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Superradiance and the Spins of Black Holes from LIGO and X-ray binaries
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Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

Department of Physics, 1156 High St., University of California Santa Cruz, Santa Cruz, CA 95064, USA and

Santa Cruz Institute for Particle Physics, 1156 High St., Santa Cruz, CA 95064, USA

Akshay Ghalsasi† and Stefano Profumo‡

Department of Physics, 1156 High St., University of California Santa Cruz, Santa Cruz, CA 95064, USA and

Santa Cruz Institute for Particle Physics, 1156 High St., Santa Cruz, CA 95064, USA

Measurements of the spin of stellar mass black holes (BHs) are now possible both through LIGO
observations of binary BH mergers and for BHs in X-ray binary systems. The spins of BHs as
inferred from LIGO observations suggest that BH spins are on the lower end of what is expected for
a “flat” distribution of spins, while those from BHs in X-ray binaries tend to be large. Superradiance,
a process that can effectively reduce the spin of BHs before they merge, could explain the lower
observed spins in binary BH mergers for a non self-interacting light boson. In this paper, we use
Bayesian analysis to infer the posterior probability distribution for the mass of a light boson that
could fit LIGO data. We also analyze spins of BHs from X-ray binaries, and find that the X-ray
binary data can be explained by superradiance due to a light boson with large self-interactions. We
infer the mass range for such a boson that is consistent with the X-ray binary data.

I. INTRODUCTION

Spinning black holes (“Kerr” black holes, BHs) possess
a region outside the event horizon where matter cannot
remain in rest relative to an external observer due to the
effect of inertial frame dragging. This region is known
as the “ergoregion”. Any plane wave (matter wave or
light wave) infalling onto the BH and crossing the er-
goregion co-rotates with the BH as it gets scattered, effec-
tively extracting angular momentum from the BH. This is
known as the Penrose superradiance process [1, 2]. Mas-
sive bosons can form hydrogen-like bound states around
the BH and the bound state wavefunction has an overlap
with the ergoregion. This allows for continually extract-
ing angular momentum and energy from the BH by expo-
nentially populating the bound states [3–10]. Ultralight
bosons in the mass range of 10−11eV − 10−13eV impact
BH spins with masses in the range O(1M�)−O(100M�)
where M� is the mass of the sun. Measurements of BH
spins in this mass range can thus be used to constrain or
argue for the presence of ultralight bosons.

The advent of the Laser Interferometer Gravitational-
Wave Observatory (LIGO)[11] has ushered a new era of
observational astronomy and cosmology. LIGO data al-
low to infer the mass and spin of merging BHs; LIGO is
expected to collect O(1000) events through its lifetime
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in the mass range of O(1M�)−O(100M�). Using LIGO
data to constrain ultralight bosons has been considered
before. In [12] they consider the six BH spin measure-
ments from the LIGO O1 run as part of their analysis.
However their analysis is not Bayesian in nature. In [13]
the authors project the number of LIGO events needed to
disentangle the effects of superradiance at 2σ confidence.
Recently, [14] performed a Bayesian analysis on the 20
O2 LIGO events. Our analysis is consistent with their
findings. However, we go beyond: for instance, we also
consider the effects on superradiance by the gravitational
perturbation caused by the companion BH in the binary
system.

Another source of measurement of BH mass and spins
are X-ray binary systems in which a star and a BH are
in a binary system with the star providing the source
material for the accretion disk around the BH which is
visible in X-ray emissions. X-ray binaries can have very
large spins, as evident from Table II, and can be powerful
in constraining ultralight boson masses. In fact, several
papers have already used X-ray binaries to constrain ul-
tralight boson masses [12, 15–17]. In [12], they use X-ray
binary measurements to constrain non-interacting boson
masses between 7 × 10−14eV − 2 × 10−11eV. However,
they do not consider the effects on superradiance by the
gravitational perturbation caused by the companion star.
In [16], they consider the effects from gravitational per-
turbation caused by the companion star as well as the
effect of self-interactions to constrain boson masses and
self-interactions. In their exclusions, they point out the
possibility of the spins of the BHs being stuck on Regge
trajectories. Our analysis uses BH spins and masses,
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somewhat different than used by [16] and we find the
allowed mass range for ultralight bosons where this pos-
sibility is realized.

Our paper is organized as follows. In Section II, we
briefly describe the process of superradiance for an iso-
lated BH as well as for a BH in the presence of gravita-
tional perturbation caused by a companion. In Section
III, we present our Bayesian analysis and derive poste-
riors for the ultralight boson masses using LIGO data.
In Section IV we analyze the X-ray binary data and de-
rive the allowed mass range and self-interaction of the
ultralight bosons that explain the data. We conclude in
Section V.

II. SUPERRADIANCE AND REGGE PLOTS

Superradiance can be very efficient at extracting angu-
lar momentum from BHs when the bosons bound by the
gravitational potential have a reduced Compton wave-
length λc comparable to the BH’s gravitational radius
Rg. Thus, the gravitational fine-structure constant can
be defined as

α ≡ Rg
λc

=
GNMµ

~c
(1)

where M and µ are the mass of the BH and the boson,
respectively. Notice that here we use natural units where
~ = c = 1.

However, superradiance cannot spin down a BH to ar-
bitrarily low spins. The extraction of spin from the BH
continues until the so-called superradiance condition is
satisfied. The superradiance condition is a consequence
of the second law of thermodynamics and can be derived
by using the fact that the entropy (area of the event
horizon) has to increase [3]. For a boson with wave form
parametrized by Ψ ∝ e−iωt+imφψ(r, θ), the superradi-
ance condition is given by

0 < ω ≈ µ < mω+ , (2)

where ω+ = χ

2Rg(1+
√

1−χ2)
can be thought of as the an-

gular velocity of the BH and χ = J
MRg

is the spin of the

BH with angular momentum J . We have ignored O(α2)
corrections to ω.

For α = µRg � l, the rate of superradiance for each
bound state can be approximated analytically1. The rate
of growth of a superradiant bound state with radial, an-
gular and magnetic quantum numbers (n, l,m) has been

1 A better approximation of the rates can be done semi-
analytically as has been done in [4, 12]. However, we will use
the analytic approximation here.

calculated [4] and are given by

Γnlm = 2µα4l+4r+(mω+ − µ)Clmn (3)

Cnlm =
24l+2(2l + n+ 1)!

(l + n+ 1)2l+4n!

(
l!

(2l)!(2l + 1)!

)2

× (4)

l∏

j=1

(
j2
(
1− χ2

)
+ 4r2+(mω+ − µ)2

)
(5)

where r+ = Rg(1 +
√

1− χ2).
In the limit where the self-interactions of the light

bosons, or the perturbation due to the gravitational field
of a companion object, are not strong to significantly
perturb the superradiant wavefunctions, the growth of
the number of bosons in any superradiant state can be
written as

dN

dt
= ΓnlmN ,

where N is the number of bosons in the superradiant
state. Note that in order to extract sufficient spin from
the system, ∆χ ≈ O(1), one needs to extract angular
momentum (and hence have occupation levels) of order

M2

M2
pl

' 1076
(
M

M�

)2

,

where Mpl is the Planck mass. The number of e-foldings
required to reach such a high occupation number is ≈
180. Thus, as long as the timescale of the system

τsys ≥
180

Γnlm
,

superradiance will reduce the spin of the BH until the
superradiance condition in Eq. 2 is no longer satisfied,
and superradiance shuts off. We can use this to construct
exclusion plots as a function of BH mass and spin known
as Regge plots for a given boson mass and the time as-
sociated with the system. The Regge exclusion plots for
LIGO BHs for certain boson masses and timescale corre-
sponding to 10 Gyr are shown in Fig. 1.

Each Regge trajectory has multiple peaks. This hap-
pens because after the l = m level saturates the superra-
diant condition (Eq. (2)), the l + 1 = m + 1 level takes
over. Here, we have only shown the first four peaks of
the superradiance process and we will consider those in
our analysis2.

In the presence of a companion object (a BH or a star),
the gravitational perturbation from the companion ob-
ject will cause the superradiance levels to mix, causing
superradiance to shut down [4, 16]. BHs in X-ray binaries

2 Including higher peaks does not affect our results significantly
and for l > 5 the superradiance timescales are larger than the
age of the universe.
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FIG. 1. Regge Plots assuming superradiance is effective for
10 Gyr. We have only shown up to the first 4 peaks since we
consider those for our analysis.

have a companion star whose gravitational perturbation
can cause level mixing in the superradiance levels and,
as a result, cause the superradiance to shut down3. For
BH binary mergers, if the BHs are formed in a binary,
their superradiance evolution is affected by the compan-
ion. The gravitational perturbation due to a companion
of mass M is given by

δV = µ

(
M

MBH

)
Rg
R

(
1 + Y1,m

rc
R

+ ...
)
, (6)

where rc = (n+l+1)2

α2 Rg is the boson cloud radius and R is
the distance from the companion to the BH. In presence
of such a gravitational perturbation δV , the perturbed
state is given by

|ψ〉 = N

(
|ψnlm〉+

〈ψnlm|δV |ψn′l′m′〉
∆E

|ψn′l′m′〉
)
, (7)

where |ψn,l,m〉 is the superradiant state, |ψn′,l′,m′〉 is the

dumped state, ∆E =
(
α
l

)4
µ is the energy difference for

n′ = n, l′ 6= l and N is the normalization of the state.
The superradiant state extracts spin and energy from the
BH while the dumped state dumps them back in. Thus,
for superradiance to be active, the net flux crossing the
BH horizon needs to be positive, which translates into
the following condition:

∣∣∣∣∣
Γn

′l′m′

Γnlm

∣∣∣∣∣

∣∣∣∣∣
〈ψnlm|δV |ψn′l′m′〉

∆E

∣∣∣∣∣

2

< 1 . (8)

The superradiance levels that are the most active for us
have n = 0, l = m. The level mixing between superradi-
ant and dumping levels is the strongest for l′ = m′ = l−1.

3 The gravitational perturbation due to the accretion disk is sub-
dominant [16].

Event M1[M�] M2 [M�] χ1 χ2

GW150914 35.6+4.7
−3.1 30.6+3.0

−4.4 0.28+0.57
−0.25 0.34+0.53

−0.30

GW151012 23.2+14.9
−5.5 13.6+4.1

−4.8 0.33+0.54
−0.29 0.45+0.48

−0.40

GW151226 13.7+8.8
−3.2 7.7+2.2

−2.5 0.57+0.36
−0.43 0.51+0.44

−0.45

GW170104 30.8+7.3
−5.6 20.0+4.9

−4.6 0.34+0.52
−0.30 0.43+0.48

−0.38

GW170608 11.0+5.5
−1.7 7.6+1.4

−2.2 0.32+0.50
−0.28 0.40+0.52

−0.36

GW170729 50.2+16.2
−10.2 34.0+9.1

−10.1 0.69+0.28
−0.55 0.55+0.40

−0.49

GW170809 35.0+8.3
−5.9 23.8+5.1

−5.2 0.32+0.53
−0.29 0.42+0.50

−0.37

GW170814 30.6+5.6
−3.0 25.2+2.8

−4.0 0.40+0.52
−0.36 0.42+0.51

−0.37

GW170818 35.4+7.5
−4.7 26.7+4.3

−5.2 0.46+0.48
−0.41 0.46+0.47

−0.42

GW170823 39.5+11.2
−6.7 29.0+6.7

−7.8 0.42+0.49
−0.37 0.45+0.48

−0.40

TABLE I. Mass and dimensionless spin magnitude for the
ten BBH mergers events detected during LIGO’s O1 and O2
runs. The parameters are median values, with 90% confidence
intervals [22].

Then using Eq. (8), the condition we get for superradi-
ance to be active is

∣∣∣∣
Γ0,l−1,m−1

Γ0,l,m

∣∣∣∣
(
l

α

)8(
n+ l + 1

α

)4

×
(
Rg
R

)4

〈ψ0,l,m|Y1,1|ψ0,l−1,m−1〉2 < 1 .

(9)

The only unknown quantity in the above condition is
Rg

R . If the LIGO BHs are formed in a binary, then the
lifetime of the binary is controlled by the inspiral lifetime
which can be related to the initial binary separation R.
Assuming equal mass binaries4 and the rate of luminosity
of GW wave emission given in [18], we can write

Rg
R

= 3.5× 10−6
(

1010 yr

τbinary

)1/4(
MBH

30M�

)1/4

. (10)

The spin down of a BH in presence of self-interactions
will be discussed briefly in Sec. IV. See [4, 16] for a more
thorough discussion. For other interesting effects and
observables that have been considered in the literature
for superradiance for BHs that are part of binaries see,
[19–21].

III. LIGO EVENTS

The existence of ultralight bosons would lead to a clear
signature in the BH spin-mass plane in LIGO analysis.
Unfortunately, the current measurements on the BHs

4 Each LIGO binary has mass ratio q 6= 1 and hence the superradi-
ance curves should be calculated separately for each LIGO event.
However, in practice the superradiance curves don’t change much
if we assume equal mass binaries because of the strong depen-
dence of α in the superradiance condition in Eq. (9).
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FIG. 2. Probability density distribution p (m,χ | µ) for µ =
10−11.7 eV assuming the initial spin distribution to be flat.

spin magnitudes are poorly constrained since LIGO is
only sensitive to the last few cycles before merger [23].
The objective of this analysis is to calculate p(µ|{di}),
the posterior density function for the mass of the ultra-
light bosons µ, given the data from the 10 BH binary
mergers observed by LIGO shown in Table I 5.

A. Analysis

Before we explain our statistical analysis, we clarify
the underlying assumptions we make for the calculation
of the superradiance from the light boson. In presence
of large self-interactions, the spin down of a BH can be
significantly modified due to bosenovas and shut down of
superradiance due to level-mixing [4, 27, 28]. The larger
the self-interactions, the more ineffective superradiance
is in spinning down the BH. However, with only 20 mea-
sured BH spins by LIGO, it will not be illuminating to
add another dimension of self-interactions to our analy-
sis. Hence, for our LIGO analysis, we assume that our
light boson does not have any self-interactions. While
it is true that non-interacting light bosons in the mass
range we consider for our LIGO analysis have already
been ruled out by X-ray binaries [12, 16], one can for-
mulate models to reconcile X-ray binary data with non-
interacting bosons for LIGO analysis. One way to avoid

5 We don’t consider the recent claimed detections in [24–26] for
our analysis.

X-ray binary constraints is to invoke a chameleon-like
scalar which becomes massive in the presence of baryons
in the accretion disk shutting down superradiance. An-
other possibility is a quintessence-like field whose mass
is a function of time which is light in the early universe
during LIGO mergers but becomes heavier later in the
universe when X-ray binaries form.

For our analysis we assume that all the binaries have
the same merger time τmerger. Furthermore, we do
a separate analysis for two different merger timescales
i.e. the shortest timescale possible for stellar-mass bina-
ries τmerger = 107 yr or the longest timescale τmerger =
1010 yr. [29–31]. We also assume that superradiance is
effective throughout the merger process. We assume two
scenarios for BH mergers. In the first scenario, our BHs
were well separated before merger and hence spun down
in isolation before merging. In the second scenario, we
assume that the BHs start out in a binary hence the ef-
fects of superradiance on either BH is diminished due to
the presence of gravitational perturbation from the com-
panion [13]. We name the first one isolated scenario and
the second on the companion scenario. For calculating
the effect of gravitational perturbation for the companion
scenario, we assume both BHs are 30M�. This does not
affect our results since the superradiance rates in pres-
ence of a companion are a mild function of BH masses
(see Eqs. (9) and (10)).

We utilize a hierarchical Bayesian analysis [32] to de-
rive the posterior for the light boson mass µ. Assuming
that the events are uncorrelated, the joint likelihood can
be expressed as

p
(
{di} | Λ

)
=

Nobs∏

i=1

p
(
di | Λ

)
, (11)

where

p
(
di | Λ

)
=

∫
dθi p

(
di | θi

)
p
(
θi | Λ

)
(12)

is the individual likelihood for the ith event from the
measured data di given a hyperparameter Λ. In our case,
Λ is just the mass of the ultralight boson µ and θ are the
set of intrinsic parameters (M1,M2, χ1, χ2). Here, M1

and M2 are the masses of the BHs such that M1 > M2,
and χ1 and χ2 are their respective spin magnitudes.

Employing the joint likelihood for Nobs events, the pos-
terior density function for the ultralight bosons mass µ
can be expressed as follows:

p
(
µ | {di}

)
∝
[
Nobs∏

i=1

∫
p
(
di |M i

1,M
i
2, χ

i
1, χ

i
2

)
p
(
M i

1,M
i
2

)

2∏

j=1

p
(
M i
j , χ

i
j | µ

)
dM i

j dχij


 p (µ) ,

(13)
where i labels the event and j labels the individual
BHs in the binary. Here, p

(
di |M i

1,M
i
2, χ

i
1, χ

i
2

)
is the
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FIG. 3. Posterior distribution of the boson mass µ for the scenario where the BHs spin down in isolation before merging
(left) and for when the effects of superradiance is diminished due to the presence of the gravitational perturbation due to the
companion during the merge (right). For each scenario, we consider two cases for the initial spin magnitude distribution: low
(blue) and flat (orange), while the black dashed line is the log-uniform distribution prior distribution assumed for µ.

marginalized likelihood and p(M1,M2) is the mass prior
for the BH masses which we take to be uniformly dis-
tributed. The term p

(
M i
j , χ

i
j | µ

)
parametrizes the prior

of (M i
j , χ

i
j) in presence of superradiance for a given mass

µ of the light boson. Our superradiance prior depends
on the natal BHs spin distribution p(χI)

6. In this work,
we consider two initial spin magnitude distributions:

p(χI) = 1 : Flat spin distribution

p(χI) = 2(1− χI) : Low spin distribution
(14)

In Fig. 2, we show an example of the mass-spin mag-
nitude prior for a boson of mass 10−11.7 eV, assuming
a flat spin magnitude distribution before superradiance
takes place over 1010 yr. Therefore, if the initial spin χI

6 Note that superradiance extracts the mass of the BH as well.
However we ignore this effect since the change in mass is of
O(10%) for the BH masses we consider and is within the errors
of the measurement.

lies within the superradiance exclusion region, the BH
undergoes superradiance until the final BH spin χs set-
tles on the lowest possible Regge trajectory available to
it. On the other hand, if the initial spin lies outside of the
superradiance region, the BH spin magnitude at merger
is just the initial spin χI . Thus, the spin magnitude dis-
tribution for a single BH can be written as

p (M,χ | µ) = (1−N) p (χI) +Nδ (χ− χs (M,µ)) ,

where N is the fraction of BHs that have χi > χs which
depends on the initial spin magnitude distribution. For
the low initial spin N = (1 − χs)2 and for a initial flat
spin distribution, N is just (1− χs). Finally, p (µ) is the
prior distribution for the hyperparameter µ. We employ
a log-uniform distribution with range 10−13.3 eV ≤ µ ≤
10−11 eV, which is the mass range relevant for LIGO.

We perform the integral in Eq. (13) by approximat-
ing it with a discrete sum over the LIGO posterior sam-
ples of the re-weighted priors. This allows us to evaluate
the likelihood in terms of the LIGO posterior probability
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density without reanalyzing the original LIGO data7. We
would like to emphasize that the LIGO values from Table
I have been obtained by using uniform prior distributions
in (M1,M2), χ1, χ2 (with the constrain M1 > M2). In
the case of superradiance, these values will not longer
hold true, because now the spin magnitude at merger
will depend on the mass of the BH and the ultralight
boson as seen in Fig. 2. This observation has been over-
look in previous studies [12]. Thus, the values and the
90% credible intervals of Table I are subject to variations
when different prior distributions are used [38].

B. Results

The marginal posterior distributions of the boson mass
are shown in Fig. 3 for the isolated (left) and compan-
ion (right) scenarios. We assume two natal BHs spin
magnitude distributions: Flat spin (blue) and Low spin
(orange), which we defined in Eq. (14). A hypothesis
gets the largest support when the superradiance trajec-
tory passes close to the observed values of the spins. This
is illustrated in Fig. 4 for the best fit values of the iso-
lated and companion case for τmerger = 1010 yr.

For both Flat and Low spin distributions, the poste-
rior of µ is disfavored for µ < 10−12 eV. In this range the
superradiance curves are broad enough to shift the prior
of the majority of the LIGO events to unacceptably low
spins, especially for GW170729, which is the most mas-
sive binary and has the BH with the largest spin.

It is known that LIGO data prefers lower spin values
for BHs whose spins are isotropically oriented [39]. The
Low spin distribution prior already fits the LIGO data
well, hence including superradiance only improves the fit
marginally. This can be seen in Fig. 3, where a broader
range of masses for the Low prior fit the data well com-
pared to the Flat prior.

Ultimately, we are interested in testing the superradi-
ance hypothesis against the initial spin prior choice (Flat,
Low). For the isolated scenario with τmerger = 1010 yr
(and τmerger = 107 yr), we find a Bayes factor of ∼ 2.9
(and ∼ 2.2) for the case of flat initial spin distribu-
tion and ∼ 0.7 (and ∼ 0.7) for the case of low initial
spin. For the companion case with τmerger = 1010 yr (and
τmerger = 107 yr) we find a Bayes factor of ∼ 3.8 (and
∼ 1.2) for the case of flat initial spin distribution and
∼ 2.8 (and ∼ 1.2) for the case of low initial spin. For
both isolated and companion scenarios, we find a small
preference for superradiance hypothesis. However, given
only 20 BH spins, no conclusive, significant statistical
statement can be made.

7 For e.g. see [33–37] where they follow a similar prescription.

IV. X-RAY BINARIES

If the ultralight bosons possess self-interactions, the
perturbation created by occupation of the l state pro-
hibits the growth of the l+1 level due to level mixing [4].
In this section, we consider the possibility that the BHs
in the X-ray binary systems in fact lie on a Regge trajec-
tory. Our inferred values for the l of the Regge trajectory
for each of the X-ray binary BHs are given in Table II.
We parametrize the self-interactions by assuming a pseu-
doscalar boson with the Lagrangian

L ⊃ Λ4

(
1− cos

(
φ

fa

))
,

where Λ is the scale associated with the explicit breaking
of the U(1) symmetry and fa is the scale associated with
spontaneous breaking of the U(1) symmetry. Before we
present our results, let us first consider the conditions
that need to be satisfied for the consistency of our hy-
potheses.

If the BH starts with a natal spin above the l = q
Regge trajectory, the l = q superradiance level extracts
the spin from the BH until the BH ends on the l = q
Regge trajectory. The self-interactions of the bosons oc-
cupying the l = q level then act as a perturbation for the
l = q + 1 state causing level mixing of the superradiant
l = q+1 and the dumped l = q−1 state [4]. This, in turn,
causes superradiance to shut down and the BH to stay
on the trajectory until the occupation number of l = q
level drops through bosons annihilating to gravitons, so
that the l = q + 1 level can proceed to extract the spin.
The time spent on the Regge line is given by [16]

τRegge = (min(Nmax,Nbosenova)Γa)
−1 |Γl−1sr /Γl+1

sr |1/2
(15)

where Nbosenova is the maximum occupation number of
the level before the boson cloud collapses in a Bosenova,
and Γa is the annihilation rate of the bosons into gravi-
tons, given by [4, 16]

Nmax ' 1076
(

∆a

0.1

)(
M

10M�

)2

Nbosenova ' 5× 1078
(l + 1)4

α3

(
M

10M�

)2(
fa
Mpl

)2

Γa ' 10−10
( α

0.5

)p GN
R3
g

,

(16)

where p = 17 for l = 1 and p = 4l + 11 otherwise.
Larger fa therefore corresponds to lower self-

interactions and to shorter times τRegge spent on the
Regge trajectory: the strongest upper bound on fa which
parametrizes the self-interactions of the bosons therefore
comes from the oldest X-ray binary (GRS 1915+105)
with an age of 4 Gyr. To derive a bound on fa, we can
therefore use τRegge > 4 Gyr. Assuming that the X-ray
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FIG. 4. Superradiance exclusion plots superimposed on LIGO spin measurements for the masses that have the largest pos-
terior probability for τmerger = 1010yr for both isolated (solid) and companion (dashed) scenarios. Note that the LIGO spin
measurements plotted are 90% confidence intervals using LIGO priors and not using superradiance priors, although they are
good visual indicators to estimate which mass of the light boson µ best explains the data.

binary GRS 1915+105 has been stuck on the l = q tra-
jectory, we get the upperbound fa / 1015 GeV, fairly
independent of q. This is consistent with superradiance
bounds on self-interactions coming from non-liner effects
[40]. This bound also rules out a QCD axion as an expla-
nation for the observed X-ray binary spins. The reason
we consider q ≤ 3 is because higher levels are not super-
radiant for the most massive BH (Cygnus X-1) stuck on
l = q 8. The smaller the fa, the longer it takes for a
BH to lower its spin to the Regge trajectory, since it has
to undergo multiple Bosenovas while reducing its spin.
However, since we don’t have a prior on the initial spins
of the BHs, we don’t take this into account.

We do a simple χ2 analysis of the mass required to
fit the X-ray binary data. The relevant assumptions we
make for the mass and spins of the X-ray binary BHs
as well as the superradiance levels they are stuck on are
given in Table II. The results for the 95% confidence in-
tervals of mass for a given hypothesis are given in Table

8 As we increase q the superradiance levels become closer to each
other. Hence, its possible that the high spin X-ray binaries lie on
levels greater than q. This will be taken into account in future
work using reasonable astrophysical priors.

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

M [M�]

0.0

0.2

0.4

0.6

0.8

1.0

χ

l = 1

l = 2

GRO J1655-40

4U 1543-475

LMC X-1

GRS 1124-683

GRS 1915+105

Cygnus X-1

M33 X-7

A0620-00

LMC X-3

XTE J1550-564

FIG. 5. Stellar mass BHs from X-ray binary systems. The
Regge trajectories for l = 1 (solid) and l = 2 (dashed) levels
for the µ = 10−11.4 eV.

III. All the spins have been calculated using the contin-
uum fitting method (see [41] for a review).

The possibility that X-ray binaries can by themselves
corroborate the existence of an ultralight boson is obvi-
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X-ray Binary M [M�] χ Ref l-level

GRO J1655-40 6.3+0.5
−0.5 0.70+0.10

−0.10 [42],[43] q

4U 1543-475 9.4+1.0
−1.0 0.80+0.10

−0.10 [44],[43] q

LMC X-1 10.91+1.41
−1.41 0.92+0.05

−0.05 [45],[46] q

GRS 1124-683 11.0+1.4
−1.4 0.63+0.16

−0.16 [47],[48] n

GRS 1915+105 12.4+1.8
−1.8 0.98+0.01

−0.01 [49],[50] q

Cygnus X-1 14.8+1.0
−1.0

a0.983+0.001
−0.001 [51],[52] q

M33 X-7 15.65+1.45
−1.45 0.84+0.05

−0.05 [53],[54] n

A0620-00 6.61+0.25
−0.25 0.12+0.19

−0.19 [55],[56] N/A

LMC X-3 6.98+0.56
−0.56 0.25+0.13

−0.13 [57],[58] N/A

XTE J1550-564 9.10+0.61
−0.61 0.34+0.37

−0.37 [59],[60] N/A

a Note that for Cygnus X-1 only a 3σ lower bound on spin is
quoted. However since most of the error comes from the mass
we assume the spin error to be 0.001 in our analysis. This
shouldn’t affect our results.

TABLE II. Mass and dimensionless spin magnitude of nine
X-ray binaries. The level column indicates our hypothesis of
the superradiant level the BHs are stuck on. The three BHs
with low spins (A0620-00, LMC X-3, XTE J1550-564) have
spins too low to be affected by superradiance. The other BHs
are stuck on the Regge trajectory q or n where q = (1, 2, 3)
and n > q. In case of asymmetric error bars we conservatively
approximate the lower value to be the 1σ symmetric errors.

q, n µ(eV)

1,2 3.4× 10−12 ≤ µ ≤ 5.6× 10−12

2,4 6.8× 10−12 ≤ µ ≤ 1.12× 10−11

3,5 1× 10−11 ≤ µ ≤ 1.63× 10−11

TABLE III. 95% confidence intervals for mass µ for a given
q, n. Note that the n has been chosen for a corresponding q
to maximize the range of allowed masses.

ously an exciting one. However, a more careful analysis
is needed to draw any definitive conclusions. A more
thorough analysis of this scenario would involve taking
into account the large systematic uncertainties in mea-
suring BH spins9, constructing the correct superradiance
priors for arbitrary fa, and comparing the likelihood of
superradiance being the correct description of the data
compared to reasonable astrophysical priors10. We leave
this in-depth analysis of X-ray binaries for future work.

9 The spins presented here have used a continuum fitting method.
Disagreements exist in the literature regarding the inferred
masses and spins of individual BHs using methods other than
continuum fitting.

10 The BH in X-ray binaries are believed to have higher spins due
to the tidal coupling of its parent star to its binary companion.
A proper astrophysical prior will have to take this effect into
account.

V. SUMMARY AND OUTLOOK

Superradiance is a powerful process which might offer
a unique channel to detect light scalars. Effects of super-
radiance on BH spins have been theoretically thoroughly
investigated. At present, we have two sources of data for
BH spins: binary BH mergers observed by LIGO, and X-
ray binaries. In this paper, we discussed the possibility of
detecting the presence of a light boson using both LIGO
and X-ray binaries. Our key findings are as follows:

• As shown in Fig. 3, we can statistically infer the
preferred mass of a non-interacting light bosons
that best fits the LIGO data. However, with only
10 detected BH binary mergers, the result is not
yet statistically significant.

• The measurement of the intrinsic parameters, es-
pecially the spin magnitude, with current second-
generation gravitational-wave detectors will remain
poorly constrained [23, 61], and a third-generation
gravitational-wave detector will slightly improve it
[62]. Only with two third-generation detectors, will
we see any significant improvement in the spin mag-
nitude measurements [62, 63]. Therefore, to make
any inferences about the BH spins and masses, a hi-
erarchical Bayesian modeling about the BH popula-
tion is needed. With O(1000) events expected from
the LIGO collaboration in the near future, data
from BH binary mergers will be able to constrain
or detect non-interacting light bosons [14, 22].

• Any analysis that considers the effect of superra-
diance on LIGO BHs will be very sensitive to the
initial BH spin distributions as well as to assump-
tions about the binary formation process.

• X-ray binaries have been used to constrain super-
radiance [12, 15–17]. It is intriguing that the seven
measured BHs follow a pattern and give reason-
able fit for BHs stuck on Regge trajectories (see
Table III). This is a promising direction. However,
a much more careful analysis is needed to make any
statistically decisive statements.

VI. ACKNOWLEDGEMENTS

We thank Colin Bischoff for suggesting we could fit
higher l′s to the X-ray binary data. We thank Enrico
Ramirez-Ruiz for helping us understand X-ray binaries.
AG would like to thank the Aspen Center for Physics
under NSF grant PHY-1607611 where this work was ini-
tiated. AG would like to thank GGI for their hospital-
ity during the completion of part of this work. The re-
search of AG is supported in part by the NSF CAREER
grant PHY-1915852. NF and SP are partially supported
by the U.S. Department of Energy grant number DE-
SC0010107. The research of NF is supported by the U.S.
Department of Energy grant number DE-SC0017840.



9

[1] R. Penrose, Riv. Nuovo Cim. 1, 252 (1969), [Gen. Rel.
Grav.34,1141(2002)].

[2] S. A. Teukolsky and W. H. Press, Astrophys. J. 193, 443
(1974).

[3] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, Phys. Rev. D81, 123530 (2010),
arXiv:0905.4720 [hep-th].

[4] A. Arvanitaki and S. Dubovsky, Phys. Rev. D83, 044026
(2011), arXiv:1004.3558 [hep-th].

[5] D. Baumann, H. S. Chia, J. Stout, and L. ter
Haar, “The spectra of gravitational atoms,” (2019),
arXiv:1908.10370 [gr-qc].

[6] S. Detweiler, Phys. Rev. D 22, 2323 (1980).
[7] R. Brito, V. Cardoso, and P. Pani, Lecture Notes in

Physics (2015), 10.1007/978-3-319-19000-6.
[8] R. Brito, V. Cardoso, and P. Pani, Classical and Quan-

tum Gravity 32, 134001 (2015).
[9] H. Witek, V. Cardoso, A. Ishibashi, and U. Sper-

hake, Physical Review D 87 (2013), 10.1103/phys-
revd.87.043513.

[10] S. R. Dolan, Physical Review D 76 (2007), 10.1103/phys-
revd.76.084001.

[11] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
Lett. 116, 061102 (2016), arXiv:1602.03837 [gr-qc].

[12] M. J. Stott and D. J. Marsh, Physical Review D 98
(2018), 10.1103/physrevd.98.083006.

[13] A. Arvanitaki, M. Baryakhtar, S. Dimopoulos,
S. Dubovsky, and R. Lasenby, Physical Review D
95 (2017), 10.1103/physrevd.95.043001.

[14] K. K. Y. Ng, O. A. Hannuksela, S. Vitale, and T. G. F.
Li, (2019), arXiv:1908.02312 [gr-qc].

[15] V. Cardoso, . J. Dias, G. S. Hartnett, M. Middleton,
P. Pani, and J. E. Santos, Journal of Cosmology and
Astroparticle Physics 2018, 043043 (2018).

[16] A. Arvanitaki, M. Baryakhtar, and X. Huang, Physical
Review D 91 (2015), 10.1103/physrevd.91.084011.

[17] L. Sun, R. Brito, and M. Isi, “Search for ultralight
bosons in cygnus x-1 with advanced ligo,” (2019),
arXiv:1909.11267 [gr-qc].

[18] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, and et al., Annalen der Physik 529, 1600209
(2016).

[19] D. Baumann, H. S. Chia, and R. A. Porto, Physical
Review D 99 (2019), 10.1103/physrevd.99.044001.

[20] E. Berti, R. Brito, C. F. Macedo, G. Raposo, and
J. L. Rosa, Physical Review D 99 (2019), 10.1103/phys-
revd.99.104039.

[21] J. Zhang and H. Yang, “Dynamic signatures of black
hole binaries with superradiant clouds,” (2019),
arXiv:1907.13582 [gr-qc].

[22] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
X9, 031040 (2019), arXiv:1811.12907 [astro-ph.HE].

[23] S. Vitale, R. Lynch, V. Raymond, R. Sturani,
J. Veitch, and P. Graff, Phys. Rev. D95, 064053 (2017),
arXiv:1611.01122 [gr-qc].

[24] B. Zackay, T. Venumadhav, L. Dai, J. Roulet,
and M. Zaldarriaga, Physical Review D 100 (2019),
10.1103/physrevd.100.023007.

[25] T. Venumadhav, B. Zackay, J. Roulet, L. Dai, and
M. Zaldarriaga, “New binary black hole mergers in the

second observing run of advanced ligo and advanced
virgo,” (2019), arXiv:1904.07214 [astro-ph.HE].

[26] B. Zackay, L. Dai, T. Venumadhav, J. Roulet, and
M. Zaldarriaga, “Detecting gravitational waves with dis-
parate detector responses: Two new binary black hole
mergers,” (2019), arXiv:1910.09528 [astro-ph.HE].

[27] H. Yoshino and H. Kodama, Progress of Theoretical
Physics 128, 153190 (2012).

[28] H. Yoshino and H. Kodama, Classical and Quantum
Gravity 32, 214001 (2015).

[29] M. Dominik, K. Belczynski, C. Fryer, D. E. Holz,
E. Berti, T. Bulik, I. Mandel, and R. O’Shaughnessy,
Astrophys. J. 779, 72 (2013), arXiv:1308.1546 [astro-
ph.HE].

[30] M. Morscher, B. Pattabiraman, C. Rodriguez, F. A. Ra-
sio, and S. Umbreit, The Astrophysical Journal 800, 9
(2015).

[31] B. P. Abbott et al. (LIGO Scientific, Virgo), Astrophys.
J. 818, L22 (2016), arXiv:1602.03846 [astro-ph.HE].

[32] I. Mandel, W. M. Farr, and J. R. Gair, Mon. Not. Roy.
Astron. Soc. 486, 1086 (2019), arXiv:1809.02063 [astro-
ph.HE].

[33] W. M. Farr, S. Stevenson, M. Coleman Miller, I. Man-
del, B. Farr, and A. Vecchio, Nature 548, 426 (2017),
arXiv:1706.01385 [astro-ph.HE].

[34] C. Talbot and E. Thrane, Phys. Rev. D96, 023012
(2017), arXiv:1704.08370 [astro-ph.HE].

[35] B. Farr, D. E. Holz, and W. M. Farr, Astrophys. J. 854,
L9 (2018), arXiv:1709.07896 [astro-ph.HE].

[36] V. Tiwari, S. Fairhurst, and M. Hannam, Astrophys. J.
868, 140 (2018), arXiv:1809.01401 [gr-qc].

[37] N. Fernandez and S. Profumo, JCAP 1908, 022 (2019),
arXiv:1905.13019 [astro-ph.HE].

[38] S. Vitale, D. Gerosa, C.-J. Haster, K. Chatziioannou,
and A. Zimmerman, Phys. Rev. Lett. 119, 251103 (2017),
arXiv:1707.04637 [gr-qc].

[39] B. P. Abbott et al. (LIGO Scientific, Virgo), Astrophys.
J. 882, L24 (2019), arXiv:1811.12940 [astro-ph.HE].

[40] H. Fukuda and K. Nakayama, (2019), arXiv:1910.06308
[hep-ph].

[41] J. E. McClintock, R. Narayan, and J. F. Steiner, Space
Science Reviews 183, 295322 (2013).

[42] J. Greene, C. D. Bailyn, and J. A. Orosz, The Astro-
physical Journal 554, 12901297 (2001).

[43] R. Shafee, J. E. McClintock, R. Narayan, S. W. Davis, L.-
X. Li, and R. A. Remillard, The Astrophysical Journal
636, L113L116 (2005).

[44] K. van der Hucht, A. Herrero, and C. Esteban, eds., A
Massive Star Odyssey: From Main Sequence to Super-
nova, IAU Symposium, Vol. 212 (2003).

[45] J. A. Orosz, D. Steeghs, J. E. McClintock, M. A. P. Tor-
res, I. Bochkov, L. Gou, R. Narayan, M. Blaschak, A. M.
Levine, R. A. Remillard, and et al., The Astrophysical
Journal 697, 573591 (2009).

[46] L. Gou, J. E. McClintock, J. Liu, R. Narayan, J. F.
Steiner, R. A. Remillard, J. A. Orosz, S. W. Davis,
K. Ebisawa, and E. M. Schlegel, The Astrophysical Jour-
nal 701, 10761090 (2009).

[47] J. Wu, J. A. Orosz, J. E. McClintock, I. Hasan, C. D.
Bailyn, L. Gou, and Z. Chen, The Astrophysical Journal
825, 46 (2016).

http://dx.doi.org/10.1086/153180
http://dx.doi.org/10.1086/153180
http://dx.doi.org/10.1103/PhysRevD.81.123530
http://arxiv.org/abs/0905.4720
http://dx.doi.org/10.1103/PhysRevD.83.044026
http://dx.doi.org/10.1103/PhysRevD.83.044026
http://arxiv.org/abs/1004.3558
http://arxiv.org/abs/1908.10370
http://dx.doi.org/10.1103/PhysRevD.22.2323
http://dx.doi.org/10.1007/978-3-319-19000-6
http://dx.doi.org/10.1007/978-3-319-19000-6
http://dx.doi.org/10.1088/0264-9381/32/13/134001
http://dx.doi.org/10.1088/0264-9381/32/13/134001
http://dx.doi.org/10.1103/physrevd.87.043513
http://dx.doi.org/10.1103/physrevd.87.043513
http://dx.doi.org/10.1103/physrevd.76.084001
http://dx.doi.org/10.1103/physrevd.76.084001
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://arxiv.org/abs/1602.03837
http://dx.doi.org/10.1103/physrevd.98.083006
http://dx.doi.org/10.1103/physrevd.98.083006
http://dx.doi.org/10.1103/physrevd.95.043001
http://dx.doi.org/10.1103/physrevd.95.043001
http://arxiv.org/abs/1908.02312
http://dx.doi.org/ 10.1088/1475-7516/2018/03/043
http://dx.doi.org/ 10.1088/1475-7516/2018/03/043
http://dx.doi.org/10.1103/physrevd.91.084011
http://dx.doi.org/10.1103/physrevd.91.084011
http://arxiv.org/abs/1909.11267
http://dx.doi.org/10.1002/andp.201600209
http://dx.doi.org/10.1002/andp.201600209
http://dx.doi.org/10.1103/physrevd.99.044001
http://dx.doi.org/10.1103/physrevd.99.044001
http://dx.doi.org/ 10.1103/physrevd.99.104039
http://dx.doi.org/ 10.1103/physrevd.99.104039
http://arxiv.org/abs/1907.13582
http://dx.doi.org/10.1103/PhysRevX.9.031040
http://dx.doi.org/10.1103/PhysRevX.9.031040
http://arxiv.org/abs/1811.12907
http://dx.doi.org/ 10.1103/PhysRevD.95.064053
http://arxiv.org/abs/1611.01122
http://dx.doi.org/ 10.1103/physrevd.100.023007
http://dx.doi.org/ 10.1103/physrevd.100.023007
http://arxiv.org/abs/1904.07214
http://arxiv.org/abs/1910.09528
http://dx.doi.org/10.1143/ptp.128.153
http://dx.doi.org/10.1143/ptp.128.153
http://dx.doi.org/10.1088/0264-9381/32/21/214001
http://dx.doi.org/10.1088/0264-9381/32/21/214001
http://dx.doi.org/ 10.1088/0004-637X/779/1/72
http://arxiv.org/abs/1308.1546
http://arxiv.org/abs/1308.1546
http://dx.doi.org/10.1088/0004-637x/800/1/9
http://dx.doi.org/10.1088/0004-637x/800/1/9
http://dx.doi.org/10.3847/2041-8205/818/2/L22
http://dx.doi.org/10.3847/2041-8205/818/2/L22
http://arxiv.org/abs/1602.03846
http://dx.doi.org/10.1093/mnras/stz896
http://dx.doi.org/10.1093/mnras/stz896
http://arxiv.org/abs/1809.02063
http://arxiv.org/abs/1809.02063
http://dx.doi.org/ 10.1038/nature23453
http://arxiv.org/abs/1706.01385
http://dx.doi.org/10.1103/PhysRevD.96.023012
http://dx.doi.org/10.1103/PhysRevD.96.023012
http://arxiv.org/abs/1704.08370
http://dx.doi.org/10.3847/2041-8213/aaaa64
http://dx.doi.org/10.3847/2041-8213/aaaa64
http://arxiv.org/abs/1709.07896
http://dx.doi.org/10.3847/1538-4357/aae8df
http://dx.doi.org/10.3847/1538-4357/aae8df
http://arxiv.org/abs/1809.01401
http://dx.doi.org/10.1088/1475-7516/2019/08/022
http://arxiv.org/abs/1905.13019
http://dx.doi.org/ 10.1103/PhysRevLett.119.251103
http://arxiv.org/abs/1707.04637
http://dx.doi.org/10.3847/2041-8213/ab3800
http://dx.doi.org/10.3847/2041-8213/ab3800
http://arxiv.org/abs/1811.12940
http://arxiv.org/abs/1910.06308
http://arxiv.org/abs/1910.06308
http://dx.doi.org/10.1007/s11214-013-0003-9
http://dx.doi.org/10.1007/s11214-013-0003-9
http://dx.doi.org/10.1086/321411
http://dx.doi.org/10.1086/321411
http://dx.doi.org/ 10.1086/498938
http://dx.doi.org/ 10.1086/498938
http://dx.doi.org/10.1088/0004-637x/697/1/573
http://dx.doi.org/10.1088/0004-637x/697/1/573
http://dx.doi.org/10.1088/0004-637x/701/2/1076
http://dx.doi.org/10.1088/0004-637x/701/2/1076
http://dx.doi.org/ 10.3847/0004-637x/825/1/46
http://dx.doi.org/ 10.3847/0004-637x/825/1/46


10

[48] Z. Chen, L. Gou, J. E. McClintock, J. F. Steiner, J. Wu,
W. Xu, J. A. Orosz, and Y. Xiang, The Astrophysical
Journal 825, 45 (2016).

[49] M. J. Reid, J. E. McClintock, J. F. Steiner, D. Steeghs,
R. A. Remillard, V. Dhawan, and R. Narayan, The As-
trophysical Journal 796, 2 (2014).

[50] J. M. Miller, M. L. Parker, F. Fuerst, M. Bachetti, F. A.
Harrison, D. Barret, S. E. Boggs, D. Chakrabarty, F. E.
Christensen, W. W. Craig, and et al., The Astrophysical
Journal 775, L45 (2013).

[51] J. A. Orosz, J. E. McClintock, J. P. Aufdenberg, R. A.
Remillard, M. J. Reid, R. Narayan, and L. Gou, The
Astrophysical Journal 742, 84 (2011).

[52] L. Gou, J. E. McClintock, R. A. Remillard, J. F. Steiner,
M. J. Reid, J. A. Orosz, R. Narayan, M. Hanke, and
J. Garca, The Astrophysical Journal 790, 29 (2014).

[53] J. A. Orosz, J. E. McClintock, R. Narayan, C. D. Bai-
lyn, J. D. Hartman, L. Macri, J. Liu, W. Pietsch, R. A.
Remillard, A. Shporer, and et al., Nature 449, 872875
(2007).

[54] J. Liu, J. E. McClintock, R. Narayan, S. W. Davis, and
J. A. Orosz, The Astrophysical Journal 679, L37L40
(2008).

[55] A. G. Cantrell, C. D. Bailyn, J. A. Orosz, J. E. McClin-
tock, R. A. Remillard, C. S. Froning, J. Neilsen, D. M.

Gelino, and L. Gou, The Astrophysical Journal 710,
11271141 (2010).

[56] L. Gou, J. E. McClintock, J. F. Steiner, R. Narayan,
A. G. Cantrell, C. D. Bailyn, and J. A. Orosz, The As-
trophysical Journal 718, L122L126 (2010).

[57] J. A. Orosz, J. F. Steiner, J. E. McClintock, M. M.
Buxton, C. D. Bailyn, D. Steeghs, A. Guberman, and
M. A. P. Torres, The Astrophysical Journal 794, 154
(2014).

[58] J. F. Steiner, J. E. McClintock, J. A. Orosz, R. A. Remil-
lard, C. D. Bailyn, M. Kolehmainen, and O. Straub, The
Astrophysical Journal 793, L29 (2014).

[59] J. A. Orosz, J. F. Steiner, J. E. McClintock, M. A. P.
Torres, R. A. Remillard, C. D. Bailyn, and J. M. Miller,
The Astrophysical Journal 730, 75 (2011).

[60] J. F. Steiner, R. C. Reis, J. E. McClintock, R. Narayan,
R. A. Remillard, J. A. Orosz, L. Gou, A. C. Fabian, and
M. A. P. Torres, Monthly Notices of the Royal Astronom-
ical Society 416, 941958 (2011).

[61] M. Prrer, M. Hannam, and F. Ohme, Phys. Rev. D93,
084042 (2016), arXiv:1512.04955 [gr-qc].

[62] S. Vitale and M. Evans, Phys. Rev. D95, 064052 (2017),
arXiv:1610.06917 [gr-qc].

[63] S. Vitale and C. Whittle, Phys. Rev. D98, 024029 (2018),
arXiv:1804.07866 [gr-qc].

http://dx.doi.org/10.3847/0004-637x/825/1/45
http://dx.doi.org/10.3847/0004-637x/825/1/45
http://dx.doi.org/ 10.1088/0004-637x/796/1/2
http://dx.doi.org/ 10.1088/0004-637x/796/1/2
http://dx.doi.org/10.1088/2041-8205/775/2/l45
http://dx.doi.org/10.1088/2041-8205/775/2/l45
http://dx.doi.org/ 10.1088/0004-637x/742/2/84
http://dx.doi.org/ 10.1088/0004-637x/742/2/84
http://dx.doi.org/10.1088/0004-637x/790/1/29
http://dx.doi.org/ 10.1038/nature06218
http://dx.doi.org/ 10.1038/nature06218
http://dx.doi.org/ 10.1086/588840
http://dx.doi.org/ 10.1086/588840
http://dx.doi.org/10.1088/0004-637x/710/2/1127
http://dx.doi.org/10.1088/0004-637x/710/2/1127
http://dx.doi.org/ 10.1088/2041-8205/718/2/l122
http://dx.doi.org/ 10.1088/2041-8205/718/2/l122
http://dx.doi.org/ 10.1088/0004-637x/794/2/154
http://dx.doi.org/ 10.1088/0004-637x/794/2/154
http://dx.doi.org/10.1088/2041-8205/793/2/l29
http://dx.doi.org/10.1088/2041-8205/793/2/l29
http://dx.doi.org/ 10.1088/0004-637x/730/2/75
http://dx.doi.org/ 10.1111/j.1365-2966.2011.19089.x
http://dx.doi.org/ 10.1111/j.1365-2966.2011.19089.x
http://dx.doi.org/10.1103/PhysRevD.93.084042
http://dx.doi.org/10.1103/PhysRevD.93.084042
http://arxiv.org/abs/1512.04955
http://dx.doi.org/10.1103/PhysRevD.95.064052
http://arxiv.org/abs/1610.06917
http://dx.doi.org/10.1103/PhysRevD.98.024029
http://arxiv.org/abs/1804.07866

	Superradiance and the Spins of Black Holes from LIGO and X-ray binaries
	Abstract
	I Introduction
	II Superradiance and Regge Plots
	III LIGO Events
	A Analysis
	B Results

	IV X-ray binaries
	V Summary and Outlook
	VI Acknowledgements
	 References




