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Clouds of ultralight bosons - such as axions - can form around a rapidly spinning black hole, if11

the black hole radius is comparable to the bosons’ wavelength. The cloud rapidly extracts angular12

momentum from the black hole, and reduces it to a characteristic value that depends on the boson’s13

mass as well as on the black hole mass and spin. Therefore, a measurement of a black hole mass and14

spin can be used to reveal or exclude the existence of such bosons. Using the black holes released15

by LIGO and Virgo in their GWTC-2, we perform a simultaneous measurement of the black hole16

spin distribution at formation and the mass of the scalar boson. We find that the data strongly17

disfavors the existence of scalar bosons in the mass range between 1.3× 10−13 eV and 2.7× 10−13 eV.18

Our mass constrain is valid for bosons with negligible self-interaction, that is with a decay constant19

fa & 1014 GeV. The statistical evidence is mostly driven by the two binary black holes systems20

GW190412 and GW190517, which host rapidly spinning black holes. The region where bosons are21

excluded narrows down if these two systems merged shortly (∼ 105 years) after the black holes22

formed.23

INTRODUCTION24

Ultralight bosons are hypothetical particles with masses25

smaller than ∼ 10−11 eV. Their existence, if verified,26

would help solving open problems in particle physics and27

cosmology [1–11]. In fact, the name ultralight boson is28

commonly used to refer to multiple possible candidates,29

including fuzzy dark matter [11–13], dilatons [14–16] and30

axions [1, 2, 6, 17–19]. Searches for ultralight bosons using31

table-top experiments as well as astrophysical observa-32

tions have been ongoing for years, covering decades of bo-33

son mass [20–66]. To date, multiple constraints have been34

reported from non-detections [67], together with a poten-35

tial axion candidate from the XENON1T experiment [51].36

Gravitational-wave (GW) measurements of black holes in37

binaries (BBHs) provide a unique opportunity to detect or38

rule out the existence of these ultralight bosons in a mass39

range which is commensurate to the black holes masses40

and not accessible by lab-based experiment. If such bosons41

exist and if their Compton wavelengths are comparable to42

the radius of a rapidly spinning black hole, boson superra-43

diance may take place and generate a hydrogen-atom-like44

cloud around the spinning black hole [8, 9, 68–75]. The45

cloud efficiently spins down the black hole to a charac-46

teristic critical spin, which depends on the boson mass,47

through a process called superradiant instability [8, 9, 71–48

75]. Accessing tens or hundreds of BBHs thus allows for49

statistical tests on the existence of ultralight bosons, in a50

boson mass range that depends on the mass range of the51

population of black holes being probed [8, 9, 37–42, 45–52

50, 58, 62, 66, 73, 76–81]. For example, the stellar mass53

(∼ 5 to ∼ 100 M�) black holes that have been discov-54

ered by the ground-based GW detectors LIGO [82] and55

Virgo [83] can be used to probe boson masses in the range56

3 × 10−14 eV . µs . 10−11 eV [37, 39, 76, 77]. Super-57

massive black holes, such as M87, can be used to probe58

much lighter bosons, with µs ∼ 10−21 eV [52]. Roughly59

speaking, if a dearth of highly spinning black holes is60

observed for some range of black hole masses, that could61

be suggestive of the existence of ultralight bosons which62

have spun down the black holes. Conversely, the discovery63

of highly spinning black holes could rule out the existence64

of boson in an appropriate mass range. This simple idea is65

made more complicated by a few factors. First, one must66

take into account that some black holes may be slowly67

spinning when they form. The small spin measurements68

inferred from the BBH mergers observed by LIGO/Virgo69

could be due to either the superradiant growth of the bo-70

son cloud or an astrophysical distribution favoring small71

spins at the formation. Ref. [84] presented a Bayesian72

analysis where both the distribution of black hole spins73

at formation and the mass of the boson are considered,74

thus properly accounting for their correlation. Using the75

10 black hole binaries detected by LIGO and Virgo in76

their first two observation runs [85], Ref [84] showed that77

one could not confirm nor rule out the existence of scalar78

bosons in the mass range 10−13 eV ≤ µs ≤ 10−12 eV.79

That null result was driven by the limited black hole80

sample size and by their small spins. In this Letter we81

repeat the analysis of Ref. [84] by including the 35 new82

binary black holes reported by the LIGO-Virgo-Kagra83



2

collaboration at high significance 1 in Ref [87]. We find84

the probability of a scalar boson with masses lying in the85

range 1.3×10−13 eV ≤ µs ≤ 2.7×10−13 eV is smaller than86

0.01%. The evidence against the existence of bosons with87

this mass arises mainly from two highly spinning black88

holes found in the new data set, namely GW190412 [88]89

and GW190517.90

CONSTRAINTS FROM GWTC-291

We apply the Bayesian hierarchical method presented92

in Ref. [84] to all of the black holes reported by the93

LIGO/Virgo collaboration in GWTC-1 and GWTC-2 [85,94

87, 89, 90] 2. A detailed description of the method can95

be found in Ref. [84] and here we only summarize the96

main points. The main outcome of this analysis is a joint97

posterior for the distribution of the boson mass and the98

distribution of the black hole spins at formation. It is99

important to take into account the distribution of spins at100

formation, since the superradiant extraction of the spin101

angular momentum depends on the black hole properties102

and the boson mass. Therefore, the fraction of black holes103

in the population that can undergo superradiance depends104

on the spin distribution at formation. Following Ref. [84],105

we use a beta distribution p(χF |α, β) ∝ χαF (1 − χF )β106

as our phenomenological model for the distribution of107

the formation spin χF . This distribution can capture108

some common configurations, such as a uniform (α =109

β = 0) or a volumetric (α = 2, β = 0) distribution110

for the spin magnitude [91]. When α > β the beta111

distribution has more support for χF > 0.5, implying112

that more black holes are born with large spins and can113

be superradiantly spun down, making the inference of µs114

easier. The opposite is true for α < β. In our analysis,115

we treat α and β as additional free parameters, that are116

sampled together with µs. Later, we marginalize the117

three-dimensional posterior p(µs, α, β| ddd) over (α, β) to118

obtain the posterior for µs. These two parameters share119

the same prior, uniform in log in the range [0.1, 10]. We120

mention that the joint posterior of (α, β) is also interesting,121

as it carries information about the spin distribution at122

formation (see Fig. 4 of Ref. [84]). However, given the123

limited number of sources in GWTC-2, the inferred spin124

distribution at formation is not different from the spin125

distribution at merger as reported by Ref. [86], and we126

thus do not report it here explicitly.127

Another important factor to assess if black holes will be128

spun down by boson clouds is the time interval between129

1 We follow Ref. [86] and only select the candidates with the false-
alarm-rate (FAR) < 1 yr−1.

2 We exclude the double neutron stars (NS) binaries GW170817 and
GW190425, as well as the possible NSBH GW190426. GW190719
and GW190909 are also excluded as their FARs are larger than
1 yr−1 [87].

the formation of the black hole and the merger: even130

if bosons of the appropriate mass exist, the black holes131

might not have the time to undergo superradiance when132

they merges too quickly after their birth. As in Ref. [84],133

we assume an inspiral timescale of 10 Myr from the time134

the binary black hole system is formed to the time the135

black holes merge. This timescale is a conservative lower136

bound in light of population-synthesis studies [92–103].137

Since the inspiral timescale is usually much larger than138

the time it takes for a giant star to form a black hole, we139

assume that the two black holes in the binary are born140

simultaneously, and thus the inspiral timescale is a good141

probe for the lifetime of the individual black holes in the142

binary.143

For the priors on black hole masses, we fix the BBH144

mass distribution to a power law for the mass of primary145

(heavier) black hole M−2.35
1 within [5, 75] M� and a uni-146

form distribution for the mass ratio 0.125 ≤M2/M1 ≤ 1,147

consistent with the latest inferred population properties148

reported by the LIGO/Virgo collaboration [86].149
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FIG. 1. Marginalized posteriors (solid lines) of the scalar
boson mass µs inferred from the data set ddd consists of the full
BBH catalog (blue), the data set excluding GW190517 only
(purple), as well as both GW190412 and GW190517 (orange).
When the rapidly spinning BBHs GW190412 and GW190517
are included, there is only 0.01% posterior support between
1.3× 10−13 eV ≤ µs ≤ 2.7× 10−13 eV (grey region). The prior
(black dashed line) of µs is log-uniform between 3 × 10−14 eV
and 10−11 eV.

Figure 1 shows the marginalized posterior distribution150

for the boson mass inferred from the full BBH catalog151

(blue solid line). A region with vanishing posterior support152

is clearly visible between 1.3×10−13 eV and 2.7×10−13 eV:153

less than 0.01% of the overall posterior is contained in154

this region, suggesting that the GWTC data strongly155

disfavour the existence of boson within this narrow mass156

range. Since large black hole spins at merger are at157

odds with the formation of boson clouds, this exclusion158

region must be caused by highly spinning black holes in159

the catalog. Indeed, there are two primary black holes160

in GWTC-2 which are consistent with having large spin161
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values: GW190412 and GW190517. To check if the drop of162

posterior support evident in Fig. 1 is caused by these two163

systems, we repeat the analysis by excluding GW190517164

only (purple), as well as both GW190517 and GW190412165

(orange). Indeed the posterior of the boson mass using all166

sources but GW190412 and GW190517 does not show the167

same feature, and is instead much closer to the Bayesian168

prior we used (black dashed line).169

10 20 30 40 50 60 70
M1 (M�)

0.0

0.2

0.4

0.6

0.8

1.0

χ
1

GW190412

GW190517

µs = 2× 10−13 eV

µs = 10−12 eV

FIG. 2. Exclusion regions (grey shaded region) enclosed by the
critical spin curves of µs = 2 × 10−13 eV (black solid line) and
µs = 10−12 eV (black dashed-dotted line) in the black hole
mass-spin (M1, χ1) plane. The joint-posteriors of the primary
black holes of GW190412 (green contours) and GW190517
(red contours) are shown at 68% and 95% credible contours
using the GWTC-2 default prior [87].

To better understand how the spin measurements of170

GW190412 and GW190517 help excluding the existence171

of bosons, we overlay the joint mass-spin posteriors of the172

primary black hole in these two systems on the exclusion173

region generated by a boson with µs = 2×10−13 eV, Fig. 2.174

The black solid line indicates the maximum postsuper-175

radiance spin that a black hole could have as a function176

of its mass if a boson of mass µs = 2× 10−13 eV existed:177

spins above the line (i.e in the grey region) are forbidden.178

We see that both of the primary black hole mass-spin179

posteriors have large overlaps with the exclusion region.180

In particular, the 95% credible contour of GW190517181

is entirely contained in the exclusion region for µs =182

2 × 10−13 eV, meaning that the primary black hole of183

GW190517 is inconsistent with having been spun down184

by the boson of this mass, hence heavily down-weighing185

the existence of boson with mass µs = 2× 10−13 eV. Dif-186

ferent boson masses result in different exclusion regions:187

for example in Fig. 2 we report the exclusion regions for188

a boson with mass µs = 10−12 eV with a black dashed-189

dotted line. In this case, there is a non-negligible fraction190

of each posterior (∼ 50% and ∼ 5% for GW190412 and191

GW190517, respectively) lying outside the exclusion re-192

gion of µs = 10−12 eV. This is why Fig. 1 shows that193

the posterior for the boson mass is not vanishing for this194

value of the boson mass.195

One’s belief on a particular model (in this case, the196

TABLE I. Bayes factors between the boson model and the
astrophysical model for different ranges of µs. Larger values
favor the boson model.

Range of µs (eV) Bayes factor a

[3.16 × 10−14, 1.3 × 10−13] 0.5+0.1
−0.2

[1.3 × 10−13, 2.7 × 10−13] 5+5
−5 × 10−3

[2.7 × 10−13, 10−11] 11.5+2.2
−1.3

[3.16 × 10−14, 10−11] 7.3+1.4
−1.1

a For each value, we report the medians and the 68% credible
intervals estimated from 50 nested-sampling chains.

existence of a boson with mass in some range) can be197

quantified using Bayesian model selections. We perform198

the analysis described in Ref. [84] and calculate the Bayes199

factor between the “boson model” and the “astrophysical200

model” (that is, a model where there is no boson that201

sets off the process of superradiance. In this model the202

black hole spins are entirely determined by astrophysical203

processes). Using a log-uniform prior on µs between204

2.7× 10−13 eV and 10−11 eV (that is, on the right of the205

grey band visible in Fig. 1), we find a Bayes factor of206

11.5+2.2
−1.3 in favor of the boson model. While positive, this207

is much smaller than the threshold usually invoked for a208

strong statistical significance, i.e., ≥ 100 [104]. Hence, the209

data are inconclusive about the existence of bosons with210

mass µs > 2.7× 10−13 eV. On the other hand, the Bayes211

factor for boson masses within the grey band in Fig. 1), i.e.212

in the range [1.3× 10−13, 2.7× 10−13] eV, is 5+5
−5 × 10−3,213

smaller than the threshold 0.01 and thus disfavoring the214

existence of a boson within this mass range. In Tab. I215

we also report the Bayes factor for boson with masses216

in the whole prior range, and with masses in the range217

[3.16× 10−14, 1.3× 10−13], finding that in both cases the218

data are not informative.219

The appearance of a posterior excess around 10−12 eV220

in Fig. 1 can be explained as follows. If a boson of this221

mass existed, one would thus expect clustering of black222

hole spins along the critical spin curve (e.g. the solid223

and dot-dashed lines in Fig. 2), as well as a dearth of224

spins above the line. The exact distribution depends on225

the boson mass which draws the critical spin curve; and226

the spin distribution at formation which determines the227

amount of black holes that can undergo superradiant spin-228

down. Therefore, as mentioned above, the posteriors on229

the spin distribution at formation and the boson mass230

are correlated (cf Ref. [84]). The peak at 10−12 eV can231

thus be explained because, for that value of the boson232

mass, one would obtain black hole spins at merger which233

are similar (within a rather large uncertainty) to what234

is measured in the BBH data set without invoking the235

existence of a boson. With the current data set, the236

algorithm cannot distinguish between a situation where237

black hole spins at formation are mostly small and bosonic238

clouds do not form, and the one where large amount of239
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black hole have high spins at formation such that a boson240

with mass 10−12 eV exists and spins the black holes down.241

Owing to the lack of extensive numerical simulations on242

boson self-interaction, we do not allow for that possibility243

in our boson model. Self-interaction would introduces non-244

linear effect such as level-mixing and “Bosenova” [9, 105–245

107], and, if sufficiently large, it would stop the cloud246

growth before the saturation of superradiance (i.e. before247

the black hole spin has reached the critical spin). As248

a result, the postsuperradiance spin might not decrease249

to the critical spin and be consistent with a large spin250

measurement. The extent of the self-interaction is in-251

versely proportional to the decay constant of the boson,252

fa, and nonlinear effects become significant when the bo-253

son field reaches a maximum amplitude which depends254

on the black hole mass, the boson mass and the decay255

constant [105–107]. Thus, we may use the mass measure-256

ment of the black holes that yield the µs constraint to257

estimate the value of fa above which the self-interaction258

is negligible [9, 106, 107]. Taking for example GW190517259

(GW190412 has a similar primary mass and would thus260

yield a similar bound) – i.e. M1 ∼ 35 M� – and using the261

nonlinear condition in Eq. (7) of Ref. [106] with a typi-262

cal energy for the boson cloud (∼ 10% of the host black263

hole mass), we obtain that our analysis is certainly valid264

for fa & 1014 GeV, which roughly includes the Grand-265

Unification-Theories energy scale for the constrained bo-266

son mass µs ≈ 2× 10−13 eV [9].267

DISCUSSION268

In this Letter, we have shown that the BBHs ob-269

served by LIGO/Virgo strongly disfavour the existence270

of scalar ultralight bosons with masses in the range271

1.3× 10−13 eV ≤ µs ≤ 2.7× 10−13 eV. The statistical ev-272

idence is entirely contributed by the two highly spinning273

primaries in the systems GW190412 and GW190517.274

Our method consistently accounts for the uncertainty275

of the black hole spin distribution at formation, which276

is marginalized over to obtain a posterior on the boson277

mass, Fig. 1.278

However, caution is required in interpreting the results,279

since there are astrophysical scenarios that may explain280

the observed data without ruling out the existence of a281

boson in that mass range. The first caveat is related to282

the timescale between the formation of the black hole(s)283

and the merger of the binary, which has to be larger than284

superradiant timescale for a boson cloud to form and spin285

down the black hole in the first place. As mentioned286

above, we assumed that the black holes lifetime is the287

same as the inspiral timescale, and took that to be 10 Myr,288

as suggested by simulation studies [92–103]. This choice289

may not be valid if either of the GW190412 or GW190517290

binaries was formed with an extremely high eccentricity291

1−e . 0.01 shortly after the birth of the component black292

holes, such that their inspiral timescales are reduced by293

few orders of magnitude [108, 109]. In this scenario, there294

would not be time for black holes to lose their spin to295

superradiance, and they may retain large spins even if a296

boson exists, reducing the significance of our constraints.297

Production of extremely eccentric BBHs is possible in298

dense stellar clusters or active galactic nuclei (AGN), but299

these BBHs with extreme eccentricity are expected to300

have very low merger rates [110–113]. The AGN envi-301

ronment may also enhance the production of hierarchical302

binaries, i.e., binaries made of previous merger remnants,303

that merge in a very short timescale ∼ 105 yr [114, 115].304

Assuming this shorter timescale as the black hole lifetime,305

we find that the exclusion range of boson masses narrows306

to 2.2× 10−13 eV ≤ µs ≤ 2.7× 10−13 eV.307

The second caveat is related to the possible gas ac-308

cretion onto the black holes, which we have ignored in309

this work. The black hole spin gradually increases when310

the materials of the rotating accretion disk keep falling311

into the black hole. The evolution of the black hole spin312

thus depends on the how significant the accretion can be.313

If the spin-up rate due to accretion is much faster than314

the spin-down rate due to superradiance, then the black315

holes may end up having a large spin, inside the exclu-316

sion region, even if bosons exist exists. In the opposite317

case, superradiant spin-down dominates and the black318

holes should still ends its life with a spin around the criti-319

cal spin curve. For the stellar mass black holes relevant320

for ground-based GW detectors, even an accretion rate321

at the Eddington limit is expected to be much smaller322

than the typical superradiant rate [39, 54, 73]. There-323

fore, our results are still robust unless there is a thin-disk324

accretion whose rate is drastically and continuously super-325

Eddington throughout the black hole lifetime [116, 117].326

This is unlikely to be the case for binary black holes even327

in gas rich astrophysical environments, but not strictly328

impossible [115, 118, 119].329

The gravitational potential of the companion in a BBH330

may alter the superradiant growth due to tidal interaction.331

However, the tidal disruption may excite the in-falling332

modes with opposite angular momentum and is likely333

to enhance the spin-down of the host black hole [45, 48,334

49], and may further broaden the exclusion regions [120].335

We also note that the mass loss due to superradiance is336

ignored, which contributes to a few percent overestimation337

of the boson mass constraints [40, 84, 120].338

The constraints presented in this Letter will improve in339

the future, if the spins of heavier black holes are found to340

be above their critical spin curve. Second-generation black341

hole mergers, whose primary black holes have a spin at for-342

mation χ ∼ 0.7 and large masses - M & 50 M� [121–123]343

- might be the ideal candidates to test for the existence of344

lighter boson, µs . 10−13 eV, with ground-based GW de-345

tectors. On the other hand, if a boson existed with mass346

µs ≈ 10−12 eV, for which we have found weak evidence, its347

existence could be shown with a few more hundred more348
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black-hole spin measurements, needed to verify the cluster-349

ing of black hole spins along the corresponding critical spin350

curve (dot-dashed line in Fig 2 [84]). We end by remark-351

ing that constraints on ultralight bosons with GWs can352

also be obtained by targeting the nearly monochromatic353

GWs emitted by the cloud of bosons [42, 46, 54, 58, 59, 66].354

The two approaches target black holes at different stages355

of their life. In particular, the method based on contin-356

uous waves requires the cloud to be present at the time357

of the measurement, while the approach described in this358

Letter focuses on the black holes after they have been359

spun down. These two approaches also use entirely differ-360

ent statistical methods, therefore yielding complementary361

constraints.362
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