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All-sky search for long-duration gravitational-wave bursts in the third Advanced1

LIGO and Advanced Virgo run2

LIGO Scientific Collaboration, Virgo Collaboration, and KAGRA Collaboration3

(compiled October 1, 2021)4

After the detection of gravitational waves from compact binary coalescences, the search for tran-5

sient gravitational-wave signals with less well-defined waveforms for which matched filtering is not6

well-suited is one of the frontiers for gravitational-wave astronomy. Broadly classified into “short”7

. 1 s and “long” & 1 s duration signals, these signals are expected from a variety of astrophysi-8

cal processes, including non-axisymmetric deformations in magnetars or eccentric binary black hole9

coalescences. In this work, we present a search for long-duration gravitational-wave transients from10

Advanced LIGO and Advanced Virgo’s third observing run from April 2019 to March 2020. For this11

search, we use minimal assumptions for the sky location, event time, waveform morphology, and12

duration of the source. The search covers the range of 2 – 500 s in duration and a frequency band13

of 24 − 2048 Hz. We find no significant triggers within this parameter space; we report sensitivity14

limits on the signal strength of gravitational waves characterized by the root-sum-square amplitude15

hrss as a function of waveform morphology. These hrss limits improve upon the results from the16

second observing run by an average factor of 1.8.17

I. INTRODUCTION18

The third observing run of the Advanced LIGO [1]19

and Advanced Virgo [2] detectors has revealed a large20

number of new gravitational-wave signals from the col-21

lision of compact objects. Many binary black hole sys-22

tems [3] have been identified. These include GW19052123

[4] with the largest progenitor masses discovered so far,24

and GW190814, a merger containing an object in the25

“mass-gap” between neutron stars and black holes [5]. A26

second binary neutron star (BNS) system was also dis-27

covered, GW190425 [6], following the first BNS system28

GW170817 [7], which also produced GRB 170817A [8]29

and an optical transient, AT 2017gfo [9]. In addition,30

two neutron star-black hole (NSBH) binary coalescences31

(GW200105 162426 and GW200115 042309) have also32

been detected [10].33

Searches for “long” & 1 s duration signals cover a vari-34

ety of astrophysical phenomena [11]. While well-modeled35

compact binary coalescences can have similar durations36

in the sensitive band of the interferometers and the meth-37

ods employed in this paper are also sensitive to them,38

this search is not aimed at these systems as matched fil-39

tering is much more sensitive. However, there are less40

well-defined waveforms for which matched filtering is not41

well-suited. Plausible processes include fallback accretion42

onto a rapidly rotating black hole [12] or in newborn neu-43

tron stars [13–15]. They also include non-axisymmetric44

deformations in magnetars [16] or accretion disk instabil-45

ities and fragmentation of material spiraling into a black46

hole [17–19] and in the central engine of super-luminous47

supernovae [20, 21]. Figure 1 shows several different re-48

alizations of the corresponding waveform morphologies.49

In this paper, we present the results of unmodeled50

long-duration transient searches from the third observ-51

ing run, updating the results from the first two observ-52

ing runs [22, 23]. As in previous analyses [22–25], three53

pipelines are used; their different assumptions and data54

handling techniques yield complementary coverage of the55

signal models.56

The paper is organized as follows. The data used in57

the analysis is described in Section II. The algorithms58

used to analyze the data are outlined in Section III. The59

results of the analysis and their implications are discussed60

in Section IV.61

II. DATA62

The third observing run (O3) of Advanced LIGO and63

Advanced Virgo spanned April 1, 2019 - March 27, 2020.64

O3 was broken up into two segments, with O3a running65

April 1, 2019 - Oct 1, 2019 and O3b running Novem-66

ber 1, 2019 - March 27, 2020; together, these corre-67

spond to 330 days. It is customary to assess detector68

sensitivities in terms of a binary neutron star inspiral69

range (BNS range), which is the average distance to70

which these signals could be detected [28, 29]. Detec-71

tor upgrades to the LIGO detectors in Hanford, WA72

and Livingston, LA yielded binary neutron star ranges73

of ∼115 Mpc and 133 Mpc respectively, amounting to74

improvements of ∼50% with respect to O2. Similarly,75

Advanced Virgo reached a binary neutron star range of76

∼50 Mpc, a ∼100% improvement. In the following, the77

algorithms employed require at least two detectors to be78

available to process the data; therefore, only data where79

both LIGO detectors are simultaneously available is used.80

Due to the significant difference in detector alignment81

and sensitivities, the Virgo data in the analysis would82

not improve the coincidence selection when the other two83

detectors are active, while the high rate of non-Gaussian84

noise would increase the overall false-alarm rate. We plan85

to include Virgo in the analysis of the next observing run.86

A major challenge in searches for gravitational-wave87

transients is non-Gaussian noise. Known sources of noise,88

including non-linear sources such as time-varying spec-89

tral lines, from, e.g., machinery on-site, side-bands from90

the 60 Hz power lines, can be witnessed and subtracted91
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FIG. 1. Time-frequency spectrogram of the reference waveforms used in this search. We show examples of astrophysical wave-
forms such as post-merger magnetars (Magnetar) [26], black hole accretion disk instabilities (ADI) [18], newly formed magnetar
powering a gamma-ray burst plateau (GRBplateau) [16], eccentric inspiral-merger-ringdown compact binary coalescence wave-
forms (ECBC) [27], broadband chirps from innermost stable circular orbit waves around rotating black holes (ISCOchirp) [12],
and “ad-hoc” waveforms, band-limited white noise burst (WNB) and sine-Gaussian bursts (SG). The ISCOChirp waveforms
have been shifted up in frequency by 50 Hz for readability. Durations range from 6 s (ADI-B) to 470 s (GRBplateau).

using both linear Wiener filters [30] and machine learn-92

ing techniques [31, 32]. The analyses that follow use93

data for which some of the identified sources of noise94

that couple in linearly to the detector have been sub-95

tracted. Beyond spectral features, there are transient96

noise triggers known as glitches, which have a variety of97

origins [33], such as the light reflected from surfaces such98

as the chamber walls and scattered back into the main99

beam [34]. Glitch rejection procedures rely on correla-100

tions with auxiliary channels [35, 36] such as seismome-101

ters and magnetometers; yet, noise transients not wit-102

nessed by auxiliary sensors remain and reduce sensitivity103

of the searches [37, 38]. Each pipeline, described in the104

next section, implements different strategies to reduce105

the impact from glitches. Altogether, during the third106

observing run, coincident data of sufficient quality to be107

analyzed totaled 204.4 days. Since some time segments108

are too short to be processed by search pipelines, a small109

fraction (< 2%) of this coincident data is not analyzed.110

III. SEARCHES111

Long-duration unmodeled searches are now briefly re-112

viewed, and we refer the reader to previous publications113

for further detail [22, 23]. Most unmodeled searches114

use time-frequency spectrograms with statistics derived115

from Fourier transforms or wavelet analysis performed116

on consecutive time segments. Pattern-recognition al-117

gorithms then are employed to search for gravitational118

waves in these spectrograms. These algorithms can119

be classified as: “seed-based” [39, 40], for which pix-120

els above pre-determined thresholds are clustered, and121

“seedless” [41, 42], for which sequences of pixels are de-122

rived from generic models, such as Bézier curves [41–45].123

Seedless clustering algorithms are sensitive to narrow-124

band signals at the price of sensitivity to broadband125

sources, while seed-based algorithms are generally more126

sensitive to more generic waveform morphologies. These127

algorithms identify candidate gravitational-wave events128

known as triggers. To estimate the background, all129

pipelines use “time-slides,” [46, 47], where detector data130

is shifted by non-physical time delays and reanalyzed;131

this procedure is repeated a sufficient number of times132

such that at least 50 years of coincident live time is ana-133

lyzed, allowing for a false alarm rate of 1 per 50 years to134

be estimated.135

Three pipelines are deployed in the analysis: two differ-136

ent versions of the Stochastic Transient Analysis Multi-137

detector Pipeline - all sky (STAMP-AS) pipeline [11,138

40, 45] and the long-duration configuration of coherent139

WaveBurst (cWB) [48]. The cWB pipeline is seed-based140

while the two STAMP-AS algorithms, Zebragard and141

Lonetrack, use seed-based and seedless clustering algo-142

rithms respectively. Altogether, the analyses are sensi-143

tive to transients lasting 2 – 500 s and covering a fre-144
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quency band of 24 – 2048 Hz. Due to the short duration145

of binary black hole signals and the weakness of the co-146

alescences containing neutron stars observed during O3147

[6], we are not sensitive to and therefore do not excise148

any time around known compact binary coalescences. All149

false alarm rates reported are per pipeline, with no com-150

bination of searches made outside of reporting the most151

sensitive limit across the parameter space below.152

STAMP-AS. Spectrograms, with duration 500 s and153

frequency band 24 – 2048 Hz and a pixel size of 1 s ×154

1 Hz, are derived with cross-power SNR as the statistic155

computed in the maps. Non-stationary, high-amplitude156

spectral features are masked to limit their effect on the157

search. Zebragard uses cuts on the fraction of SNR per158

time bin (summing all pixels of the same time index) and159

the ratio in SNR between detectors to remove data tran-160

sients [22]; Lonetrack does not require this cut due to the161

narrowband assumption. During a short period of time,162

a time segment veto that flags periods of instabilities in163

the high-power laser at Hanford is applied on Zebragard164

triggers [38].165

cWB. The algorithm used by cWB [48] is based on a166

maximum likelihood approach applied to the multireso-167

lution time-frequency representation of the time series168

of the detectors’ data. Candidate triggers are identi-169

fied as a cluster if there is a coherent excess power in170

the time-frequency pixel representation over the network171

data. The search is performed in the frequency range 24172

– 2048 Hz. Selection criteria are applied on the duration173

and on the coherence of the trigger; the coherence coef-174

ficient, measuring the degree of correlation between the175

detectors, must be larger than 0.6 [48]. Moreover, the176

trigger energy-weighted duration, defined as177

d =

√∑
wi(t− t∗)2∑

wi
,

where t is the central time of the pixel, w the energy of178

the pixel, t∗ the mean time and the sum is computed179

over the selected pixels of the event in all the resolu-180

tions, is required to be greater than 1.5 s. Since observed181

glitch excess in the 16− 48 Hz band, associated with el-182

evated anthropogenic noise, is different between the first183

and second part of the run, the acceptance criteria in the184

latter one have been slightly modified. The triggers have185

an energy-weighted duration larger than 0.5 s and a total186

duration greater than 5 s, this to ensure increased accep-187

tance for the eccentric compact binary waveforms family188

discussed in the next section.189

IV. RESULTS AND FUTURE PROSPECTS190

The detection threshold is defined to be a false alarm191

rate lower than 1/50 years (equivalent to 6.3×10−10 Hz).192

None of the pipelines found triggers consistent with such193

a false alarm rate; the most significant triggers, non-194

Pipeline FAR p-value Frequency Duration Time

[Hz] [Hz] [s] [GPS]

cWB 1.0× 10−8 0.088 838-861 16 1252808855

Zebragard 5.6× 10−8 0.40 1650-1769 21 1244819393

Lonetrack 1.7× 10−8 0.14 1510-1937 417 1253105020

TABLE I. Properties of the most significant coincident trig-
gers found by each of the long-duration transient search
pipelines during the third observing run. FAR stands for false
alarm rate, while the p-value is the probability of observing
at least 1 noise trigger at higher significance than the most
significant coincident trigger.

overlapping between the different pipelines and consis-195

tent with the background, are listed in Table I. The most196

significant event reported by the cWB algorithm (statis-197

tical significance ∼1.7 σ, p-value 0.088) shows a time-198

frequency map composed of two separated excess power199

cluster pixels, respectively, at 838 Hz and 861 Hz mean200

frequency. This trigger appears to be associated with a201

random (time) coincidence of pixels belonging to two dif-202

ferent non-stationary spectral lines of unknown origin, at203

838 Hz (present in H1 and L1) and 861 Hz (present in204

H1). The STAMP-AS Zebragard and Lonetrack pipeline205

triggers are consistent with typical events identified in206

the background.207

To place these results in context, upper limits are de-208

rived on the gravitational-wave strain amplitude using209

a set of simulated waveforms added coherently into de-210

tector data. Waveforms that span the parameter space211

in both frequency and time, as well as a sampling of212

potential astrophysical models, are used. For the astro-213

physical models, post-merger magnetars (Magnetar) [26],214

black hole accretion disk instabilities (ADI) [18], newly215

formed magnetar powering a gamma-ray burst plateau216

(GRBplateau) [16], eccentric inspiral-merger-ringdown217

compact binary coalescence waveforms (ECBC) [27], and218

broadband chirps from innermost stable circular orbit219

waves around rotating black holes (ISCOchirp) [12] are220

used (see Ref. [49] for further developments). To in-221

clude signal morphologies otherwise not addressed by the222

astrophysical models, “ad-hoc” waveforms, band-limited223

white noise burst (WNB) and sine-Gaussian bursts (SG)224

are also used. Their time-frequency spectrograms are225

shown in Figure 1.226

The upper limits on the gravitational-wave strain am-227

plitude are typically reported for unmodeled searches us-228

ing the root-sum-square gravitational-wave amplitude at229

the Earth, hrss,230

hrss =

√∫ ∞
−∞

(
h2+(t) + h2×(t)

)
dt, (1)

where h+ and h× are the two signal polarizations. Sim-231

ulations are varied with hrss and injected uniformly in232

time, sky location, polarization angle and the cosine of233

the inclination angle of the assumed source.234
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FIG. 2. The GW root-sum-square strain amplitude versus
mean frequency at 50% detection efficiency and a FAR of
1/50 years. The red, green and blue curves are the averaged
amplitude spectral noise densities for Hanford, Livingston and
Virgo detectors to show that the search results follow the de-
tectors’ sensitivity frequency. We also show in dashed-dotted
lines the gravitational-wave amplitudes corresponding to the
energy of 0.01 M�c

2 at various distances, with examples at
100 kpc, 1 Mpc, 10 Mpc and 100 Mpc shown.

Upper limits on gravitational-wave strain versus mean235

frequency for sources detected with 50% efficiency and236

a false alarm rate of 1 event in 50 years are shown in237

Figure 2. The strongest bounds obtained from the three238

pipelines are shown on the plot. Because each pipeline239

uses a different clustering algorithm, their relative sen-240

sitivities vary with waveform morphology. Lonetrack,241

which uses seedless clustering, performs best on magne-242

tar signals (Magnetar and GRBplateau) but is not sen-243

sitive to white noise bursts. Zebragard and Coherent244

WaveBurst give the most constraining values with simi-245

lar sensitivities for most of the remaining waveforms. On246

average, for all waveforms considered in this paper, the247

hrss sensitivity improved by a factor of 1.8 upon the anal-248

ysis from the second observing run [23].249

For the eccentric binary waveforms, we determine 90%250

confidence level limits on the rate of events. We do this251

using the “loudest event statistic” method, which uses252

the candidate with the largest value to estimate rate con-253

straints [50]. Taking as an example the eccentric binary254

waveforms, the 90% upper limits on the event rates as a255

function of distance are highlighted in Figure 3. In ad-256

dition, Table II gives the upper limits R90% at 90% con-257

fidence on the rate of eccentric binary coalescences per258

unit volume. Following [51], and assuming an isotropic259

and uniform distribution of sources, R90% is given by260

R90% =
2.3

4πT
∫ rmax

0
dr r2 ε(r)

, (2)

where ε(r) is the detection efficiency as a function of dis-261
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FIG. 3. Upper limits at 90% confidence level on the rate of
eccentric compact binary coalescences as a function of the dis-
tance. Only the best result is shown for each waveform. The
inset shows the ratio of the rates with respect to O2 results
[23] for ECBC A to ECBC F (see Table II for parameters).

Waveform M1[M�] M2[M�] e R90% [Gpc−3yr−1]

ECBC A 1.4 1.4 0.2 9.97× 102

ECBC B 1.4 1.4 0.4 8.09× 102

ECBC C 1.4 1.4 0.6 3.21× 103

ECBC D 3.0 3.0 0.2 3.99× 102

ECBC E 3.0 3.0 0.4 8.89× 102

ECBC F 3.0 3.0 0.6 2.43× 103

ECBC G 5.0 5.0 0.2 1.50× 103

ECBC H 5.0 5.0 0.4 5.10× 102

ECBC I 5.0 5.0 0.6 6.98× 102

TABLE II. Rate upper limits per unit volume at 90% con-
fidence level on eccentric compact binary coalescences with
various masses and eccentricity e, computed with equation 2.

tance, computed as the fraction of transients detectable262

at a given distance [51], rmax is the maximum detectable263

distance, and T = 204.4 days is the total observing time.264

For 1.4 − 1.4 solar masses eccentric binaries, rate upper265

limits are ∼ 1.5 − 2 lower than the ones computed in266

[52] for O2 data. Such improvement can be explained267

by both the increased sensitivity of the search and the268

increased livetime between O2 and O3. For compari-269

son, estimated merger rates from the second LIGO-Virgo270

GW transient catalogue [53] are 23.9+14.3
−8.6 Gpc−3yr−1 and271

340+490
−240 Gpc−3yr−1 for binary black holes and binary272

neutron stars respectively. With eccentric systems ex-273

pected to be only a small fraction of the total binary274

systems, the upper limits derived are compatible with an275

absence of detection of such systems in this search; for276

this reason, we do not constrain the fraction of eccen-277

tric binary systems, but this may become possible in the278

future with more sensitive detector data.279
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It is expected that continued improvements both to280

the gravitational-wave detectors and to the search algo-281

rithms, e.g. [49, 54, 55], will lead to either detections282

or improved limits on this portion of parameter space.283

Going forward, increasing the parameter space searched,284

such as for longer signals, is a high priority; these signals285

may include long-lived remnants of binary neutron star286

mergers, whose detection in gravitational waves may con-287

strain the nature of the remnant [12, 25]. In addition, in-288

tegration of Advanced Virgo into the analyses will be im-289

portant, especially in case of a genuine signal for charac-290

terization. With range improvements of ∼50% expected291

for the fourth observing run and more than a factor of 2292

expected by the fifth observing run [28], significant gains293

in detection possibilities can be expected.294
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Università di Salerno, I-84084 Fisciano, Salerno, Italy877

133Institute of Physics, Academia Sinica, Nankang, Taipei 11529, Taiwan878
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166CNR-SPIN, c/o Università di Salerno, I-84084 Fisciano, Salerno, Italy914
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186Dipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy936

187Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China937

188American University, Washington, D.C. 20016, USA938

189Faculty of Science, University of Toyama, Toyama City, Toyama 930-8555, Japan939

190Institute for Cosmic Ray Research (ICRR), KAGRA Observatory,940

The University of Tokyo, Kamioka-cho, Hida City, Gifu 506-1205, Japan941

191Carleton College, Northfield, MN 55057, USA942

192University of California, Berkeley, CA 94720, USA943

193Maastricht University, 6200 MD, Maastricht, Netherlands944

194College of Industrial Technology, Nihon University, Narashino City, Chiba 275-8575, Japan945

195Graduate School of Science and Technology, Niigata University, Nishi-ku, Niigata City, Niigata 950-2181, Japan946

196Department of Physics, National Taiwan Normal University, sec. 4, Taipei 116, Taiwan947

197Astronomy & Space Science, Chungnam National University, Yuseong-gu, Daejeon 34134, Korea, Korea948

198Department of Physics and Mathematics, Aoyama Gakuin University, Sagamihara City, Kanagawa 252-5258, Japan949

199Kavli Institute for Astronomy and Astrophysics,950

Peking University, Haidian District, Beijing 100871, China951

200Yukawa Institute for Theoretical Physics (YITP),952

Kyoto University, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan953

201Graduate School of Science and Engineering, University of Toyama, Toyama City, Toyama 930-8555, Japan954

202Department of Physics, Graduate School of Science,955

Osaka City University, Sumiyoshi-ku, Osaka City, Osaka 558-8585, Japan956

203Nambu Yoichiro Institute of Theoretical and Experimental Physics (NITEP),957

Osaka City University, Sumiyoshi-ku, Osaka City, Osaka 558-8585, Japan958



15

204Institute of Space and Astronautical Science (JAXA),959

Chuo-ku, Sagamihara City, Kanagawa 252-0222, Japan960

205Directorate of Construction, Services & Estate Management, Mumbai 400094, India961

206Vanderbilt University, Nashville, TN 37235, USA962

207Universiteit Antwerpen, Prinsstraat 13, 2000 Antwerpen, Belgium963

208University of Bia lystok, 15-424 Bia lystok, Poland964

209Department of Physics, Ewha Womans University, Seodaemun-gu, Seoul 03760, Korea965

210National Astronomical Observatories, Chinese Academic of Sciences, Chaoyang District, Beijing, China966

211School of Astronomy and Space Science, University of Chinese Academy of Sciences, Chaoyang District, Beijing, China967

212University of Southampton, Southampton SO17 1BJ, United Kingdom968

213Institute for Cosmic Ray Research (ICRR), The University of Tokyo, Kashiwa City, Chiba 277-8582, Japan969

214Chung-Ang University, Seoul 06974, South Korea970

215Institut de F́ısica d’Altes Energies (IFAE), Barcelona Institute971

of Science and Technology, and ICREA, E-08193 Barcelona, Spain972

216Graduate School of Science, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan973

217University of Washington Bothell, Bothell, WA 98011, USA974

218Institute of Applied Physics, Nizhny Novgorod, 603950, Russia975

219Ewha Womans University, Seoul 03760, South Korea976

220Inje University Gimhae, South Gyeongsang 50834, South Korea977

221Department of Physics, Myongji University, Yongin 17058, Korea978

222Korea Astronomy and Space Science Institute, Daejeon 34055, South Korea979

223National Institute for Mathematical Sciences, Daejeon 34047, South Korea980

224Ulsan National Institute of Science and Technology, Ulsan 44919, South Korea981

225Department of Physical Science, Hiroshima University,982

Higashihiroshima City, Hiroshima 903-0213, Japan983

226School of Physics and Astronomy, Cardiff University, Cardiff, CF24 3AA, UK984

227Institute of Astronomy, National Tsing Hua University, Hsinchu 30013, Taiwan985

228Bard College, 30 Campus Rd, Annandale-On-Hudson, NY 12504, USA986

229Institute of Mathematics, Polish Academy of Sciences, 00656 Warsaw, Poland987

230National Center for Nuclear Research, 05-400 Świerk-Otwock, Poland988
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Observatoire Côte d’Azur, CNRS, F-06304 Nice, France993

235Department of Physics, Hanyang University, Seoul 04763, Korea994

236Sungkyunkwan University, Seoul 03063, South Korea995
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