-
tenna response [56], and the summation is over observing
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Run Vetoed-Frequency Range Median Median Median (Mean) Ratio
Fraction (%) ( 10 %) ( 10 %) Common f ( 10 %) S
O4a 7.6 3.46 - 223.12 9.00 9.29 0.89 (0.72)
01-03 1.2 3.39 - 963.23 10.04 10.39 1(1)
01-O4a 0.4 2.94 - 845.68 8.41 8.24 0.79 (0.67)

TABLE I. We present Bayesian sensitivity estimate on the e ective strain amplitude  he

for three datasets: O4a, O1{0O3, and

the combined O1{O4a. When comparing the median sensitivity of O4a to O1-O4a, an improvement is observed. To account for
di erences in the vetoed frequency bins across observing runs, we also compare median sensitivity over the common frequency

range.

FIG. 1. Bayesian sensitivity estimate to E ective Strain Amplitude

he : Left panel: Sky-averaged sensitivity from the 01-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 re ects the detectors' sensitivity pro les. 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 re ects 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.

time. This captures the directional variation in detector
response over the full observing run. The correspond-
ing skymap of frequency-averaged sensitivity for 01{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 sensitivity near the celestial poles and equator.

The bottom right panel of Fig. 1 presents the ratio
of frequency-averaged sensitivity between 01{O4a and
01{03 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 originat-
ing 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-sidedp-value. Therefore, a
follow-up analysis was conducted, with details provided
below.

In the O4a data, we identied a frequency bin at
92.8125 Hz with extreme SNR values: a minimum of

6:12 and a maximum of 52 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 signi cant enough to be classi-
ed as an outlier, the frequency-pixel pair was selected
as a sub-threshold 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 disappearsjconsistent with
behaviour 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 condently detected with our search
method, the injection near 52.8 Hz was identied as
a sub-threshold 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 neighbouring frequency bins and the
random time-shifted dataset.

We also performed a simulation by injecting a GW sig-
nal 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
nd that, in approximately 4 out of 10 # trials, the neg-
ative 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 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 insu ciently sensitive.

We do not see any excess auto-power localized in these
frequency bins in the individual detectors; the nearest
unknown excess power is observed in the L detector at
around 927 Hz (3 bins away). We have not identi ed any
coherent instrumental witness channel that could account
for the elevated SNR. While some periods of elevated de-
tector noise are present, there is no evidence of persistent
or long-term non-stationary noise. Removing these pe-
riods from the analysed data does reduce the SNR, but
the pattern in the sky persists. The results remain in-
conclusive, and this frequency bin will be monitored in
future observing runs to gather additional data.

B. Targeted-narrowband radiometer search

For all ve directions, we computed the SNR by com-
bining the appropriately sized frequency bins across the
detectors. The best SNRs after bin combination are
shown in Tab. Il, 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 nd any evidence for narrowband
GWs, we place 95% con dence ULs on the GW strain
spectrum from the ve selected targets, shown in Fig. 2
together with the 1 sensitivity. The results indicate a
median improvement by a factor of 1.6{1.7 compared to
previous results from O1 to O3, with strain amplitudes
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ranging from 1.1 10 ?® to 6:5 10 2* 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 se-
lected targets. The combination with future stages of
the run promises to signi cantly 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 parame-
ters, grant a much longer coherence time and hence bet-
ter sensitivity than the targeted radiometer (for example,
Ref. [107] for the previous run and [108] for O4a).

Taking into account the several semi-coherent methods
used for the O3 all-sky search for isolated pulsars [109],
the sensitivity estimation over the whole sky is compa-
rable to the ULs shown in this section. However, more
precise UL estimation, like the one shown in the rst half
of the third observing run (O3a) all-sky isolated CGW
search [110], can lead to signi cantly lower limits than
the best ones obtained with SN 1987A othg ' 10 25.
As a reference for the most recent SN 1987A dedicated
search, see also the 90% con dence UL on O3 data in
[111].

A directed search to the Galactic Center in O3, using a
CW semi-coherent method, generally showed better sen-
sitivity estimations than the targeted NBR search [112].

Regarding Sco X-1, to assess the astrophysical signif-
icance 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 nd that
they remain above the torque-balance level.

These upper limits assume a generic polarization and
marginalize over inclination and polarization angle (see
Appendix C4). However, if we instead consider the cir-
cular polarization case|typically not quoted in our fully
unmodeled analyses|our results indicate that the search
has surpassed the torque-balance threshold under the hy-
pothesis of circular polarization (more details are shown
in Appendix C5).

C. Broadband radiometer search

We present the results of the BBR analysis for the O4a
dataset only and after combining them with the previ-
ously existing results from O1 to O3, which we also sum-
marize in Tab. IlIl. We have performed such an analysis
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FIG. 2. Plots showing the ULs for the ve targets of the O1-O4a NBR search. In each plot, the black solid line shows the
Bayesian ULs set at 95% con dence level, while the gray line is the 1 sensitivity estimation in the hypothesis of no signal.
The shaded blue area shows the 1 sensitivity estimation with data up to the O3 run, highlighting the sensitivity improvement

granted by adding the O4a run to the analyses.

for three spectral indices, namely = fO0; 2=3; 3g, whose
nal results are the skymaps shown in Fig. 3. As in
Ref. [53] we pixelate the sky by employing theHEALPIx
scheme [75], but instead of usindNgjge = 32 as in [53],
here we useNgjge = 16. We have opted for this choice as
a compromise among the di erent angular resolutions of

the baselines at the lower and upper ends of their most
sensitive frequency bands, for di erent spectral indices
[56, 117]. We recall that we apply the same data quality
prescriptions as detailed in Sec. Ill and Appendix A.

Following the methods from Appendix D, we have rst
evaluated the SNR maps for =0, 2/3, and 3, and then
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Direction Max SNR Frequency band (Hz) p-value (%) [Best UL ( 10 **)  Frequency band (Hz)
Scorpius X-1 4.2 170609375 1707:21875 53.7 1.5 1929375 1930625
SN 1987A 4.1 16726875 167275 59.0 1.1 24675 246:8125
Galactic Center 4.4 372:28125 37290625 22.5 1.9 2274062 22803125
Terzan5 4.5 82146875 82209375 16.3 1.9 26071875 26134375
NGC6397 4.5 26484375 26540625 18.2 1.7 25140625 251:96875

TABLE Il. 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% con dence-level GW
strain ULs, with the corresponding frequency band, taken as the median of the most sensitive 1-Hz band.

Max SNR (% p-value)

UL ranges (10 &) [ergcm 2?s 1Hz 1]

aw () H(f) |HL(O4a) 01+02+03+O4a  |01+02+03+0O4a 01+02+03 (HLV)
0 constant / f 3 1.7 (93) 2.2 (72) 1.2{55 1.7{76
2=3 [ f22 0 f 7T 1.8 (97) 2.4 (76) 0.6 {3.0 0.85{4.1
3 I f3 constant | 3.8 (20) 3.8 (19) 0.008 { 0.092 0.013{0.11

TABLE Ill. The maximum SNR across all sky positions, its estimated p-value, and the range of the 95% ULs on GW energy
ux F¥ Y% (25Hz) [ergem ?s *Hz ] set by the BBR search by combining the LIGO data from O1 to O4a and the Virgo
03 data. The median improvement across the sky compared to limits from the O3 analysis is a factor of 1.4-1.7, depending on

. 01+02+03 (HLV) ULs reported in the last column di er from the ULs in [53] due to the di erent

employing here.

we have assessed the statistical signi cance of the max-
imum SNR for each spectral index. We nd that these
SNR values are consistent with the noise-only hypothe-
sis, 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 signi cantly
when integrating over the whole frequency band in the
BBR analysis [118].

Fig. 3 illustrates the skymaps showing the 95%
Bayesian ULs on the GW energy uxF. 4(25Hz) in CGS
units for = 0, 2/3 and 3, obtained by combining the
data from O1 to O4a. When comparing Fig. 3 to the
results from the rst three observing runs, we nd that
the median improvement in ULs across the sky is a fac-
torof 1.4 for =0,1.4for =2=3,and 1.7 for =3,
respectively.

D. Spherical harmonics search

Following the procedure for signi cance assessment de-
scribed in Sec. Il E, we compute thep-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
nd 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 E4 for more details. Given the absence of a
detected GWB signal, we compute ULs onC™ at each
angular scale characterized by the" value, for di erent

Nsige parameter we are

power-law frequency spectrum models. Fig. 4 shows the
C- ULs derived from the two estimators for each power-
law spectrum model. Also, the uncertainties of&- mea-
surement 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 &- estimator and its ULs
depend on the de nition of the - estimator or even
the specic regularization we apply to the Fisher ma-
trix. Therefore, one should not quantitatively compare
the ULs reported here to those in Ref. [53], where the
regularization was performed di erently as compared to
what is presented in this paper. The improvement fac-
tors mentioned above are based on the ULs recomputed
for 01+02+03 data using the consistent regularization
method, described in Appendix E 2 for either de nition
of the C- estimators. For the same reason, these ULs
cannot be compared between the two di erent estima-
tors. Even though we apply the same regularization to
both cases, the variance of the cros§- estimator also de-
pends on how the entire dataset is split into subsets since
the inversion of a Fisher matrix is not a linear operation.
Therefore, we treat these estimators as two di erent ways
to present our search results.

Below, we consider the implications of our results for
di erent astrophysical models. For = 2=3, the UL
found here for the corresponding™ modes is c? <
1:2 10 °sr !, whereas several theoretical studies in
the literature [119{121] predict a range ofcl™? (0:2
5 10 Ysr ' for1 4, assuming the normal-
ized GW energy density due to an isotropic GWB of
compact binaries is ew < (22 67) 10 ° [64].
Also, note that the shot noise term is expected to be
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FIG. 3. 95% con dence Bayesian UL skymaps from a BBR search for point-like sources. The maps are presented in the
equatorial coordinate system and show UL skymaps of the GW energy ux from the combination of all the data from O1 to

O4a LIGO observing runs and the Virgo O3 data.

(cshoty1=2 10 10gr 1 dominating the anticipated true
astrophysical power spectrum [122], and is still below the
obtained ULs by an order of magnitude. This is consis-
tent with the fact that the point estimates for the two
types of the € estimators are not signi cantly di erent.
For =0, we ndthe ULtobe C* (07 17)

10 °sr 1for1 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 G
using the isotropic component of the GWB [65],G <
(27 42) 10 15, setsC;™2 < 10 2sr 1. For both
choices of the power spectra ( = 0 and = 2=3), we
conclude that the predictions of the theoretical models
are consistent with the search results presented here.

IV. CONCLUSIONS

We do not nd evidence for GW signals in any of the
four analyses using data from the rst three observing
runs of LIGO, Virgo, and O4a. Hence, each analysis
yielded the most stringent constraints to date from the
directional search for persistent GWSs. For the all-sky all-
frequency analysis, we observe a median (mean) improve-
ment factor of 1.12 (1.38) in Bayesian sensitivity estimate
to the e ective strain amplitude when comparing O4a to
01{03 in Tab. 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 re-
duced from 11.4% to 7.9%. For the targeted-narrowband
radiometer analysis, O4a contributes signi cantly to im-
prove the upper limits of the entire frequency range (see
Fig. 2), in particular at higher frequencies. In the broad-
band radiometer analysis, when comparing with the rst
three observing runs in Tab. Ill, the median improvement
across the sky in the upper limits on the GW energy ux
is 1.4, 1.4, and 1.7 for =0;2=3; 3, respectively. Lastly,
the spherical harmonic analysis has introduced a cros&-
estimator to remove the potential shot noise and GWB
bias as opposed to the conventional autds- estimator.

=0, 2/3, and 3 are represented from left to right.

The uncertainty on the angular power spectrum, C-, de-
rived from each estimator has improved by a factor of
1.4-2.2 compared to the rst 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. How-
ever, 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 ner structures in the GW
skymaps. As shown in [124], current directional analyses
are not a ected by correlated noise, such as magnetic cor-
relations between detectors. While these contributions
are currently negligible, they are expected to become in-
creasingly important as detector sensitivities improve.

Improvements in detector sensitivity, longer observing
runs, and larger network con guration will get us closer
to the detection of potential local anisotropies or previ-
ously unknown point-like sources. It is also worth noting
that the potential of all-sky all-frequency sources to un-
cover unknown narrowband signals represents an exciting
direction for future investigations. A thorough investiga-
tion 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 signi cance
of the identi ed candidates.

Looking ahead, as the fourth observing run progresses,
we will continue to incorporate additional data and up-
date the ndings reported in this paper.
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Appendix A: Observing runs and dataset

Tab. 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 e ective data available for the GWB directional
searches. As part of the time-domain cuts, we exclude
data contaminated by instrumental artifacts, hardware
injections used for signal validation, and segments con-
taining known GW signals. We also apply a standard
non-stationarity 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 artifacts. The specic
bins removed may vary across analyses depending on sen-
sitivity to narrow spectral features.

Appendix B: ASAF radiometer search
1. Signicance

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 dis-
tribution.

Because real detector data include non-Gaussian fea-
tures 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 max-
imum duration of 5000 seconds. For each job, the data
from one detector is held xed while the data from the
other detector is shifted by a random time delay, uni-
formly sampled between 1 and 2 seconds. This random
time-shifting process e ectively eliminates any coherent
and persistent signals, ensuring that only the noise back-
ground 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
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determine the observed highest SNR across frequency-
pixel pairs and compute the localp-value, p_, assuming a
Gaussian distribution for noise. Since many simultaneous
tests increase the chances of false positives (the look-
elsewhere e ect). we adjust to globalp-value, pg, using
Sidak's correction [126, 127]:

( 1 pL ) N trials

where Nyiqs is the number of frequency-pixel pairs. We
reject the null hypothesis if pg < 5%.

pc =1 Nyias P forpe 1 (Bl)

2. Follow-up Candidates Identi cation

After assessing the signicance of our data, we
identify sub-threshold candidates for follow-up using
more sensitive methods, such as matched- Itering-based
searches [125]. We rst determine the sky pixel with the
maximum SNR,

"max (f)

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 fax(f) and determine

the threshold below which 99% of the histogram area
lies. This results in an array of sub-band-wise thresh-
olds, 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:

maxa " () ; (B2)

(1726 20)Hz
~ 10Hz
173
10Hz
f
Top-1% candidates per sub-band =320 0:01 3;

Total Top-1% candidates =171 3 =513:
(B3)

Sub-bands

Bins per sub-band =

=320;

3.  Upper Limit Calculation

We adopt a hybrid frequentist-Bayesian approach for
setting constraints [128]. Assuming the point estimate
is a su cient statistic for measuring GW source proper-
ties, we apply Bayes' theorem to construct the posterior
distribution.

h For clarity; the dependence of estimators

Pa(f); a(f) and strain parameter he .4(f) on
direction and frequency is assumed to be implicit in
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FIG. 5. ASAF search results | Signi cance: 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 * 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% globalp-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 gure in the right panel but with O1-O4a data.

FIG. 6. Follow-up sub-threshold 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 sub-threshold follow-up candidates marked with teal circles, which may be
further analysed using matched- ltering-based CGW search pipelines. Right Panel: Same as the left panel, but using data
from O1-O4a observing runs.
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