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3

ABSTRACT4

We report on a gravitational wave search for compact binary coalescences with secondary mass between5

0.2 M⊙ and 1 M⊙ and primary mass between 0.2 M⊙ and 10 M⊙, restricting the component mass ratio to lie be-6

tween 0.1 and 1. The analysis uses data collected by the LIGO and Virgo detectors between 2024 April 107

15:00:00 and 2025 January 28 17:00:00, the second part of the fourth observing run of the LIGO–Virgo–8

KAGRA Collaboration. Results from two out of three search pipelines show outlier candidates, but not at a9

sufficient level of significance to provide evidence for detection. We report the combined sensitivity of the10

current searches over the first and second parts of the observing run to the target sub-solar mass black hole pop-11

ulation, as well as to neutron star binaries with one or more sub-solar component. We place upper limits on the12

merger rate of sub-solar mass black holes, ranging from 50 Gpc−3 yr−1 to 5000 Gpc−3 yr−1 (90% confidence) for13

different component mass combinations. We use the merger rate limits to constrain two illustrative dark matter14

scenarios that can form sub-solar mass compact objects: primordial black holes, and dark black holes forming15

in a dissipative dark matter model. Our search limits the fraction of dark matter in primordial black holes,16

assuming a monochromatic mass distribution, to be ≤ (0.018–0.032) at 1 M⊙, and ≤ (0.10–0.18) at 0.35 M⊙ for17

early-forming binaries; or to be less than 1 at masses above (0.62–0.74) M⊙ for late-forming binaries. For the18

dissipative model, we constrain the fraction of dark matter for a range of minimum dark black hole masses be-19

low 1 M⊙ to be as low as (1.0–1.1)× 10−5; we also exclude minimum masses above (4.2–4.4)× 10−2 M⊙, if dark20

black holes constitute all of the dark matter. For binary neutron stars that include sub-solar mass components,21

assuming a simple, fixed population model we find a merger rate upper limit of 249 Gpc−3 yr−1.22

1. INTRODUCTION23

The LIGO–Virgo–KAGRA Collaboration (LVK; Abbott24

et al. 2020) has published over 390 probable gravitational25

wave (GW) candidates from searches for compact binary co-26

alescences (CBCs) in data from the first observing run (O1;27

Abbott et al. 2019a), second observing run (O2; Abbott28

et al. 2021, 2024), third observing run (O3; Abbott et al.29

2023a), the first part of the fourth observing run (O4a; Abac30

et al. 2026a,b), and the second part of the fourth observ-31

ing run (O4b; Abac et al. 2026,a,b) of the Laser Interferom-32

eter Gravitational-Wave Observatory (LIGO; Capote et al.33

2025; Ganapathy et al. 2023; Jia et al. 2024; Soni et al.34

2025; Martynov et al. 2016; Harry 2010; Abbott et al. 2016a)35

and Virgo (Acernese et al. 2015; Virgo Collaboration 2026)36

detectors in the latest Gravitational-Wave Transient Cata-37

log (GWTC) – GWTC-5.0 (Abac et al. 2026b). These can-38
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didates are produced by searches targeting the inspiral and39

merger of binary systems of compact object remnants of mas-40

sive stars. Namely, binary black holes (BBHs), binary neu-41

tron stars (BNSs) and neutron star (NS)–black hole (BH)42

binaries (NSBHs) with component masses ≥ 1 M⊙, where43

the lower bound is motivated observationally by known pul-44

sars (Martinez et al. 2015; Martinez et al. 2017; Lazarus et al.45

2016; Stovall et al. 2018), and theoretically by the expecta-46

tion that NS masses should lie near the Chandrasekhar limit47

for white dwarfs of 1.4 M⊙ as determined by the nucleon48

masses (Chandrasekhar 1931). Some neutron stars observed49

in X-ray binaries have masses of ∼ 1 M⊙ (van der Meer et al.50

2007; Lattimer & Prakash 2005). Additionally, BHs pro-51

duced by the gravitational collapse of massive stars are ex-52

pected to have masses exceeding those of NS.53

Although GW detectors are most sensitive to mergers of54

stellar-mass compact objects, they can also detect signals55

from less massive binaries of compact objects, if such sys-56

tems exist in nature (Magee et al. 2018). Targeted searches57

for sub-solar mass (SSM) compact objects open a window58

into exotic formation channels that may involve physics be-59
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yond the standard astrophysical paradigm (Singh 2024). A60

key motivation for these searches is the possibility that some61

compact objects could be primordial black holes (PBHs),62

which are a candidate for dark matter (Hawking 1971; Chap-63

line 1975; Green & Kavanagh 2021). PBHs have been pro-64

posed to contribute to the population of GW sources since65

the first detection of GWs: GW150914 (Abbott et al. 2016b;66

Bird et al. 2016; Sasaki et al. 2016; Clesse & García-Bellido67

2017). They are purported to form in the early universe,68

and to dominate the merger rate across all redshifts with a69

peak around z≥ 30, compared to the merger rate of stel-70

lar BHs, which, if it follows the star formation rate, would71

peak around z∼ 1–2 (Ng et al. 2022, 2023). Although PBHs72

can populate a wide mass spectrum extending above a solar73

mass (Carr et al. 2021), we rely on the detection of a SSM74

candidate to conclusively distinguish them from stellar BHs.75

GW observations of BBHs can also constrain theories of76

dissipative dark matter and its chemistry, where dark halos77

collapse under gravity to form dark black holes (DBHs) in re-78

gions of sufficiently high dark matter density (Shandera et al.79

2018; Abbott et al. 2023b; Singh et al. 2021). The merger80

rate of DBHs in this scenario is inversely proportional to the81

average DBH mass. Therefore, SSM BHs forming from dis-82

sipative halos could have a higher predicted merger rate than83

BHs forming through regular stellar evolutionary channels,84

which implies that SSM searches can provide strict limits on85

dissipative dark matter models (Shandera et al. 2018). Es-86

pecially if the lowest possible DBH mass is smaller than the87

white dwarf Chandrasekhar limit, we can start to probe the88

particle nature of dissipative dark matter using SSM searches.89

Additionally, models where accumulation of non-90

annihilating dark matter transmutes NSs to BHs with masses91

below the maximum NS mass have been constrained using92

limits on merger rates from SSM searches. Non-detections93

of these low-mass BHs provide upper limits on the interac-94

tion cross-section of dark matter particles with nucleons for95

GeV scale dark matter (Dasgupta et al. 2021; Bhattacharya96

et al. 2023).97

Searches for binaries with SSM compact objects have98

been performed in data from LIGO and Virgo since Initial99

LIGO’s science runs (Abbott et al. 2005, 2008; Abbott et al.100

2018, 2019b, 2022, 2023b; Abac et al. 2026c; Nitz & Wang101

2021a,b; Phukon et al. 2021; Nitz & Wang 2022; Kacanja &102

Nitz 2025; Kacanja et al. 2026). LVK matched-filtering SSM103

searches have probed masses down to 0.2 M⊙; this parameter104

space was initially motivated by gravitational microlensing105

surveys of the Large Magellanic Cloud which suggested that106

∼ 20% of the Galactic halo is composed of compact objects107

with masses in the range 0.15 M⊙ to 0.9 M⊙ (Alcock et al.108

2000). Since O2, our SSM searches have allowed for spin-109

ning components, initially with dimensionless spin magni-110

tudes ≤ 0.1 (Abbott et al. 2019b). In O3, we allowed the111

primary mass to extend up to 10 M⊙ in order to include sys-112

tems with more asymmetric masses, while also increasing the113

maximum dimensionless spin magnitude to 0.9 for compact114

objects with component masses greater than 0.5 M⊙ (Abbott115

et al. 2022, 2023b). We keep these configuration choices un-116

changed in our search for SSM candidates in O4a and O4b117

data. Although PBH and DBH formation scenarios can pop-118

ulate the mass spectrum below 0.2 M⊙, the target parameter119

space is restricted to alleviate the computational cost of CBC120

matched-filtering searches, and given that the horizon dis-121

tance of LIGO and Virgo detectors decreases with decreas-122

ing mass (Abbott et al. 2018; Allen et al. 2012; Fairhurst &123

Brady 2008).124

Searches for SSMs have been conducted on publicly avail-125

able data with parameter spaces that extend outside what is126

explored by the LVK searches. No detection has been made127

to date by any of the searches. With O1 and O2 data, Nitz128

& Wang (2021a) reports a search for SSM mergers with non-129

negligible orbital eccentricity, for component masses span-130

ning 0.1 − 7 M⊙ (primary) and 0.1 − 1 M⊙ (secondary), and131

Nitz & Wang (2021b) reports a search for mergers of ex-132

treme mass-ratio binaries for component mass ranges of133

20 − 100 M⊙ and 0.01 − 1 M⊙. Phukon et al. (2021) reports134

a search for mergers of a sub-solar mass component with a135

component with mass greater than 2 M⊙ in O2. Nitz & Wang136

(2022) reports searches on O3 data where the secondary com-137

ponent is sub-solar mass, while the primary mass extends138

from 0.1 − 100 M⊙, and orbital eccentricity is allowed for139

limited mass regions. Using O3 data, Kacanja & Nitz (2025)140

reports a targeted search for sub-solar mass NS binaries with141

component masses of 0.1−2 M⊙ and 0.1−1 M⊙, allowing for142

nonzero tidal deformabilities. Finally, Kacanja et al. (2026)143

reports the search for SSM mergers in O4a data, where the144

component masses are 0.1 − 2 M⊙ and 0.1 − 1 M⊙ and tidal145

deformabilities are included for low mass NSs.146

Searches for planetary-mass compact object binaries have147

also been conducted recently over O3 and O4a data, taking148

advantage of the quasi-monochromatic evolution of the emit-149

ted GW in the LVK bandwidth to set limits on the abun-150

dance of [10−7, 10−2] M⊙ PBHs (Miller et al. 2024; Abac151

et al. 2025a); in addition, searches for continuous gravita-152

tional waves in fourth observing run (O4) data placed lim-153

its on PBH formation considering SSM BHs in the asteroid-154

mass region (Abac et al. 2026d). The absence of detections155

in previous runs has provided useful constraints on the abun-156

dance of PBHs and on dissipative dark matter models (Abbott157

et al. 2023b; Abac et al. 2026c).158

Low-latency SSM searches were operated for the first time159

in O4a, motivated by the searches’ sensitivity to typical160

electromagnetically-bright sources. These real-time searches161

were continued throughout O4 in preparation for enabling162

prompt follow-up of significant candidates (Alléné et al.163
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2025; Hanna et al. 2024). However, public alerts from low-164

latency SSM searches were first issued in third part of the165

fourth observing run (O4c), thus the corresponding candi-166

dates lie out of the scope of the present study.167

By contrast, archival (offline) searches can determine the168

significance of candidates using the noise background col-169

lected over an entire observing run, and can undertake large-170

scale simulation analyses for sensitivity estimation. In this171

paper, we present results from the archival SSM searches per-172

formed by three pipelines: GstLAL, MBTA and PyCBC. We173

report their detection sensitivities for SSM BBHs and BNSs174

by repeating the searches on strain data from O4b with simu-175

lated signals added. By combining the search sensitivities to176

SSM signals in O4a and O4b, we derive limits on the merger177

rate of SSM BBHs, which are used to update the constraints178

on the fraction of dark matter in PBHs and the fraction of179

dark matter in DBHs. For the PBH scenario, we present180

constraints across the component-mass plane in addition to181

previously used point-mass distributions (Abbott et al. 2018,182

2019b, 2022, 2023b; Abac et al. 2026c).183

In addition to our constraints on specific dark matter mod-184

els, following Abac et al. (2026c) we report the sensitivity of185

the SSM search to binaries comprising one or two low-mass186

NSs. SSM search templates have non-trivial overlap with187

BNS signals from an astrophysical population, while extend-188

ing into the high-spin parameter space typically excluded in189

template-bank based searches for BNS (Abac et al. 2026a;190

Abac et al. 2026a). Matter effects involving tidal interactions191

of the binary components influence the signal phasing start-192

ing at an effective fifth post-Newtonian order (Flanagan &193

Hinderer 2008); for BNSs with super-solar masses, tidal de-194

formations affect waveforms at ≥ 1 kHz, where LIGO and195

Virgo have reduced sensitivity. However, extremely large196

tides at low NS masses (≤ 0.5 M⊙) cause dephasing below197

1 kHz, which can result in significant mismatches between198

the BBH template waveforms and BNS signals (Bandopad-199

hyay et al. 2023). Therefore, we extend our sensitivity es-200

timation to include simulated signals from SSM NS merg-201

ers (Metzger et al. 2024; Chen & Metzger 2025) to determine202

the detection efficiency for this population.203

NSs are formed in the last phases of stellar evolution,204

due to gravitational collapse at the endpoint of nuclear burn-205

ing (Burrows & Vartanyan 2021), or in binary systems where206

the accretion to a white dwarf induces collapse (Nomoto &207

Kondo 1990). Simulations of NS formation (Suwa et al.208

2018; Ertl et al. 2020; Woosley et al. 2020) predict a re-209

sulting minimum NS mass higher than 1 M⊙, comparable210

to the Chandrasekhar limit (Chandrasekhar 1931). However,211

lower bounds on possible NS masses based on equation of212

state (EoS) analysis cover a wide range, largely dependent213

on the type of EoS assumed; bounds for dense hot matter214

models are ∼ 0.7 M⊙ (Burgio & Schulze 2010), closer to the215

Chandrasekhar limit, as compared to ∼ 0.1 M⊙ for cold mat-216

ter models (Potekhin et al. 2013). In the case of spinning217

NSs, the rotation would require a higher gravitational bind-218

ing force, hence a higher minimum mass is required to keep219

the NS stable (Colpi et al. 1990). In summary, although the220

lowest mass NS observed to date is 1.174 ± 0.004 M⊙ (1σ221

uncertainty) (Martinez et al. 2015), theoretical scenarios for222

sub-solar NSs remain open.223

Various astrophysical mechanisms have been proposed for224

formation of SSM BNSs: as proposed by Clark & Eardley225

(1977), if the less massive NS reaches the Roche radius, then226

tidal disruption can be so extreme as to cause mass stripping.227

As a consequence of mass transfer to the primary, the less228

massive NS could therefore fall into the SSM regime. Al-229

ternatively, the Chandrasekhar limit, originally derived for230

the conditions found in stellar cores, might allow lower NS231

masses if the environment is sufficiently neutron-rich. This232

situation can be found in unstable disks around a central BH,233

which result from the gravitational collapse of rapidly rotat-234

ing stars (Piro & Pfahl 2007). In such disks, gravitational235

instabilities may lead to the formation of sub-solar NSs from236

sufficiently neutron-rich regions (Metzger et al. 2024; Chen237

& Metzger 2025).238

The structure and analysis framework of this paper closely239

follow the search for binaries with at least one SSM compact240

object in data from O4a (Abac et al. 2026c). Here we update241

those results analyzing the data collected during O4b; this242

paper thus presents the most comprehensive results to date of243

the LVK’s SSM search.244

2. SEARCHES245

We report results from three independent search pipelines246

- GstLAL, MBTA, and PyCBC — that analyzed data col-247

lected during O4b, from 2024 April 10 15:00:00 to 2025 Jan-248

uary 28 17:00:00, and the preceding engineering run, specif-249

ically the period with coincident operation of the two LIGO250

detectors and Virgo detector from 2024 March 20 15:00:00251

to 2024 April 10 15:00:00 (Abac et al. 2026). While O4a252

and the engineering run preceding O4a contained data only253

from the two LIGO detectors, the data analyzed for this pa-254

per and GWTC-5.0 included data from the Virgo detector,255

which resumed its observations prior to O4b. Details regard-256

ing the sensitivity of detectors during O4b can be found in257

Abac et al. (2026), while details of detector characterization258

and data quality in O4b are described in LVK (2026) and259

Abac et al. (2026a), respectively.260

All three pipelines employ matched-filtering tech-261

niques (Abac et al. 2026a), where the data is correlated262

with banks of CBC waveform model parameter sets (here-263

after referred to as templates) that span a common param-264

eter space across all pipelines, yielding the signal-to-noise265

ratio (SNR) for each candidate. The template banks are de-266
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signed to search for CBCs with redshifted primary masses267

mdet
1 = (1+z)m1 between 0.2 M⊙ and 10.0 M⊙, and redshifted268

secondary masses mdet
2 = (1 + z)m2 between 0.2 M⊙ and269

1.0 M⊙. Here, mdet
1,2 is the detector frame mass and m1,2 is the270

source frame mass. The mass ratio, q = m2/m1 (m2 ≤ m1)271

is restricted within 0.1–1.0 to maintain a computationally272

manageable number of templates in the template bank. In273

the low mass regime considered for SSM search, the inspiral274

signal is principally determined by a single combination of275

component masses, the (detector frame) chirp mass:276

Mdet = (1 + z)M =
(m1m2)3/5

(m1 + m2)1/5 . (1)277

Mismatches between signal waveforms with different binary278

parameters vary much more rapidly with differences inMdet
279

than with mass ratio or component spins at constant Mdet.280

The sensitivity of search templates to binary signals over a281

range of component masses and spins may thus be approxi-282

mately understood in terms of the range ofMdet covered.283

We include spin–spin and spin–orbit interaction effects as-284

suming that the spin vectors of the two bodies are either par-285

allel or anti-parallel to the orbital axis. The dimensionless286

spin magnitudes satisfy χ1,2 ≤ 0.9 for mdet
1,2 ≥ 0.5 M⊙ and287

χ1,2 ≤ 0.1 for mdet
1,2 ≤ 0.5 M⊙. This search covers the same pa-288

rameter space as the LVK SSM search performed on O3 (Ab-289

bott et al. 2022, 2023b) as well as O4a (Abac et al. 2026c)290

data, making a trade-off between possible astrophysical tar-291

gets and the computational cost of matched-filter searches in292

this low-mass region.293

GstLAL, MBTA, and PyCBC search pipelines each pro-294

duced template banks with comparable parameter space cov-295

erages. The three pipelines’ template banks were constructed296

with a target minimal match of 0.965, 0.97 and 0.975, for297

GstLAL, MBTA, and PyCBC, respectively. The chosen min-298

imal match values are intended to balance the loss of astro-299

physical signals due to the discreteness of the bank (e.g. a300

maximum loss of 10% for a minimal match of 0.97 (Owen301

1996)) against computational cost considerations. The sen-302

sitivity bandwidth of LIGO and Virgo extends down to ap-303

proximately 15 Hz (Abac et al. 2026). However, higher304

low-frequency cutoffs have been adopted in order to limit the305

computational cost of SSM searches: a cutoff of 45 Hz is306

used by all pipelines when determining template bank place-307

ment, thus reducing the number of templates to be processed;308

in addition, search pipelines impose low-frequency cutoffs309

higher than 15 Hz when performing matched filtering. This310

choice reduces computational cost per template, given that311

GW signals from low-mass CBCs can last for several min-312

utes in the sensitive bandwidth of the detectors. Details of the313

SSM template bank generation, search optimizations, and in-314

dividual pipeline configurations are described in the follow-315

ing subsections.316

2.1. GstLAL Pipeline317

GstLAL (Messick et al. 2017; Sachdev et al. 2019; Can-318

non et al. 2021; Hanna et al. 2020; Ewing et al. 2024;319

Tsukada et al. 2023; Sakon et al. 2024; Ray et al. 2023; Joshi320

et al. 2023, 2025a,b; Adhicary et al. 2026) is a GStreamer-321

based pipeline that searches for GW signals from CBCs us-322

ing matched-filtering techniques. A concise overview of the323

methods developed and adopted for O4 analyses, including324

the latest archival search workflow employed in this work, is325

provided in Abac et al. (2026a). Unlike in O3 (Abbott et al.326

2022, 2023b), GstLAL uses a bin-dependent gating proce-327

dure to mitigate glitches instead of the iDQ algorithm (Hux-328

ford et al. 2024). The overview of the methods of GWTC-4.0329

and GWTC-5.0 are provided in Abac et al. (2026); Abac et al.330

(2026a), and Abac et al. (2026c) provides details on specific331

methods for SSM searches. The methodology, including the332

template bank (Hanna et al. 2024), used in the analyses for333

this paper remains nearly identical to that described in Abac334

et al. (2026c) with differences described below.335

For O4 analyses, GstLAL generated the SSM template336

bank using a geometric placement method, manifold (Hanna337

et al. 2023). The template bank used for the SSM search of338

O4a data (Hanna et al. 2024) is inherited, as the search pa-339

rameter space of interest remains identical and to avoid ad-340

ditional computational costs to remake a template bank. As341

in Abac et al. (2026c), the GstLAL template bank consists342

of over 3.5 million templates, the waveform approximant is343

IMRPhenomD (Husa et al. 2016; Khan et al. 2016), the lower344

frequency cutoff is 45 Hz or higher, the high frequency cut-345

off is 1024 Hz, and a maximum template duration of ∼ 128 s346

is imposed (Hanna et al. 2024). The limitation on template347

duration results in higher values of the low-frequency cutoff,348

given that the waveforms’ GW frequency increases monoton-349

ically with time.350

In O4 GstLAL searches, including the SSM analysis, a351

number of enhancements are implemented in the algorithm352

compared to the O3 SSM analysis (Abbott et al. 2023a).353

These include an improved ranking statistic (Tsukada et al.354

2023), a new singular value decomposition-based grouping355

method for parallelization (Sakon et al. 2024), and a template356

weighting derived from the manifold population model (Ray357

et al. 2023; Abac et al. 2026). As in the O3 SSM search, we358

continue to assume a uniform population model in the rank-359

ing statistic due to the absence of observational constraints360

on the underlying source population. Data is match-filtered361

using the same frequency and waveform duration cutoffs ap-362

plied in the template bank generation, with waveform models363

chosen based on the redshifted chirp mass (1 + z)M where364

the TaylorF2 approximant (Buonanno et al. 2009; Pan et al.365

2008; Boyle et al. 2009) is used for (1+ z)M ≤ 1.73 M⊙, and366

the SEOBNRv4ROM approximant (Buonanno et al. 2009;367

Bohé et al. 2017; Cotesta et al. 2020) for (1+z)M > 1.73 M⊙.368
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We adopt different waveform models from that used for tem-369

plate placement in order to reduce computational costs. After370

matched filtering, GW candidates are ranked using a multi-371

component likelihood ratio ranking statistic (Tsukada et al.372

2023; Cannon et al. 2015). The component for multi-detector373

signal consistency (Hanna et al. 2020) is evaluated over a fre-374

quency range of 45 Hz to 1024 Hz. The ranking statistic is375

converted to false-alarm rate (FAR), which quantifies the sig-376

nificance of a candidate signal by comparing it to the distri-377

bution of noise triggers (Messick et al. 2017).378

The differences in methodology between what was used379

for O4a SSM analyses and the O4b SSM analyses are the380

following: the multi-detector signal consistency probability381

distribution, data calibration, and the detectors used for anal-382

yses. The multi-detector signal consistency probability dis-383

tribution is a data product that assesses the signal probabil-384

ity of the GW candidates based on the observed time differ-385

ence and phase difference between detectors by downweight-386

ing candidates with unphysical time or phase shifts. For the387

O4a SSM search, GstLAL used a high frequency cutoff of388

512 Hz for this data product, which was found to be in-389

consistent with the bandwidth used to whiten the templates.390

While the discrepancy was shown to have negligible effects,391

the high frequency cutoff was corrected to 1024 Hz for O4b392

SSM analyses. Search pipelines process calibrated detector393

data. As described in Abac et al. (2026), there are periods of394

O4b data that required additional calibration correction pro-395

cedures that were not required for data in O4a. Hence, the396

GstLAL analysis modified its configurations to use the cor-397

rected data, which was publicly released (Abac et al. 2026).398

Finally, GstLAL analyzed data from the two LIGO detectors399

and the Virgo detector for O4b analyses, as opposed to only400

the two LIGO detectors in O4a. The motivation was to in-401

crease the search’s sensitivity by including Virgo data, which402

became available in O4b.403

2.2. MBTA Pipeline404

The Multi-Band Template Analysis (MBTA; (Abadie et al.405

2012; Adams et al. 2016; Aubin et al. 2021; Alléné et al.406

2025) pipeline performs a matched-filter search for GWs407

from CBCs in data from the LIGO and Virgo detectors, us-408

ing a pre-computed template bank. To reduce computational409

cost, the MBTA pipeline splits the matched-filtering process410

in the frequency domain into two bands, performing the fil-411

tering in each band before recombining the results (Abac412

et al. 2026).413

Notable changes have been made since O4a. The Virgo414

data has been added to the analysis. The template bank415

has been generated using the same parameters as for O4a,416

but with a more recent power spectral density (PSD). It417

comprises over 2.3 million templates covering the parameter418

space described above, and was generated using a geometric419

placement algorithm (Brown et al. 2013). The low-frequency420

and high-frequency template banks have also been regener-421

ated to allow filtering starting at 35 Hz. While the place-422

ment of the template bank is defined over the range 45 Hz–423

1024 Hz, the filtering is performed over 35 Hz to 512 Hz.424

The reduction of the filtering low-frequency cutoff yields an425

improvement in sensitivity, while halving the filtering high-426

frequency limit preserves such an improvement while ensur-427

ing a minimal impact on total computational cost. The wave-428

forms used in constructing the template bank are computed429

using the TaylorF2 approximant (Buonanno et al. 2009; Pan430

et al. 2008; Boyle et al. 2009); however for matched filtering,431

different waveform models are used depending on the total432

mass of the template. SpinTaylorT4 (Isoyama et al. 2020) is433

used when the total mass M (= m1+ m2) < 4.0 M⊙, whereas434

IMRPhenomTP (Estellés et al. 2021) is used otherwise.435

2.3. PyCBC Pipeline436

The PyCBC pipeline (Allen et al. 2012; Dal Canton et al.437

2014; Usman et al. 2016; Nitz et al. 2017; Davies et al. 2020;438

Nitz et al. 2020) performs a matched filtering analysis to de-439

tect GW signals from CBCs. The PyCBC SSM search em-440

ploys the latest version of the pipeline, described in detail441

in Abac et al. (2026). We made specific choices to tailor the442

analysis to the O4b search for SSM compact objects and to443

improve its sensitivity, as summarized below.444

The ranking statistic is the same as in the O4a SSM445

search (Abac et al. 2026c). The major improvement in O4b is446

that we analyze Virgo data in addition to LIGO Hanford Ob-447

servatory (LHO) and LIGO Livingston Observatory (LLO).448

As in O4a, we incorporate single-detector triggers in the449

search following (Cabourn Davies & Harry 2022); the thresh-450

old for fitting the Virgo single trigger background is tuned451

with a representative chunk of data during O4b.452

For the template bank generation, the TaylorF2 (Buo-453

nanno et al. 2009; Pan et al. 2008; Boyle et al. 2009)454

post-Newtonian approximant and a lower frequency cutoff455

of 45 Hz were adopted to compute the matches between456

templates. We use the same geometric placement algo-457

rithm (Brown et al. 2013) as O4a, though now considering458

a representative PSD for LHO and LLO during O4b. This459

results in a bank with 2.6 million templates.460

The pipeline starts filtering the data at 30 Hz with an im-461

posed maximum allowed template duration of 1008 s which462

can lead to truncated templates. The SEOBNRv4ROM ap-463

proximant (Buonanno et al. 2009; Bohé et al. 2017; Cotesta464

et al. 2020) is used for matched filtering in templates with465

M > 4.0 M⊙, while the TaylorF2 approximant is used for466

M ≤ 4.0 M⊙.467

2.4. Search Results468

2.4.1. Summary469
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Figure 1. Cumulative number of SSM candidates as a function of the FAR for the GstLAL (left panel), MBTA (middle panel), and PyCBC
(right panel) analyses. The black dashed line shows the predicted background, with the shaded regions indicating the 68%, 95%, and 99%
confidence intervals for the background count at any FAR threshold, derived from a Poisson distribution given the total analyzed time of O4b
and the preceding engineering run. Black crosses indicate the observed cumulative count from each pipeline. The low FAR candidates seen in
the GstLAL and MBTA distributions correspond to S240422ed and S241229bq, respectively.

We report no significant GW candidates from SSM470

searches using the GstLAL, MBTA, and PyCBC pipelines471

conducted on O4b data. Figure 1 shows the number of can-472

didates with estimated FAR exceeding a given threshold, as473

a function of the threshold value. The observed candidates474

are fully consistent with the Poisson statistical expectation,475

except for two outliers identified by the GstLAL pipeline on476

2024 April 22 21:35:13.42 UTC and by the MBTA pipeline477

on 2024 December 29 13:52:36.83 UTC, discussed in detail478

below.479

Table 1 lists candidates identified by the search pipelines480

with a FAR below 2 yr−1. The third most significant candi-481

date, despite having a higher SNR than the two outliers, is482

ranked lower due to the reduced sensitivity of the contribut-483

ing detectors (LHO and Virgo rather than LHO and LLO).484

As its FAR is consistent with noise origin given the observ-485

ing time of O4b, we do not investigate this candidate further.486

487488

Candidate significance and trials factors —Considering the du-489

ration of O4b data, the FARs reported for the most signif-490

icant GstLAL and MBTA candidates correspond to a false491

alarm probability (FAP) (or p-value) of 0.011 and 0.0027,492

respectively. Thus, neither of these candidates surpasses a493

3σ threshold, and we do not consider them as providing evi-494

dence for detection. We present follow-up studies on the two495

outlier candidates below.496

The significance reported for individual offline SSM search497

pipelines over O4b does not incorporate trials factors, which498

account for the fact that multiple distinct search results have499

been reported using Advanced LIGO (aLIGO) and Advanced500

Virgo (aVirgo) data, and every search has a finite probability501

of producing a false positive. To attempt to quantify this ef-502

fect, we consider the LVK’s SSM searches conducted from503

O1 through O4b. The numbers of pipelines participating for504

each observing run are as follows:505

• O1: 1 (GstLAL)506

• O2: 1 (GstLAL)507

• first half of the third observing run (O3a): 3 (GstLAL,508

MBTA, PyCBC)509

• second half of the third observing run (O3b): 3510

(GstLAL, MBTA, PyCBC)511

• O4a: 3 (GstLAL, MBTA, PyCBC)512

• O4b: 3 (GstLAL, MBTA, PyCBC)513

resulting in 14 separate search results. While the effect of514

these multiple searches on the significance threshold required515

to claim evidence for observation of an astrophysical signal516

is difficult to quantify exactly, if we consider events due to517

detector noise in different pipelines to be independent to a518

good approximation, the FAP of a candidate will increase by519

around an order of magnitude when considering trials factors.520

2.4.2. GstLAL SSM Outlier Candidate521

The outlier candidate identified by the GstLAL pipeline522

corresponds to S240422ed (LIGO Scientific Collaboration523

et al. 2024a) in the LVK GraceDB (Moe et al. 2014). All524

three detectors were operating at the time of the candidate525

but triggers were produced above the pipeline’s SNR thresh-526

old only in LLO and LHO.527

This candidate was initially identified by the low-latency528

stellar-mass (broad CBC parameter space) search in the Gst-529

LAL and PyCBC pipelines, with FARs of 10−5 yr−1 and530

10.3 yr−1, respectively. Both pipelines identified the candi-531

date in templates with masses consistent with a NSBH source532

binary, with a (redshifted) chirp mass of ∼ 1.7 M⊙ and a ef-533

fective inspiral spin χeff ≡ (m1χ1z + m2χ2z)/(m1 + m2) of ≳534

0.75. The MBTA pipeline’s low-latency stellar-mass search535

did not detect this candidate.536
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Table 1. Candidates recovered with a FAR below 2 yr−1.

FAR Pipeline Coalescence time mdet
1 mdet

2 χ1z χ2z Inst. operating Inst. contributing Network SNR

(yr−1) (M⊙) (M⊙)

0.0043 MBTA 2024 December 29 13:52:36.83 UTC 1.04 0.49 −0.33 0.040 HLV HL 10.2

0.015 GstLAL 2024 April 22 21:35:13.42 UTC 5.28 0.85 0.79 0.79 HLV HL 9.74

1.3 MBTA 2025 January 2 09:44:02.30 UTC 0.32 0.23 0.02 −0.02 HLV LV 10.6

Note—For each candidate we report the redshifted primary (1) and secondary (2) masses mdet
1,2 and the dimensionless spin components projected

along the orbital axis χ1,2z, for the highest ranked template. The detectors operating at the time of the candidate are listed under “Inst. operating”,
while detectors where the SNR is high enough to contribute to the estimated significance are listed under “Inst. contributing”, where H (L,
V) denotes LIGO Hanford Observatory (LIGO Livingston Observatory, Virgo). The minimum SNR thresholds for a detector to contribute to
candidate significance for GstLAL and MBTA are 4.0 and 4.4, respectively. The network SNR is the quadrature sum of SNRs for all detectors
operating at the time of the candidate for MBTA, or only for detectors with SNR above 4.0 for GstLAL.

At the time of the candidate, the GstLAL and MBTA537

pipelines were operating low-latency SSM searches (Hanna538

et al. 2024; Alléné et al. 2025). However, these searches did539

not identify candidates for S240422ed. The GstLAL low-540

latency SSM template bank’s spins are limited to |χ1,2| ≤541

0.3 (Hanna et al. 2024), hence, this bank did not cover the542

preferred template parameters for S240422ed.543

Further analyses of this candidate in the GstLAL stellar-544

mass search including information from subsequent data in545

the background model reduced its significance; the FAR in546

the GstLAL stellar-mass search is now estimated to be ∼ 1547

per 35 days, comparable with the PyCBC pipeline’s stellar-548

mass search (LIGO Scientific Collaboration et al. 2024b).549

While S240422ed is included in GWTC-5.0 (Abac et al.550

2026b), it is no longer a significant candidate.551

However, the GstLAL SSM offline search of O4b552

data reported here identifies a candidate corresponding to553

S240422ed with a FAR of 0.015 yr−1. Neither the MBTA nor554

the PyCBC offline SSM searches identify a corresponding555

candidate for S240422ed at a FAR inconsistent with noise.556

Data quality checks performed for S240422ed in low la-557

tency indicated that data from both LLO and LHO were af-558

fected by non-stationary noise, but not at a level sufficient to559

justify retracting the alert. Additionally, the trigger identi-560

fied in LHO data is well within the distribution of SNR and561

chi-squared values for noise triggers. Follow-up Bayesian562

inference analyses, under the hypothesis of an astrophysical563

signal in Gaussian noise, infer a chirp mass consistent with564

the search pipeline value from coherent analysis of data from565

all three detectors. However, both LHO data and Virgo data,566

when analyzed on their own, are consistent with a vanishing567

signal amplitude for this range of chirp mass. While such be-568

haviour is not impossible for an astrophysical signal, overall569

these followup analyses do not change our assessment that570

the GstLAL candidate is consistent with a noise origin.571

2.4.3. MBTA SSM Outlier Candidate572

The outlier candidate identified by the MBTA pipeline cor-573

responds to S241229bq. As with S240422ed, all three detec-574

tors were operating at the time of the candidate but triggers575

were produced above the pipeline’s SNR threshold only in576

LLO and LHO.577

This candidate was initially identified as S241229bq by578

the low-latency SSM search in the MBTA and GstLAL579

pipelines, with a FAR of 570 yr−1 and 100 yr−1, respectively.580

The PyCBC pipeline’s low-latency stellar-mass search did581

not detect this candidate; note that the PyCBC pipeline does582

not operate a low-latency SSM search. Since S241229bq was583

identified as a low-significance candidate, a public alert was584

not issued, and neither manual checks for data quality nor585

low-latency parameter estimation (PE) were performed.586

As shown in Table 1, the MBTA SSM offline search of587

O4b data identifies a candidate corresponding to S241229bq588

with a FAR of 0.0043 yr−1, equivalent to a significance of589

2.8 standard deviations. (As mentioned previously, this value590

does not account for trials factors.) The GstLAL and Py-591

CBC offline SSM searches both identify a candidate cor-592

responding to S241229bq, but with FARs consistent with593

noise: 34 yr−1 and 7.7 yr−1 for GstLAL and PyCBC, respec-594

tively. The probability for the FAR of an astrophysical signal595

to be higher than 1 yr−1 for GstLAL and PyCBC, but lower596

than 0.005 yr−1 for MBTA, was estimated via analysis of sim-597

ulated signals (injections, see Section 3 below) to be of the598

order of 10−3.599

Further investigations confirmed that the MBTA noise600

model used to estimate the FAR for this candidate was sta-601

ble across the observing period, and that the candidate was602

not affected by data quality issues. The SNR evolution of the603

trigger when lowering the matched filter low frequency cut-604

off was also investigated, finding a decrease of the SNR, and605

consequently of the significance, between 35 Hz and 25 Hz606

cutoffs. A decrease of the SNR is also observed when per-607

forming the matched filtering over a single frequency band608

that covers the range of the usual two frequency bands in609
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MBTA. Further checks on injections indicate that this behav-610

ior, while possible for a low-amplitude astrophysical signal,611

was approximately twice as likely to be caused by a noise612

fluctuation.613

3. SEARCH SENSITIVITY614

In this section we quantify the sensitivity of our searches615

over O4a and O4b data to GW signals from SSM CBCs. This616

enables us to set upper limits on SSM merger rates, as de-617

scribed in Section 4. Due to the changing sensitivity across618

the observing run and the complex nature of the detection619

process, we determine this sensitivity empirically via the in-620

jection procedure laid out in Abac et al. (2026); Essick et al.621

(2025). We simulate the GW strain for large numbers of622

signals and add them to detector strain data, and pipelines623

perform the search described in Section 2 on this augmented624

data. Our sensitivity to a possible population of SSM sources625

depends on their distribution over masses and spins. There-626

fore, we provide estimates of sensitivity to SSM sources as a627

function of an assumed population. Re-weighting a single set628

of results from our injection recovery analysis via importance629

sampling (Tiwari 2018) enables us to determine the sensitiv-630

ity to multiple population models.631

3.1. Estimation methods632

Search sensitivity for a given assumed population distribu-633

tion Λ, with a merger rate which we assume constant over634

comoving volume and time, is described by the sensitive hy-635

pervolume, ⟨VT ⟩. This is an effective spacetime volume over636

which the search would detect mergers with a significance637

above some chosen detection threshold. It may be expressed638

as639

⟨VT ⟩(Λ) = ξ(Λ)VTtotal , (2)640

where ξ(Λ) is the fraction of detectable mergers, and VTtotal641

denotes the total volume–time accessible to the analysis,642

given by the comoving volume–time enclosed out to the most643

distant source included in the population, over the duration644

Tobs of the data searched. For injections generated up to a645

maximum redshift zmax, we have646

VTtotal = Tobs

∫ zmax

0

1
1 + z

dVc

dz
dz , (3)647

where the 1/(1+ z) factor accounts for time dilation between648

the source frame and the detector frame, and dVc/dz is the649

differential element of comoving volume over redshift. The650

detectable fraction ξ(Λ) is defined as651

ξ(Λ) =
∫

pdet(d)p(d|θ)p(θ|Λ) dd dθ , (4)652

where p(d|θ) denotes the probability of obtaining data d in653

the presence of a GW signal characterized by source parame-654

ters θ, and p(θ|Λ) denotes the probability distribution of these655

parameters conditioned on the population hyperparameters656

Λ. Finally, pdet(d) is the probability that our search identifies657

a candidate above the given detection threshold, when given658

data d as input; as our search pipelines process data deter-659

ministically, this takes values of either 0 or 1.660

We estimate ξ(Λ) for a given population model Λ via im-661

portance sampling (Tiwari 2018; Essick & Farr 2022). We662

perform a Monte Carlo sum over the subset of recovered in-663

jections {θ}found, applying appropriate importance sampling664

weights for the desired population distribution:665

ξ(Λ) ≃
1

Ninj

∑
θ∈{θ}found

p(θ|Λ)
p(θ|Λ0)

, (5)666

where Ninj is the total number of injections initially gener-667

ated, p(θ|Λ0) is the distribution of source parameters under668

the fiducial population model Λ0 used to generate injections,669

and p(θ|Λ) is the corresponding parameter distribution for the670

desired population model Λ for which we want to estimate671

sensitivity. The uncertainty in the estimated ⟨VT ⟩ propagates672

directly from the variance in this Monte Carlo sum (Farr673

2019) via Equation (2).674

3.2. Injections675

To determine the sensitivity to populations of CBCs which676

include at least one SSM BH or NS component in O4b, we677

define two fiducial populations from which we draw simu-678

lated source parameters when constructing the injection sets679

used by the searches. The injections were produced using680

PSDs derived from LHO, LLO and Virgo data throughout681

O4b, and were added to the O4b strain data for searches.682

These populations are summarized in Table 2, and are sim-683

ilar to those considered in the O4a analysis of Abac et al.684

(2026c), differing only in the aspects highlighted below.685686

The maximum primary mass for the BNS population is687

set to 2.5 M⊙ (as compared to 3.0 M⊙ adopted in O4a), to688

narrowly include the maximum NS mass of approximately689

∼ 2.4 M⊙, which is allowed by the EoS used to produce the690

injections in both O4a and O4b. We adopt the GPPVA_DD2691

EoS, which is closely related to DD2 and represents one of692

the stiffest EoS still consistent with GW170817 multimessen-693

ger constraints (Radice et al. 2018), making 2.5 M⊙ a physi-694

cally reasonable upper limit. Other EoS considered in Abbott695

et al. (2018) are either too soft or excluded by multimessen-696

ger observations of GW170817; meanwhile, studies includ-697

ing NICER pulsar X-ray observations do not require a higher698

maximum mass (Raaijmakers et al. 2021).699

The simulated population, for both BBH and BNS, has700

isotropically distributed spin orientations and is distributed701

uniformly in comoving volume out to a given maximum red-702

shift zmax. For BNS we set zmax = 0.2, which corresponds to703

a total hypervolume of VTtotal = 1.83 Gpc3 yr while for BBH704

we use zmax = 0.25, corresponding to VTtotal = 3.34 Gpc3 yr.705
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Table 2. Fiducial populations of simulated BBH and BNS sources used for estimating search sensitivities.

BBH BNS

MassModel
mα1,2, α = −1

m1 ∈ [0.19 M⊙, 11.1 M⊙]

m2 ∈ [0.19 M⊙, 1.1 M⊙]

mα1,2, α = −1

m1 ∈ [0.5 M⊙, 2.5 M⊙]

m2 ∈ [0.5 M⊙, 1.1 M⊙]

wN(µ, σ) + (1 − w)Beta(α, β)

SpinMagnitudeModel µ = 0, σ = 0.1, α = 1, β = 4,w = 0.5

χ1,2 ∈ [0, 1]

WaveformModel IMRPhenomXPHM IMRPhenomXP_NRTidalv3 (Abac et al. 2024)

Equation of State Not used GPPVA_DD2

Note—Source parameters are drawn from the given distributions for (source-frame) component masses m1,2, and dimensionless spin magnitudes
χ1,2, to generate simulated signals for searching augmented O4b data. We assume isotropic spin directions, i.e. uniform in the cosines of the
angles between the orbital angular momentum vector and the component spin vectors. The sources are distributed uniformly in comoving
volume and time up to a maximum redshift zmax = 0.25 (0.2) for BBH (BNS). These fiducial populations are denoted by Λ0 in Equation (5).

Compared to O4a where a limit zmax = 0.2 was applied to all706

injections, here we extend the range for BBH, motivated by707

the improvement in LIGO sensitivity and the higher network708

SNR with Virgo joining the observing run (Abac et al. 2026).709

We injected a total of 3.7 × 107 simulated signals; BBH710

signals are injected every 32 s, and BNS signals are injected711

on the same cadence, but offset by 16 s relative to the BBH712

injections. These spacings are intended to avoid significant713

bias of the strain data PSD caused by the presence of a high714

total signal rate.715

3.3. Combined O4a and O4b sensitivity estimates716

In this study we introduce an estimation of search sensitiv-717

ity to SSM binaries over the combined runs O4a and O4b.718

This combined estimate uses an increased total observing719

time Tobs, while consistently accounting for different search720

efficiencies ξ(Λ) between runs. We follow Essick (2021) to721

construct a mixture model for both runs, using the O4a in-722

jections detailed in Abac et al. (2026c) and O4b injections723

described above. The mixture unifies the two injection sets,724

assigning individual injection weights based on the rate of725

Monte Carlo sample generation in any given piece of data.726

This weighting ensures uniformity over detector-frame time727

throughout the observing period, even in disjoint runs; the728

resulting weights are incorporated in the term p(θ|Λ0) for729

Equation (5) (Essick 2021; Essick et al. 2025). The proce-730

dure described in Section 3.1 is then applied to the mixture731

model set to obtain sensitivity estimates for the combined732

runs. For runs that are disjoint in time, this combined es-733

timate of ⟨VT ⟩ for a given population is equal to a sum of734

estimated sensitivities over separate runs. However, the mix-735

ture model method has the advantage of being more gener-736

ally applicable and valid even in cases of overlapping injec-737

tion distributions (including overlapping in time). Hereafter,738

combined sensitivity estimates for both runs will be labelled739

as O4a+b.740

The results and analyses presented in the remainder of this741

study adopt different detection thresholds for sensitivity esti-742

mation corresponding to distinct inference methods. Table 3743

summarizes these detection thresholds, and the correspond-744

ing figures, for later reference.745746

3.4. Sub-solar mass BBH systems747

We report sensitivity estimates, ⟨VT ⟩, for BBH systems748

with at least one SSM component recovered by the GstLAL,749

MBTA and PyCBC pipelines. We expect search sensitivity750

to be primarily a function of the binary chirp mass (Blanchet751

2014) as the GW frequency evolution and emitted flux during752

binary inspiral are determined, to first approximation, only753

by the value of M (Cutler & Flanagan 1994). Considering754

both the masses covered by the search template banks in the755

detector frame, and the maximum redshift of 0.25 reached by756

our injection campaign, we consider a chirp mass space cov-757

ering the range 0.16 M⊙ ≤ M ≤ 2.72 M⊙; we then divide this758

space into equally-spaced bins, treating each bin as a separate759

population. Additionally, we reject binaries with q < 0.05 for760

consistency with previous estimates in Abbott et al. (2022,761

2023b); Abac et al. (2026c). Note that since search pipelines762

can have sensitivities to injections that lie outside the param-763

eter spaces covered by their template banks, we assess the764

sensitivities using a cutoff at q = 0.05 while the template765

banks are limited to q within 0.1–1.0.766

In this study we estimate sensitivity for low-spin bina-767

ries, as previously in Abac et al. (2026c), and also for high-768

spin SSM binaries. Low-spin SSM binaries correspond to769

the simplest scenario of PBHs formed by gravitational col-770

lapse of overdensities that enter the horizon in the radiation771

era, which are expected to have zero or negligible spin at772

formation (García-Bellido 2017; Chiba & Yokoyama 2017;773
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Table 3. Significance thresholds used for search sensitivity estimates in downstream analyses, and the corresponding figures.

Analysis Detection threshold Figures

Low-spin SSM BBH ⟨VT ⟩ estimates FAR = 1 yr−1 2, 3, 4, 5

High-spin SSM BBH ⟨VT ⟩ estimates FAR = 1 yr−1 5

SSM BNS ⟨VT ⟩ estimates FAR = 1 yr−1 6

Low-spin SSM BBH

frequentist merger rate limits

Per-pipeline loudest event

over O4a and O4b
7, 8

SSM BNS frequentist

merger rate limits

Per-pipeline loudest event

over O4a and O4b
9

PBH constraints derived from

low-spin SSM BBH rate limits

Per-pipeline loudest event

over O4a and O4b
10, 11

Bayesian constraints on DBH model FAR = 0.01 yr−1 12

Mirbabayi et al. 2020; De Luca et al. 2019). However, sev-774

eral mechanisms could increase the spin of one or both com-775

ponents of the coalescing binaries. In close hyperbolic en-776

counters, PBHs can acquire a relatively mild spin of order777

χ ∼ 0.2 (Jaraba & García-Bellido 2021). In sufficiently dense778

clusters of PBHs, the spin can reach 0.7 due to this mecha-779

nism only if significantly unequal mass BHs participate in780

multiple close hyperbolic encounters. Alternatively, if the781

PBHs inhabit a sufficiently gas-rich environment for accre-782

tion disks to be formed, the transfer of angular momentum783

due to gas accretion can increase substantially the spin mag-784

nitude (De Luca et al. 2020), although this mechanism needs785

to be confirmed with simulations of SSM PBHs.786

For the low-spin case, we choose a uniform distribution in787

spin magnitudes limited to χ1,2 ≤ 0.1, consistent with previ-788

ous reported results (Abbott et al. 2022, 2023b; Abac et al.789

2026c). Then, for the high-spin case we choose a spin mag-790

nitude distribution uniform in 0.1 ≤ χ1,2 ≤ 0.7: the upper791

limit here is motivated by upper bounds in the literature (De792

Luca et al. 2020; Jaraba & García-Bellido 2021), and in order793

to avoid an excess of variance in the estimate of ⟨VT ⟩ (Farr794

2019) caused by low support of the injected χ1,2 distribution795

beyond 0.7. Spin orientations are considered as isotropically796

distributed for both low- and high-spin cases.797

In addition to reporting sensitivity estimates in bins of798

chirp mass, we also report sensitivity as a function of com-799

ponent masses m1,2. Similarly to the chirp mass case, we800

split the space of component masses into equally spaced801

bins covering the range 0.19 M⊙ ≤ m1 ≤ 11.1 M⊙ and802

0.19 M⊙ ≤ m2 ≤ 1.1 M⊙, with the mass ratio constraint803

q ≥ 0.05, and treat each grid bin as a separate population,804

described by a log-uniform distribution limited by the bin805

bounds. For component mass sensitivity estimates, we only806

consider the low-spin case with a uniform magnitude distri-807

bution χ1,2 ≤ 0.1 and isotropically distributed spin orienta-808

tions.809

We present sensitivity estimates for SSM BBH at a ref-810

erence significance threshold of FAR 1 yr−1 (in contrast811

to Abac et al. (2026c), where a loudest event threshold was812

used). This uniform choice follows Abac et al. (2026b) and813

facilitates one-to-one comparisons between pipelines and/or814

between observing periods. Figure 2 shows the combined815

estimates for low-spin BBHs, with similar performance be-816

tween different search pipelines. Larger differences in sen-817

sitivity between PyCBC and the other two pipelines seen at818

low chirp mass are due to a lower starting frequency for filter-819

ing (see Section 2.3), which affects the power recovered from820

long duration signals characteristic of low-mass binaries.821822

We also show a comparison of sensitive ⟨VT ⟩ in Figure 3823

for low-spin BBHs during O4a, O4b and the combination824

of both runs. Increased sensitivity in O4b is due to a com-825826

bination of increased observing time from 0.76 yr (O4a) to827

0.84 yr (O4b) translated in a ≈ 11% gain; improved LIGO828

detector sensitivity, and the resumption of Virgo observa-829

tions after O4a; and improvements in search pipeline meth-830

ods which enhance detection efficiency by up to 50%. In831

particular, the MBTA sensitivity increases for O4b as com-832

pared to O4a reaching a 73% improvement in higher chirp833

mass bins, which we can attribute to search improvements834

described in Section 2.2. On the other side, GstLAL and Py-835

CBC increase at most 33%. For the combined O4a+b runs,836

Tobs increases by a factor 2.1 with respect to O4a. Together837

with improvements to the detectors’ sensitivities and the ad-838

dition of the Virgo detector, the sensitivity gain is nearly a839

factor of 3.840

Uncertainties in ⟨VT ⟩ are propagated from the Monte841

Carlo sum standard deviation, as discussed in Section 3. The842

great majority of injected signals in the last chirp mass bin,843

2.44–2.72 M⊙, have a chirp mass above the range covered844

by the pipelines’ template banks, leading to a much reduced845

sensitivity. As the estimated sensitivity in this bin is subject846

to large statistical uncertainties, as follows from Farr (2019),847
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Figure 2. Low spin BBH population sensitive hypervolume es-
timates at a FAR 1 yr−1 threshold for each pipeline over the com-
bined O4a+b runs, computed in chirp mass bins. Vertical bars show
Monte Carlo sampling standard deviations.

we display the estimate here for completeness but we do not848

proceed to derive astrophysical limits for the last bin.849

The O4a estimates (Abac et al. 2026c) in Figure 3 used850

loudest-event FAR thresholds of 1.2 yr−1, 0.87 yr−1 and851

1.3 yr−1 for GstLAL, MBTA and PyCBC respectively, while852

here we report ⟨VT ⟩ at a 1 yr−1 FAR threshold. This caveats853

a direct comparison, since varying the significance threshold854

will change the Monte Carlo sums in Equation (5). However,855

these differences in FAR threshold have a very small effect856

on ⟨VT ⟩: GstLAL and PyCBC would miss less than 1.1%857

of the recovered injections if changing their O4a threshold858

to 1 yr−1, while MBTA would gain less than 0.7%. We con-859

sider these differences to be negligible when comparing O4a860

sensitivity estimates to our current results.861

We also compute the sensitivity as a function of component862

masses m1,2 for low spins, shown in Figure 4. As expected,863864

search sensitivity appears mainly determined by the binary865

chirp mass; the highest sensitivity is obtained for the more866

massive bins, except for the top right (highest total mass) bin867

which lies beyond the space covered by the search template868

banks. Sensitivities are broadly similar between different869

pipelines. While the fractional uncertainty in ⟨VT ⟩, shown870

in the bottom panel, is generally small, excess uncertainty871

in one bin (m1,m2) = (6.74–8.92, 0.19–0.37) M⊙ is caused872

by our population model constraint on mass ratio q ≥ 0.05:873

this bin then lies at the edge of the population, receiving very874

few Monte Carlo samples. (The blank bin at lower right lies875

completely outside our population model and hence cannot876

be constrained.)877

Moving to the high-spin case, 0.1 ≤ χ1,2 ≤ 0.7, we find878

minor changes in the sensitive hypervolume compared to low879

spins, summarized in Figure 5. The sensitivity for O4b is re-880

duced by ∼ 25%, while the combined O4a+b estimates drop881

by ∼ 20%. A weak trend towards lower relative sensitiv-882

ity for high-spin BBHs at higher chirp mass is visible, ex-883

cept in the lowest mass bin; note that search template banks884

cover a reduced range of effective inspiral spin χeff at the885

lowest binary masses (χ1,2 ≤ 0.1 for mdet
1,2 ≤ 0.5 M⊙). The886

high-spin population model implies larger statistical uncer-887

tainties: reweighting to a uniform distribution in spin magni-888

tudes from the injected distribution (see Section 3.2) reduces889

the number of effective samples, increasing the variance of890

the Monte Carlo sums by up to a factor of 6 which translates891

to a greater uncertainty in ⟨VT ⟩.892893

3.5. Sub-solar mass BNS systems894

Following Abac et al. (2026c), we also report sensitivity895

estimates for BNS coalescences with at least one SSM com-896

ponent, using injection waveforms that include tidal effects:897

this aims to quantify how recovery of such signals is affected898

by the absence of tidal effects in the search template wave-899

forms. We consider BNS injections recovered by MBTA and900

PyCBC; in contrast to the BBH injection analyses, the Gst-901

LAL pipeline did not analyze simulated BNS signals, in or-902

der to limit its total computational cost.903

As in Abac et al. (2026c), we extend the sensitivity esti-904

mates for NSs with masses down to 0.5 M⊙, in contrast to905

estimates for GWTC releases such as Abac et al. (2026a)906

where the minimum mass considered is 1 M⊙. We present907

the sensitivity for BNS systems at several combinations of908

component masses, considered as representing two different909

astrophysical scenarios.910

• Double SSM systems: these have both component911

masses below 1 M⊙. We show selected points at m1,2 =912

{0.6, 0.8, 1.0}M⊙.913

• Single SSM systems: for these the secondary is the914

only SSM component, with the primary above 1 M⊙.915

We show estimates at m1 equal to {1.4, 1.8, 2.2}M⊙,916

while m2 equal to {0.6, 0.8, 1.0}M⊙.917

To evaluate search sensitivity for each of these combinations,918

we consider a population of BNS systems following a log-919

normal distribution in each component mass, centered at each920

m1,2 point, with a standard deviation of 0.1 M⊙.921

NS spin magnitudes, in contrast to those of BHs, are not922

limited to a maximum of 1; instead, they are constrained to923

the mass-shedding limit, balancing gravitational force with924

rotational acceleration. The most rapidly spinning NS ob-925

served within a BNS system, PSR J1946+2052, rotates with926
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a period of 16.96 ms (Stovall et al. 2018). Following the di-927

mensionless spin magnitude definition928

χ =
c J

G M2 , (6)929

and assuming a 1.4 M⊙ object and the GPPVA_DD2 EoS,1930

we find a spin magnitude χ ≈ 0.042. However, if we instead931

1 In contrast to other authors such as Brown et al. (2012), we opt for a mo-
ment of inertia corresponding to a solid sphere I = 2/5 M R2 dependent on
the EoS, instead of a constant I = J/Ω = 1.5 × 1045 g cm2.

consider this object a sub-solar NS of 0.5 M⊙ then its spin932

would correspond to χ ≈ 0.12, based on keeping the period933

fixed while decreasing the mass. Going further, higher ro-934

tational frequencies have been found for NSs in binary sys-935

tems with other types of object (e.g., Hessels et al. 2006);936

thus, given the high uncertainties affecting possible SSM937

BNS we allow for rapidly-spinning components, compara-938

ble to millisecond pulsars (Bildsten et al. 1997). Imposing939

an upper limit on the NS spin magnitude of 0.4, consistent940

with Abac et al. (2026); Abac et al. (2026c), our sensitivity941
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estimates consider a uniform distribution in spin magnitude942

constrained to χ1,2 ≤ 0.4, and isotropic spin orientations.943

As in the previous section, we choose a reference FAR944

threshold of 1 yr−1 to present sensitivity estimates for each945

pipeline. Figure 6 shows the sensitive hypervolume com-946

puted at the proposed points in the m1,2 space. We observe947

an increase between a factor of 2.2 and 3 when comparing948

the combined estimate to previous O4a results (Abac et al.949

2026c). Uncertainties propagated from the Monte Carlo sum950

variance range between 1.2% and 5.2% for the most and least951

massive m1,2 points, respectively.952953

Comparing SSM BBH and BNS with the same population954

mass and spin distributions, we find that sensitivity to BNSs955

can be slightly lower, ranging over ∼ (0.8–1) times the BBH956

sensitivity. Loss in sensitivity for BNS is primarily caused957

by the mismatch between the templates (see Section 2) and958

injected waveforms including tidal effects. In the case of959

super-solar NSs such mismatch is expected to be subdomi-960

nant (Williams et al. 2022) and restricted to a small portion of961

the parameter space, which would appear with a fitting fac-962

tor below the designed minimal match of the bank (Piccari963

& Pannarale 2025). However, given we employ the stiffest964

EoS and consider masses in the sub-solar regime, this effect965

is magnified and can lead to significant sensitivity loss due to966

template bank mismatch (Bandopadhyay et al. 2023). Addi-967

tionally, waveforms including tidal effects are not calibrated968

in this low mass range: thus, tidal deformations in SSM NSs969

are extrapolated into the sub-solar regime, which may intro-970
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Figure 6. Sensitive hypervolume estimates for a SSM BNS pop-
ulation at a FAR 1 yr−1 threshold. We report the sensitivities of the
MBTA and PyCBC pipelines over the combined O4a+b runs evalu-
ated at points in the component mass space.

duce systematic uncertainty in our sensitivity estimates due971

to waveform errors.972

4. MERGER RATES973

The ⟨VT ⟩ sensitivity estimates obtained in the previous974

section, coupled with the non-detection search results of Sec-975

tion 2.4, can be used to derive upper limits on the merger rate976

of possible populations of low-spin SSM BBHs or BNSs.977

Hereafter, the rates and constraint results quoted for SSM978

BBHs are for the low-spin population. Assuming the phys-979

ical independence of different mergers, we treat them as an980

inhomogeneous Poisson process, with an intensity varying981

over binary component masses and spins and over redshift.982

We make the further assumption, reasonable given the max-983

imum redshift zmax ∼ 0.25 probed by our searches, that the984

merger rate is constant over comoving volume and source-985

frame time, notating the total rate density of BBHs over the986

SSM parameter space as R.2987

A model of the SSM BBH population Λ is then described988

by a normalized distribution of mergers over intrinsic param-989

eters (component masses and spins), p(θ|Λ). If identified by990

2 A SSM BNS population is described similarly, but has its own independent
rate parameter.
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a search pipeline, a merger signal is assigned a ranking pa-991

rameter x such that louder signals correspond to higher x val-992

ues; here, we may identify x with the inverse false-alarm rate.993

The expected number of mergers identified by a search above994

some threshold value of x is then given by995

µ(x,Λ) = RVT (x,Λ) , (7)996

where we explicitly indicate the dependence of VT on the997

threshold and on the model Λ, cf. Equation (2). Search can-998

didates due to astrophysical mergers, which are assigned a999

ranking above a threshold x, can then be treated as a Poisson1000

process with parameter µ(x,Λ).1001

We then obtain upper limits on R by the (frequentist) loud-1002

est event statistic method (Brady et al. 2004): the value of1003

µ is bounded above by the fact that there were no candidates1004

identified with higher ranking than the loudest event recorded1005

by a search, x̂. Imposing the ranking threshold x̂, we have for1006

a p% confidence upper limit Rp,1007

1−
p

100
= exp(−µp(x̂,Λ)) =⇒ Rp = −

ln(1 − p/100)
VT (x̂,Λ)

, (8)1008

yielding a standard 90% confidence upper limit R90 ≃1009

2.3⟨VT (x̂,Λ)⟩−1. We replace the sensitivity VT by its esti-1010

mated value ⟨VT ⟩ assuming its statistical uncertainty is neg-1011

ligible.1012

Adopting the loudest event formalism as above, we obtain1013

upper limits on the merger rate for each pipeline considering1014

the combined O4a+b runs. We estimate the sensitive hyper-1015

volume (Section 3) at the FAR threshold determined by the1016

loudest event recorded by each pipeline over both the O4a1017

and O4b runs, and follow Equation (8) to derive 90% con-1018

fidence upper limits. PyCBC found a louder event during1019

O4a (Abac et al. 2026c) compared to the most significant1020

event in O4b (see Section 2.4) while GstLAL and MBTA1021

found the loudest events in O4b. Therefore, we use the fol-1022

lowing FAR thresholds: 0.015 yr−1 for GstLAL, 0.0043 yr−1
1023

for MBTA, and 1.3 yr−1 for PyCBC. This is in contrast to1024

Sections 3.4 and 3.5, where sensitivity estimates adopted a1025

constant 1 yr−1 FAR threshold.1026

Figure 7 shows the upper limit on the SSM BBH merger1027

rate at the 90% confidence level for GstLAL, MBTA, and1028

PyCBC as a function of the chirp mass, M, and the rela-1029

tive improvement between the different observing periods.1030

Since a high-spin population of SSM BBH shows only mi-1031

nor variation in ⟨VT ⟩ with respect to a low-spin population1032

(see Section 3.4), we show upper limits only for the low-spin1033

case, following previous studies (Abac et al. 2026c). As ex-1034

pected from Equation (8), our rate limits are more constrain-1035

ing by a factor comparable to the increases in ⟨VT ⟩ from O4a1036

to O4a+b. The lowest upper limits R90 are 66.8 Gpc−3 yr−1,1037

72.0 Gpc−3 yr−1, and 50.0 Gpc−3 yr−1 for GstLAL, MBTA,1038

and PyCBC respectively.1039

We also report upper limits on the merger rate as a1040

function of m1,2, following the binning described in Sec-1041

tion 3.4, as shown in Figure 8. We find the most constrain-1042

ing limit R90 to be 65.6 Gpc−3 yr−1, 68.0 Gpc−3 yr−1, and1043

47.8 Gpc−3 yr−1 for GstLAL, MBTA, and PyCBC respec-1044

tively. Blank bins correspond to two cases: the (m1,m2) =1045

(6.74−8.92, 0.19−0.37) M⊙ bin, which is found to have1046

an excessive variance (see Figure 4), and the (m1,m2) =1047

(8.92−11.10, 0.19−0.37) M⊙ bin, which corresponds to zero1048

efficiency.10491050

Additionally, we report the upper limit on the SSM BNS1051

merger rate at the 90% confidence level based on the MBTA1052

and PyCBC results, assuming a simple fixed population1053

model as in Abac et al. (2026) (Simple Uniform BNS). This1054

consists of a uniform mass distribution between 0.5 M⊙ and1055

2.5 M⊙ for m1, and a uniform mass distribution between1056

0.5 M⊙ and 1.0 M⊙ for m2 with m2 ≤ m1, isotropically dis-1057

tributed spins with uniform spin magnitudes below 0.4, and1058

a merger rate uniform in comoving volume up to zmax = 0.2.1059

Following the same loudest event formalism we find the up-1060

per limit at the 90% confidence level to be 249 Gpc−3 yr−1.1061

In Figure 9 we show the relative improvement from O4a1062

and combined runs in the estimation of the upper limit.1063

Our inferred SSM BNS merger rate limit lies at the upper10641065

limit of the rate interval estimated in (Abac et al. 2026)1066

((8.8–250) Gpc−3 yr−1) for BNS with masses above 1 M⊙, as-1067

suming the Simple Uniform BNS distribution. While these1068

rates are not strictly comparable due to the different NS mass1069

ranges considered, we cannot rule out that the rate of SSM1070

BNS is close to that of super-solar mass BNS.1071

5. DARK MATTER CONSTRAINTS1072

The upper limits on merger rates obtained in Section 4 are1073

the main results derived from our SSM search through O4a1074

and O4b, being the most restrictive to date. These limits can1075

be used to constrain any model that predicts a non-negligible1076

rate of binary mergers within the parameter space analysed1077

by the search. In particular, we use the rates and sensitivi-1078

ties of low-spin SSM BBHs for the constraints presented in1079

the following sections. Following Abac et al. (2026c), in1080

the next subsections we update the constraints on two pos-1081

sible sources of BBH mergers: primordial black holes in1082

Section 5.1 and dissipative dark matter black holes in Sec-1083

tion 5.2.1084

5.1. Primordial Black Holes1085

PBHs are natural dark matter candidates that could give1086

rise to BBH mergers in the SSM range. Many models1087

have been proposed (Carr et al. 2024; Bagui et al. 2025) for1088

which the PBH abundance is characterized by the fraction of1089

the dark matter cosmological density in the form of PBHs,1090

fPBH = ρPBH/ρDM, where ρPBH and ρDM are the present-day1091
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mass densities of PBHs and dark matter, respectively. Mod-1092

els also differ in the shape of the PBH mass distribution,1093

which depends in detail on specific formation mechanisms.1094

Furthermore, PBH models producing GW signals today in-1095

volve environments in which binaries can form and merge.1096

Possible constraints on fPBH, based on our BBH merger1097

rate upper limits, are thus particularly dependent on model1098

assumptions. First of all, merger rates depend strongly on1099

the initial (extended) mass distributions, which determine1100

the relative abundance of mass combinations in the bina-1101

ries and the properties of the PBH clusters. Secondly, the1102

merger rate predictions are strongly influenced by complex1103

phenomena of the formation environment, such as many-1104

body interactions and non-linear gravitational effects, which1105

are difficult to model accurately. Finally, specifically for1106

SSM BHs, the merger times may be so much longer than1107

the age of the universe that the probability of detecting a1108

single merger in a given LVK observation run is negligible.1109

PBH binaries are commonly assumed to form in two differ-1110

ent scenarios, that we refer as early binaries and late bina-1111

ries. Early binaries (EB) bind shortly after PBH formation1112

as pairs of PBHs decouple from the Universe’s expansion1113
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and form eccentric binaries through tidal interactions with1114

nearby PBHs (Nakamura et al. 1997). Consequently, merger1115

rates of EB are strongly influenced by the initial PBH cluster-1116

ing and mass distribution (Carr et al. 2026). In contrast, late1117

binaries (LB) form in dense halos through dynamical inter-1118

actions, with merger rates shaped by local density and halo1119

properties (Siles & García-Bellido 2025).1120

To illustrate how the upper limit of merger rates can be1121

mapped to constraints on an underlying astrophysical popu-1122

lation of PBHs, we model the merger rate of EB as in Abbott1123

et al. (2023b), using the analytical approximations developed1124

in Hütsi et al. (2021); Vaskonen & Veermäe (2020); Chen &1125

Huang (2018); Ali-Haïmoud et al. (2017) and parametrized1126

with N-body simulations via Raidal et al. (2019)1127

d2RPBH
EB

d ln mAd ln mB
= 1.6 × 106 Gpc−3 yr−1 × fsup f 53/37

PBH1128

× f (ln mA) f (ln mB)
(

mA + mB

M⊙

)−32/37 [
mAmB

(mA + mB)2

]−34/37

,

(9)

1129

where mA and mB denote the component masses of the PBH1130

binary, without imposing any ordering between them, in con-1131

trast to the convention m1 ≥ m2 used elsewhere. The normal-1132

ized PBH mass function f (ln m) = 1/ρDM · dρPBH/d ln m is1133

defined as the differential PBH energy density with respect1134

to ln m, normalised to the total energy density in DM. The1135

suppression factor fsup accounts for binary disruption due1136

to gravitational interactions with other PBHs or surrounding1137

matter. The merger-rate expression of Equation (9), while1138

widely used in the literature, has only been validated by N-1139

body simulations in the case of monochromatic and narrow1140

peaked mass distributions. The simulations of Raidal et al.1141

(2019) consider ∼ O(102) equal-mass ∼ 30 M⊙ PBHs with1142

fPBH ≲ 0.1, which differs significantly from the lower masses1143

and larger PBH abundances explored here. Further devel-1144

opments in EB formation may substantially change the sup-1145

pression factor in the case of extended mass functions; in1146

this study we adopt fsup = 2.3 × 10−3 f −0.65
PBH to remain con-1147

sistent with Abbott et al. (2023b), which represents a high-1148

suppression scenario (Hütsi et al. 2021), and thus yields con-1149

servative constraints, in the monochromatic mass case.1150

Predicting the merger rate of LB involves the modeling of1151

complex dynamical interactions. Following Clesse & García-1152

Bellido (2022); Phukon et al. (2021), we assume1153

d2RPBH
LB

d ln mAd ln mB
= Rclust fPBH f (ln mA) f (ln mB)

(mA + mB)10/7

(mAmB)5/7 ,

(10)

1154

where Rclust is a scaling factor that depends on the PBH clus-1155

tering properties, including their velocity distribution. While1156

there is general agreement on the mass dependence of the LB1157

merger rate (e.g., Clesse & García-Bellido 2017), the overall1158

amplitude remains highly uncertain due to its strong sensi-1159

tivity to the underlying clustering scenario. As in Clesse &1160

García-Bellido (2022); Phukon et al. (2021), and to remain1161

consistent with Abbott et al. (2023b), we assume Rclust =1162

420 Gpc−3 yr−1; this overall factor can be easily rescaled for1163

different assumptions or clustering models.1164

We use the theoretical merger rate models of Equa-1165

tions (9, 10) to set upper limits on fPBH, assuming a1166

monochromatic PBH mass distribution, i.e., f (ln m) =1167

δ(ln m − ln mPBH). The limits are obtained by identifying1168

the value of fPBH for which the theoretical rates match the1169

90% confidence upper bounds on merger rates derived us-1170

ing Equation (8). Figure 10 shows the resulting upper lim-1171

its for both EB and LB for the GstLAL, MBTA, and Py-1172

CBC pipelines searching the combined O4a+b run, as well1173

as the O4a results for comparison. The upper limits ob-1174

tained in the combined O4a+b run are approximately half of1175

the O4a ones, reflecting the comparable duration of the O4a1176

and O4b observing periods. The combined O4a+b runs pro-1177

vide the strongest LVK limits to date on the PBH fraction,1178

fPBH ≤ (0.018–0.032) at 1 M⊙ and fPBH ≤ (0.10–0.18) at1179

0.35 M⊙. These direct search constraints are complementary1180

to the bounds derived from the non-observation of a stochas-1181

tic GW background from inspiralling SSM PBH binaries at1182

high redshift (Boybeyi et al. 2025; Abac et al. 2025b).11831184

While the constraints presented above assume a monochro-1185

matic PBH mass function, this is not realistic in most early1186

formation scenarios (Carr et al. 2024). PBHs are generally1187

expected to form with an extended and non-trivial mass dis-1188

tribution (Bagui et al. 2025). To remain agnostic about the1189

specific shape of the mass function, we instead constrain the1190

quantity1191

FPBH =
fsup

2.3 × 10−3 f 53/37
PBH f (ln mA) f (ln mB)1192

= f 0.78
PBH f (ln mA) f (ln mB), (11)1193

which encapsulates the dependence of the merger rate of EB1194

on both the PBH abundance fPBH, and the underlying mass1195

distribution f (ln m). The definition of FPBH explicitly in-1196

corporates the assumption fsup = 2.3 × 10−3 f −0.65
PBH adopted1197

throughout this study.1198

Limits on FPBH are determined by finding the value for1199

which the theoretical merger rate for EB matches the 90%1200

confidence level upper bounds derived from Equation (8).1201

We constrain FPBH only for EB, since its definition in Equa-1202

tion (11) is specific to this scenario, and merger rate models1203

for LB are more uncertain and less constraining. We adopt1204

the binning in (m1, m2) from Section 4, and write the integral1205

in Equation (9) within each bin as1206

RPBH
EB =3.68 × 103 Gpc−3 yr−1FPBH ×

(
m1 + m2

M⊙

)−32/37

1207
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Figure 10. Upper limits on the PBH dark matter fraction fPBH

as a function of PBH mass mPBH. Constraints are derived using
the merger rate models given by Equation (9) for early binaries,
and Equation (10) for late binaries, assuming monochromatic mass
functions. Results are shown at the 90% confidence level using the
sensitive hypervolumes ⟨VT ⟩ calculated for GstLAL, MBTA, and
PyCBC for the combined O4a+O4b runs. Previous O4a results are
also shown for comparison.

×

[
m1m2

(m1 + m2)2

]−34/37

ln
mmax

1

mmin
1

 ln
mmax

2

mmin
2

 , (12)1208

where mmin
1,2 and mmax

1,2 denote the bin edges for the component1209

masses, m1,2 = (mmin
1,2 +mmax

1,2 )/2 is the central value, and FPBH1210

denotes the effective bin-averaged value of FPBH, defined im-1211

plicitly such that Equation (12) reproduces the exact integral1212

of the merger rate over the bin.1213

Figure 11 shows the median 90% upper limit on FPBH1214

across all search pipelines, based on the results from the com-1215

bined runs O4a+b. We find that FPBH is constrained to be less1216

than unity across the entire range of (m1, m2) explored in this1217

study, with upper limits a factor two below those obtained1218

from O4a.12191220

5.2. Dissipative Dark Matter1221

The method to constrain the fraction of dissipative dark1222

matter in the binary dark matter budget is nearly identical1223

to that used in the analyses of Abac et al. (2026c), but with a1224

key change in that we now report upper limits on fDBH condi-1225

tional on Mmin, and the complementary bound on Mmin con-1226

ditional on fDBH, rather than a two-dimensional credible re-1227

gion. Each conditional bound therefore depends only on the1228

posterior at the given value of Mmin (or fDBH), not on how the1229

posterior behaves elsewhere in the parameter space. In this1230
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Figure 11. Upper limits on FPBH, Eq. (11), as a function of the
PBH binary component masses m1 and m2. Constraints are derived
using the early binary merger rate model of Equation (12). We show
the median 90% upper limit across GstLAL, MBTA, and PyCBC
calculated using their sensitive hypervolumes ⟨VT ⟩ in the combined
O4a and O4b runs.

section, we reiterate the methods and update the constraints1231

with the search pipeline sensitivity, which combines results1232

from the SSM search in O4a data and O4b data.1233

Dissipative dark matter is a class of models which posit1234

that dark matter may have complex particle interactions sim-1235

ilar to those of the Standard Model, including dissipative pro-1236

cesses. Whenever there is a fermion in the model, dark matter1237

has a Chandrasekhar limit analogous to that of the Standard1238

Model, but with a value that depends on the dark matter par-1239

ticle mass(es) (Mohapatra & Teplitz 1999; D’Amico et al.1240

2018; Shandera et al. 2018; Choquette et al. 2019; Chang1241

et al. 2019; Bramante et al. 2024). In dissipative scenar-1242

ios, particle interactions allow energy to be transported away1243

from gravitationally bound systems such as dark matter ha-1244

los. These dissipative interactions become more efficient in1245

denser regions, and some dense regions may dissipate energy1246

efficiently enough for gravity to dominate, leading to the for-1247

mation of ultra-compact objects made of dark matter. When1248

those are sufficiently massive, above the dark Chandrasekhar1249

limit, they are dark black holes. Therefore, GW signals from1250

DBH binaries provide a way to probe the microphysics of1251

dissipative dark matter even if it is not coupled to the Stan-1252

dard Model beyond gravity, or if the coupling is too weak to1253

be detectable in the near future.1254

Although the fragmentation scale of the dark gas depends1255

on the chemistry of the dark sector, the dynamical processes1256

that lead to the formation of compact objects are analo-1257

gous to those in star formation. While simulation of such1258

small-scale phenomena in novel dark matter scenarios re-1259

mains challenging, it is reasonable to expect that the ini-1260

tial mass function and binary fraction of DBHs are quali-1261

tatively similar to that of baryonic objects. For the partic-1262

ular worked example of atomic dark matter (Ackerman et al.1263
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2009; Kaplan et al. 2011; Cyr-Racine & Sigurdson 2013),1264

where cooling and compact object formation has been exten-1265

sively studied (Rosenberg & Fan 2017; Ryan et al. 2022a;1266

Gurian et al. 2022; Ryan et al. 2022b), there is a close par-1267

allel between DBH formation and Population III star for-1268

mation that further supports this statement. Thus, we use1269

a truncated power-law mass model characterized by a mini-1270

mum mass Mmin, power −b, and ratio of maximum mass to1271

minimum mass r = Mmax/Mmin, and assume a binary frac-1272

tion of fbinary = 0.26 (Shandera et al. 2018) in our analy-1273

sis. The total number of DBHs in this population is set by1274

fDBH ≡ ρDBH/ρDM where ρDBH and ρDM are the densities of1275

DBHs and dark matter, respectively. The rate of DBH bi-1276

naries merging in this population, R, is computed as (Singh1277

et al. 2021)1278

dR(M | fDBH, θ)
dM

=
[
p(M | tm, θ)p(tm | θ)

]
tm=10 Gyr

1279

×

(
fDBH ρDM fbinary

⟨M⟩

)
, (13)1280

where p(M | tm, θ) is the distribution of chirp mass with a1281

time of merging tm, p(tm | θ) is the probability distribution of1282

times-to-merger (these two factors evaluated at tm = 10 Gyr),1283

ρDM = 3.3 × 1019 M⊙ Gpc−3 (Aghanim et al. 2020), and ⟨M⟩1284

is the average component mass of the DBH binaries. The1285

merger times are calculated using Peters’ formula for coa-1286

lescing binaries (Peters & Mathews 1963).1287

We use a Bayesian analysis to constrain this population1288

of DBHs by modeling the number of detected binaries with1289

a Poisson distribution in each of 99 uniformly spaced chirp1290

mass bins spanning 0.16 M⊙ ≤ M ≤ 2.72 M⊙. With the non-1291

detection of significant SSM candidates, the likelihood in the1292

i-th chirp-mass bin is P(0|Ri, ⟨VT ⟩i,M) = e−Ri⟨VT ⟩i , where1293

the rate Ri is determined by integrating Equation (13) over1294

the width of the i-th chirp mass bin, and the sensitive hyper-1295

volume VTi is informed by this SSM search. To ensure an1296

overall non-detection result, which will be applicable to each1297

chirp mass bin, we adopt a more stringent FAR threshold1298

of 0.01 yr−1 when estimating the pipeline-specific ⟨VT ⟩O4a+b1299

for this analysis. Additionally, we are discarding S241229bq1300

which has a FAR below 0.01 yr−1 due to it being consistent1301

with noise as detailed in Section 2.4.1302

We use priors consistent with previous analyses (Abbott1303

et al. 2022, 2023b): uniform in log-space priors on Mmin1304

over the interval [10−3, 3.1] M⊙, and fDBH over the interval1305

[10−10, 1], and a log-uniform prior on r over the interval1306

[2, 1000], as well as a uniform in linear-space prior on b over1307

the interval [−1, 2]. From Bayes’ theorem, the log-posterior1308

is then1309

ln p( fDBH,Mmin, r, b) =1310

−
∑

i

Ri( fDBH,Mmin, r, b)⟨VT ⟩i − ln r +C , (14)1311

where C is a normalization constant.1312

Analyses through the end of O3b evaluated the poste-1313

rior distribution using a grid-based method (Abbott et al.1314

2022, 2023b), while we use the Markov chain Monte Carlo1315

(MCMC) sampler emcee (Foreman-Mackey et al. 2013) to1316

explore the parameter space for faster convergence in this1317

analysis. We marginalize over r and b to constrain fDBH and1318

Mmin. The resulting posterior is two-dimensional; we then1319

compute the one-dimensional probability density over fDBH1320

conditioned on Mmin and use this to obtain the 90% upper1321

bound fDBH,90%(Mmin) by solving1322 ∫ fDBH,90%(Mmin)

0
p( fDBH | Mmin) d fDBH = 0.9 (15)1323

for each Mmin, where p( fDBH | Mmin) =1324

p( fDBH,Mmin)/
∫

p( fDBH,Mmin) d fDBH. Both integrals are1325

evaluated as sums over the fDBH bins of the two-dimensional1326

sample histogram. The ⟨VT ⟩ values are updated relative1327

to Abac et al. (2026c) by incorporating ⟨VT ⟩O4a+b, and1328

the ⟨VT ⟩O4a constraints quoted here are recomputed from1329

the corresponding posterior samples using this method, so1330

they differ from the values reported there. Figure 12 shows1331

fDBH,90%(Mmin) derived from ⟨VT ⟩O4a and from the combined1332

⟨VT ⟩O4a+b for GstLAL, MBTA, and PyCBC individually. As1333

described in Section 3, the combined ⟨VT ⟩O4a+b > ⟨VT ⟩O4 j1334

where j = a, b. Hence, the combined analysis provides the1335

most stringent constraint.1336

Applied to ⟨VT ⟩O4a alone, the 90% upper limit reaches1337

fDBH = (1.8–2.5) × 10−5, where the range arises from1338

the differing sensitivities of the search pipelines. Including1339

O4b tightens this by nearly a factor of 2, with the com-1340

bined ⟨VT ⟩O4a+b giving fDBH = (1.0–1.1) × 10−5. These1341

are reached at Mmin ≈ (0.65–0.80) M⊙ and (0.65–0.85) M⊙1342

for O4a and O4a+b, respectively. These limits on fDBH1343

are consistent with the dissipative dark matter scenario as1344

the formation channel requires efficient cooling, which only1345

occurs in regions dense in dark matter. We exclude lim-1346

its where Mmin > 1 M⊙ as an SSM detection necessitates1347

the minimum mass to be smaller than 1 M⊙. Conditioning1348

instead on fDBH and integrating over Mmin gives the com-1349

plementary statement that for fDBH = 1 the analysis ex-1350

cludes Mmin > (4.2–4.8) × 10−2 M⊙ using ⟨VT ⟩O4a alone,1351

tightening to Mmin > (4.2–4.4) × 10−2 M⊙ with the com-1352

bined ⟨VT ⟩O4a+b. These constraints appear weaker than those1353

of Abac et al. (2026c), where the exclusion region was re-1354

ported to extend as low as fDBH = (0.9 to 1.2) × 10−5 at 1 M⊙1355

and Mmin > 0.020 M⊙–0.021 M⊙ at fDBH = 1, respectively.1356

Those bounds were obtained from a global two-dimensional1357



19

Figure 12. Conditional 90% upper limits on fDBH as a func-
tion of Mmin for the atomic dark matter model, after marginalizing
over the ratio of maximum to minimum mass and the slope of the
black hole population. The samples are binned in the fDBH–Mmin

plane, and within each Mmin bin the posterior is normalized and
integrated in fDBH following Equation (15); values of fDBH above
each curve are excluded. The shaded band marks the 90% quantile
of the fDBH prior, shown for reference as the level a limit approaches
where the data is uninformative. Constraints are shown for the Gst-
LAL, MBTA, and PyCBC pipelines, derived from ⟨VT ⟩O4a and from
the combined ⟨VT ⟩O4a+b, each evaluated with a FAR threshold of
0.01 yr−1. The improvement from ⟨VT ⟩O4a to ⟨VT ⟩O4a+b is roughly
a factor of two across the range where the data best constrains fDBH.

90% highest posterior density region, considering the joint1358

posterior across the full (Mmin, fDBH) parameter space. That1359

construction introduces a non-local dependence on both pa-1360

rameters: the location of the 90% contour in a given region1361

of parameter space depends on how strongly the posterior is1362

constrained elsewhere in the joint distribution. (For exam-1363

ple the quoted bound on Mmin at fDBH = 1 depends on how1364

strongly the population is constrained near Mmin = 1 M⊙.) In1365

contrast the bounds we quote here are conditional on a given1366

value of Mmin or of fDBH, hence are independent of how the1367

posterior behaves elsewhere.1368

The range of dark fermion masses mχ probed by this search1369

is set by Mmin via dark Chandrasekhar mass, MDark
Chandra ∝1370

M3
Planck/(µ

Darkmχ)2 ≤ Mmin, where µDarkmχ is the mass per1371

degenerate fermion (Chandrasekhar 1931). We derive a1372

bound on the ratio of mχ to the mass of the Standard Model1373

proton mp by taking the ratio of the stellar Chandrasekhar1374

mass to the dark Chandrasekhar mass as1375

µDark mχ
mp
= 2

√
1.4 M⊙
MDark

Chandra

≥ 2

√
1.4 M⊙
Mmin

, (16)1376

where we set the stellar Chandrasekhar mass to 1.4 M⊙ and1377

the corresponding µStellar to 2.1378

Previous searches (Abbott et al. 2023b) used the Standard1379

Model value of µDark = 2, but we report the bound leaving1380

µDark unspecified to cover a broader range of dissipative dark1381

matter models, as done in Abac et al. (2026c). The lower1382

end of the range is 2.4, set by the largest minimum mass1383

considered, Mmin = 1 M⊙, and is common to both analy-1384

ses. Using ⟨VT ⟩O4a alone, the search probed µDarkmχ/mp1385

up to (10.8–11.5), extending to (11.3–11.7) with the com-1386

bined ⟨VT ⟩O4a+b, where the spread arises from the differing1387

sensitivities of the search pipelines. Again, these bounds ap-1388

pear weaker than those reported in Abac et al. (2026c), which1389

reported to probe µDarkmχ/mp up to 16.5–16.6, because the1390

bound is obtained directly from the corresponding constraint1391

on Mmin. A future detection would be able to put a direct1392

bound on the microphysics of dissipative dark matter.1393

6. CONCLUSION1394

We present results from searches for SSM compact ob-1395

jects in data of the second part of the fourth observing1396

run of the LIGO–Virgo–KAGRA Collaboration. No signif-1397

icant candidate is reported by any of the three participating1398

search pipelines. Outlier candidates identified by the Gst-1399

LAL pipeline and the MBTA pipeline do not reach a suffi-1400

cient level of significance to provide evidence for detection,1401

and are consistent with noise fluctuations. Given the null de-1402

tection result, we report updated upper limits on the merger1403

rates for SSM BBHs with masses greater than 0.2 M⊙ using1404

the estimated search sensitivity.1405

Using the inferred sensitive hypervolume and limits on the1406

merger rate of SSM BBHs, we update the constraints on two1407

dark matter models: PBHs, and DBHs that form in a dissi-1408

pative dark matter model. While both models can populate1409

the sub-solar and super-solar regimes, we turn to the SSM1410

parameter space for clear evidence of such objects because1411

no known astrophysical channel produces SSM black holes.1412

In the PBH scenario, we set informative constraints on1413

the fraction of dark matter in PBHs fPBH in late-forming1414

binaries, as done previously in Abac et al. (2026c): we1415

infer that fPBH < 1 at the 90% confidence interval for1416

mPBH ≳ (0.62–0.74) M⊙. For early-forming PBH binaries,1417

adopting a conservative model that accounts for binary dis-1418

ruption, we obtain fPBH upper limits between (0.10–0.18)1419

and (0.018–0.032) over the range of PBH masses probed1420

by the searches for SSM systems in O4a and O4b. For the1421

dissipative dark matter scenario, where SSM DBH are as-1422

sumed to form with some minimum possible mass, we bound1423

the fraction of the total dark matter density in the Universe1424

in DBHs; our most restrictive limit, for a minimum mass1425

(0.65–0.85) M⊙, is (1.0–1.1) × 10−5.1426

The SSM searches using O4a data provided the sensitiv-1427

ity of LVK SSM searches to binaries containing low-mass1428

neutron stars for the first time by including tides in the sim-1429

ulated signals. In this paper, we updated the sensitivity for1430

this region using our SSM analyses of O4b data. We find1431
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the typical sensitive hypervolume to be ⟨VT ⟩ ∼10−3 Gpc3 yr1432

for populations of BNSs with at least one SSM neutron star.1433

These searches can also provide insight into matter at high1434

densities given the overlap of the neutron star and SSM pa-1435

rameter space, serving as motivation for low-latency SSM1436

searches (Alléné et al. 2025; Hanna et al. 2024) which started1437

to release alerts on March 4, 2025, and continued through the1438

end of O4.1439

The LIGO and Virgo detectors continued observations in1440

the O4c with similar sensitivities to O4b, and were joined by1441

the KAGRA detector for parts of the remainder of O4. The1442

increase in observing time is expected to increase our search1443

sensitivities, leading to improvements to the constraints we1444

can place on the merger rates of SSM BBHs. O4 ended1445

on November 18, 2025, and the next data collection period1446

is planned to begin in late 2026, with subsequent runs ex-1447

pected to approach the design sensitivity of the detector net-1448

work.3 These advances will provide more stringent limits on1449

the fraction of dark matter in SSM compact objects, or possi-1450

bly detect a GW signal originating from the merger of SSM1451

compact objects. Such a detection would have deep implica-1452

tions for fundamental physics.1453
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