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QCD Axions
• QCD axion: one of the best motivated BSM particles

• Solves the strong-CP problem by making the QCD θ angle a 
dynamical field

• Pseudo-Goldstone boson with mass and couplings fixed by the 
decay constant fa
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• Very weakly interacting

• Large compton wavelength
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• Current bound only for large masses and model dependent

• Small masses difficult to probe because have very long wavelength



Black Holes

30 km⇥ M

10M� 3⇥ 107 km⇥ M

107M�

Stellar black holes: Supermassive black holes:

• Black holes can be used as axion detectors: BH size ~ axion Compton wavelength

• ~108 - 109  in our galaxy

• Sensitive to axion masses ~10-13 - 10-11  eV
• Found at the center of galaxies

• Sensitive to axion masses ~10-19 - 10-16  eV



Gravitational Atom
• In analogy with the Hydrogen atom, axions gravitationally bind around a BH and occupy the 

states characterised by the usual quantum number, n, l and m.

• Fine-structure constant • Energy level
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Superradiance
• Superradiance is an ubiquitous kinematic/thermodynamic phenomenon.
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• In a BH, it can be explained in terms of Penrose process.

• A rotating BH possesses an ergosphere, inside which 
no observer can be stationary.

Penrose ‘69
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• In a BH, it can be explained in terms of Penrose process.

• A rotating BH possesses an ergosphere, inside which 
no observer can be stationary.

• Particles passing through the ergosphere can extract 
angular momentum and energy from the BH.

! < m⌦H• Superradiant condition:

⌦H =
c3
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Superradiance
• Superradiance is an ubiquitous kinematic/thermodynamic phenomenon.
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• In a BH, it can be explained in terms of Penrose process.

• A rotating BH possesses an ergosphere, inside which 
no observer can be stationary.

• Particles passing through the ergosphere can extract 
angular momentum and energy from the BH.

Figure 21: Scheme of a confined rotating BH, and how an initially small fluctuation– the
single red arrow – grows by successive reflections at the confining wall and amplifications by
superradiance in the ergoregion.

Normal modes supported by a box have a wavelength comparable to the box size, in other
words a frequency !R ⇠ 1/r0. For small BHs, M/r0 ⌧ 1, we then have M! ⌧ 1, i.e., we
are in the low-frequency limit. In this limit, the equation for wave propagation can be solved
via matched asymptotics [276], similar to what is discussed in Appendix B. Let A denote the
absorption probability at the horizon of a rotating BH (which can be computed analytically
in the small frequency regime [276, 277, 278, 186, 187]). By definition, a wave with initial
amplitude A0 is scattered with amplitude A = A0

�
1� |A|2� after one interaction with the

BH. In the superradiant regime |A|2 < 0. Consider now a wave trapped inside the box and
undergoing a large number of reflections. After a time t the wave interacted N = t/r0 times

with the BH, and its amplitude changed to A = A0
�
1� |A|2�N ⇠ A0

�
1�N |A|2�. We then

get
A(t) = A0

�
1� t|A|2/r0

�
. (5.4)

The net e↵ect of this small absorption at the event horizon is to add a small imaginary part to
the frequency, ! = !R+ i!I (with |!I | ⌧ !R). In this limit, A(t) ⇠ A0e

�|!I |t ⇠ A0(1� |!I |t).
Thus we immediately get that

!I = |A|2/r0 . (5.5)

For example, for a non-rotating BH [276]

|A|2 = 4⇡

✓
M!R

2

◆2+2l �2[1 + l + s]�2[1 + l � s]

�2[1 + 2l]�2[l + 3/2]
(5.6)

⇠ (M/r0)
2l+2 ⌧ 1 (5.7)

where s = 0, 2 for scalar and gravitational fields. Comparing with Eq. (5.5), we obtain

M!I ⇠ �(M/r0)
2l+3 . (5.8)

81

• If particles (bosons) are confined the process 
repeats continuously, growing exponentially.

! < m⌦H• Superradiant condition:

⌦H =
c3

2GMBH
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• Very difficult to observe



Gravitational Atom
• In analogy with the Hydrogen atom, axions gravitationally bind around a BH and occupy the 

states characterised by the usual quantum number, n, l and m.

• Fine-structure constant • Energy level
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• Particle orbits that satisfy the SR condition are 
coherently amplified

↵

`
 1

2

dN

dt
= �srN

�sr = O(10�7 � 10�14)µa

• As long as SR condition is satisfied, 
occupation number grows exponentially

�i�sr



Superradiant rate 
3

expected event rates at aLIGO and at future lower fre-
quency detectors. In section IV, we revisit bounds from
black hole spin measurements and include our results for
both stellar and supermassive black holes. We examine
the e↵ects of black hole companion stars and accretion
disks on superradiance in section V, and conclude in sec-
tion VI.

II. THEORETICAL BACKGROUND

A. The Gravitational Atom in the Sky

The bound states of a massive boson with the black
hole (BH) are closely approximated by hydrogen wave
functions: except in very close proximity to the black
hole, the gravitational potential is / 1/r. The “fine-
structure constant” ↵ of the gravitational atom is:

↵ = rgµa, rg ⌘ GNM, (2)

where rg is the gravitational radius of the BH, M its
mass, and µa the boson’s mass. Throughout this pa-
per, we use units where c = ~ = 1. Like the hydrogen
atom, the orbitals around the black hole are indexed by
the principal, orbital, and magnetic quantum numbers
{n, `,m} with energies:

! ' µa

✓
1� ↵2

2n2

◆
. (3)

The orbital velocity is approximately v ⇠ ↵/`, and the
axions form a “cloud” with average distance

rc ⇠ n2

↵2
rg (4)

from the black hole.
A level with energy ! and magnetic quantum num-

ber m can extract energy and angular momentum from
the black hole if it satisfies the superradiance condition
analogous to eq. (1):

!

m
< !+, !+ ⌘ 1

2

 
a⇤

1 +
p

1� a2⇤

!
r�1
g , (5)

where !+ can be thought of as the angular velocity of
the black hole and 0  |a⇤| < 1 is the black hole spin
(a⇤ ⌘ a/rg in Boyer-Lindquist coordinates). The SR
condition requires

↵/`  1/2, (6)

with the upper bound saturated for m = ` and extremal
black holes (a⇤ = 1), so superradiating bound states are
indeed well-approximated by solutions to a 1/r gravita-
tional potential (rc � rg) with sub-leading relativistic
corrections (v2 ⌧ 1).
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FIG. 1. Superradiance times of levels ` = 1 to 4 (left to right)
for spins a⇤ = 0.99 and 0.90, fixing m = ` and n = ` + 1.
Time in years is shown for a 10M� black hole as a function of
boson mass µa; on the right axis, we show the dimensionless
superradiance rate �

sr

rg as a function of the gravitational
coupling ↵ (top axis).

The occupation number1 N of levels that satisfy the
SR condition grows exponentially with a rate �sr,

dN

dt

����
sr

= �srN, (7)

�n`m
sr (a⇤,↵, rg) = O(10�7–10�14) r�1

g .

The boson is not required to be dark matter or be phys-
ically present in the vicinity of the black hole: just
like spontaneous emission, superradiance can start by a
quantum mechanical fluctuation from the vacuum, and
proceed to grow exponentially. If the SR condition
is satisfied, the growth will occur as long as the rate
is faster than the evolution timescales of the BH, the
most relevant of which is the Eddington accretion time,
⌧Eddington = 4⇥108 years. The growth stops when enough
angular momentum has been extracted so that the super-
radiance condition is no longer satisfied. At that point
the number of bosons occupying the level is

Nmax ' GNM2

m
�a⇤ ⇠ 1076

✓
�a⇤
0.1

◆✓
M

10M�

◆2

, (8)

where �a⇤ = O(0.1) is the di↵erence between the initial
and final BH spin.
The superradiance rates (or dumping rates for the lev-

els that are not superradiating) are given by the small
imaginary part of the energy of a free-field solution in
the Kerr background. Unless otherwise specified, we use
the semi-analytic approach for massive spin-0 fields pre-
sented in [4], which agrees well with analytical formu-
lae for ↵/` ⌧ 1 [2] and the WKB approximation for

1 The axion cloud surrounding the BH is described by a classi-
cal field, and therefore does not have a well-defined occupation
number N . In this paper we define the occupation number as
the average value of bosons in the cloud.

• Superradiance times for the levels l=1 to 4, for m=l and n=l+1, for a BH of mass 10 M⦿. 

Arvanitaki, Baryakhtar and Huang ‘14



Black hole spin decay

ma=6*10-13eV

l=
1 S
R
reg
ion l=2

SR
reg
ion

l=3 S
R reg

ion

20 40 60 80 100 120 140
0.0

0.2

0.4

0.6

0.8

1.0

Black Hole Mass HMüL

B
la
ck
H
ol
e
Sp
in
a *

Superradiance
a history

• Black hole spin-mass plane.

• Absence of rapidly rotating BH is signal that superradiance has taken place.
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Black hole spin from X-ray

ma=10-11eV
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Black hole spin and mass measurements from X-ray binaries

Black Hole Spins
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• BH measurements of spin and BH masse in X-ray binaries.
Arvanitaki, Baryakhtar and Huang ‘14



Black hole spin from X-ray
Five currently measured black holes combine to 
set limit:

Black Hole Spins
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• High-spin measurements disfavor an axion with mass 

6⇥ 10

�13
eV to 2⇥ 10

�11
eV

Arvanitaki, Baryakhtar and Huang ‘14

• The exclusion of these parameter space has not been reached by other approaches.



LIGO and Virgo
• Expected detection of 40-1500 merger events per year and measure masses and spin.

• Example: the final BH from GW150914 has a spin of                     and mass of 61.8+4.2
�3.5M�0.67+0.05

�0.07

LIGO ‘16



Expected black hole spin
• Expected distribution of intrinsic spins and masses of merging BHs in the absence (right) 

and presence (left) of an axion. Flat spin distribution and power-law BH mass. Normalized at 
1000 events in LIGO. 3
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FIG. 2. Expected distribution of intrinsic (top) and measured (bottom) spins and masses of merging BHs in the absence (left)
and the presence (right) of an axion of mass 6⇥10�13 eV. In the absence of an axion, we assumed a flat BH spin distribution [11]
and a power-law BH mass distribution as in [20], normalized to 1000 events detected at aLIGO. We assume 10% measurement
error in the mass and 0.25 absolute error in the spin [22]. We have assumed that all BBHs formed at a distance such that they
take a Hubble time to merge. The theoretical curves shown are boundaries of the regions where SR had at most Hubble time
to spin down the BHs, and the e↵ect of the companion BH does not significantly a↵ect the SR rate.

slower than the binary merger time.2

On the other hand, if the binary was formed by cap-
ture [21], then both of the BHs are likely to have had
time to superradiate without disruption. The spin mea-
surement can also be a↵ected by the relative alignment of
BH spins. For Fig. 2, we have assumed that the BHs are
formed in a binary, with aligned spins, and take a Hubble
time to merge (i.e. they start as far apart as possible, the
most optimistic scenario for spin down).

The top panels of Fig. 2 presents the actual spin-mass
distribution of BBHs with and without an axion. In the
bottom panels we present the corresponding distributions
as seen by aLIGO, accounting for the visibility function
and mass and spin measurement uncertainties. The large
number of events shown make the lack of rapidly spinning
BHs clear.

2 For the parameters we consider, the axion cloud is generally de-
stroyed, either by annihilations or falling into the BH, without
spinning the BH back up. Thus, the SR saturation lines are a
good approximation to the BH’s final spin.

Even with a small number of events, it may be
possible to infer that the mass-spin distribution has
superradiance-like properties — for example, that the
spin distribution varies with mass. Assuming that the
initial distribution of BBH masses and spins is as per
Fig. 2, and that the BHs are spun down by an axion of
given mass, Fig. 3 shows the number of events at aLIGO
needed to obtain 2� evidence for spin distribution varying
with BH mass. For axion masses between ⇠ 2⇥10�13 eV
and 5⇥ 10�12 eV, we find that good evidence for a non-
separable mass-spin distribution may be obtained after
observing O(50) events, probing axion masses below the
X-ray binary bounds. Of course, dependence of the BH
spin distribution on mass may come from astrophysical
e↵ects; more events would be required to trace out the
superradiance contours with accuracy and determine an
axion mass. In addition, if no features in the mass-spin
distribution are seen, we cannot immediately exclude the
presence of an axion, since it may be that most formation
histories did not allow for SR. Nevertheless, a statistical
signal, especially along with other indications of an axion

• The theoretical curve assume that BBHs take a Hubble time to merge into account 



Measured black hole spin

3
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FIG. 2. Expected distribution of intrinsic (top) and measured (bottom) spins and masses of merging BHs in the absence (left)
and the presence (right) of an axion of mass 6⇥10�13 eV. In the absence of an axion, we assumed a flat BH spin distribution [11]
and a power-law BH mass distribution as in [20], normalized to 1000 events detected at aLIGO. We assume 10% measurement
error in the mass and 0.25 absolute error in the spin [22]. We have assumed that all BBHs formed at a distance such that they
take a Hubble time to merge. The theoretical curves shown are boundaries of the regions where SR had at most Hubble time
to spin down the BHs, and the e↵ect of the companion BH does not significantly a↵ect the SR rate.

slower than the binary merger time.2

On the other hand, if the binary was formed by cap-
ture [21], then both of the BHs are likely to have had
time to superradiate without disruption. The spin mea-
surement can also be a↵ected by the relative alignment of
BH spins. For Fig. 2, we have assumed that the BHs are
formed in a binary, with aligned spins, and take a Hubble
time to merge (i.e. they start as far apart as possible, the
most optimistic scenario for spin down).

The top panels of Fig. 2 presents the actual spin-mass
distribution of BBHs with and without an axion. In the
bottom panels we present the corresponding distributions
as seen by aLIGO, accounting for the visibility function
and mass and spin measurement uncertainties. The large
number of events shown make the lack of rapidly spinning
BHs clear.

2 For the parameters we consider, the axion cloud is generally de-
stroyed, either by annihilations or falling into the BH, without
spinning the BH back up. Thus, the SR saturation lines are a
good approximation to the BH’s final spin.

Even with a small number of events, it may be
possible to infer that the mass-spin distribution has
superradiance-like properties — for example, that the
spin distribution varies with mass. Assuming that the
initial distribution of BBH masses and spins is as per
Fig. 2, and that the BHs are spun down by an axion of
given mass, Fig. 3 shows the number of events at aLIGO
needed to obtain 2� evidence for spin distribution varying
with BH mass. For axion masses between ⇠ 2⇥10�13 eV
and 5⇥ 10�12 eV, we find that good evidence for a non-
separable mass-spin distribution may be obtained after
observing O(50) events, probing axion masses below the
X-ray binary bounds. Of course, dependence of the BH
spin distribution on mass may come from astrophysical
e↵ects; more events would be required to trace out the
superradiance contours with accuracy and determine an
axion mass. In addition, if no features in the mass-spin
distribution are seen, we cannot immediately exclude the
presence of an axion, since it may be that most formation
histories did not allow for SR. Nevertheless, a statistical
signal, especially along with other indications of an axion

• Measured distribution of intrinsic spins and masses of merging BHs, 10% measurement 
error in the mass and 0.25 in the spin. Flat spin distribution and power-law BH mass. 
Normalized at 1000 events in LIGO.



Required events
• Number of observed events required to show (at 2σ) that the BH spin distribution varies with 

the BH mass as predicted by superradiance. 4

Merger time = 107yr
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FIG. 3. Number of observed events required to show that the
BH spin distribution varies with BH mass, assuming the pres-
ence of an axion of mass µa. Blue (red) curves correspond to
BHs taking 1010 years (107 years) from formation to merger.
The solid curves shows the median number of events required
to reject the separable-distribution hypothesis at 2�, assum-
ing the initial mass-spin distribution from Fig. 2. The up-
per/lower dashed curves show the upper/lower quartiles, re-
spectively. The test statistic used is the Kolmogorov-Smirnov
distance between the spin distributions outside and inside a
given BH mass range, maximized over choice of mass range.
Shaded region is as in Fig. 1.

(e.g. the monochromatic GW searches of Fig. 1), would
be suggestive.

DIRECT SIGNATURES

In addition to the wealth of aLIGO measurements of
merging black holes, binary merger events will provide a
unique opportunity to observe the birth of a BH. This
BH is the ideal point source candidate to observe the
evolution of the superradiant instability in real time.

For transitions, the levels responsible for an appre-
ciable signal take over a thousand years to grow to
large occupation numbers, so are uninteresting for a fol-
lowup search. Axion annihilations are the most promis-
ing source of continuous GWs for targeted searches at
aLIGO, with the first level taking 10 years or less to grow
to maximum occupation number. Using the leading-
order formula for the annihilation rate from [23] (see [18]
for numerical results), the signal at Earth from an event
at distance d is

hann ⇡ 6⇥ 10�23
⇣ ↵

0.3

⌘7 ⇣ a
⇤

0.9

⌘✓ MBH

60M
�

◆✓
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d

◆
, (4)

with polarization determined by the orientation of the
BH spin, and lasts for

⌧ann ⇡ 0.1 yr
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FIG. 4. Expected annual annihilation events for aLIGO and
future observatories from products of BH-NS mergers (ma-
genta) or BBH mergers of equal mass (blue). We assume
the binary formation mechanism does not allow for superra-
diance. We take a power-law mass distribution and flat spin
distribution of the merging BHs (and a

⇤

= 0 for the NS). The
bands represent the merger rate uncertainty given GW150914
for BBH [20] and simulations for BH-NS (we take V4l and V2l
in[26]). We assume a coherent integration time of 10 days for
BBH and 1 year (or the duration of the signal) for BH-NS.
Shaded region is as in Fig. 1.

Correlating the continuous wave emission properties
with the spin and mass of the new BH provides a cross-
check on SR predictions.3 For example, given that the
SR rate depends on the particle spin [25], it may allow us
to determine whether the particle is a scalar or a vector.
The reach of aLIGO to an optimal annihilation signal

can be as large as 500Mpc for an axion of mass 10�13 eV.
Assuming a BH mass distribution as per Fig. 2, the reach
of aLIGO at design sensitivity for a typical event is close
to 30Mpc. In particular, the final BH of GW150914 with
spin of⇠ 0.7 would have had to be within 10 Mpc in order
for axion annihilations to be observable.
In Fig. 4, we estimate the number of BBH merger prod-

ucts emitting observable monochromatic GWs per year,
as a function of the axion mass. The expected number
of events is very sensitive to the spin and mass of the
final BH. Fig. 4 uses the same BH mass and spin dis-
tribution as Figs. 2 and 3 — using a linearly-increasing
BH spin distribution instead increases the expected event
rates by a factor of ⇠ 2. We estimate the spin of the fi-
nal BH using [27], assuming equal, aligned initial spins
and equal masses. If SR spun down the initial BHs
before the merger, the final BH will generally not spin

3 The properties of the final BH can usually be determined with
good accuracy — for example, the spin of the final BH from
GW150914 was measured to be 0.67+0.05

�0.07, and its mass to be

61.8+4.2
�3.5M�

[24].

• If merger time is long, few tens of events may be enough.



Gravitational waves signal

1) Axion transition between levels:

2) Axion annihilation:

• Transitions between levels

• Annihilations to gravitons

Gravitational Wave Signals

• Transitions between levels

• Annihilations to gravitons

Gravitational Wave Signals• Monochromatic gravitational waves can be produced due to:

• These GW are expected to be monochromatic within a ~3% frequency range, thus 
distinguishable from other GW of astrophysical sources. Unique signal.

f ⇠ 15 Hz⇥ (µa/10
�11 eV)

f = 10 kHz⇥ (µa/10
�11 eV)



Transition and annihilation 

2

mensionless BH spin.1 The simplicity of Eq. 2 reflects
that SR is a kinematic/thermodynamic phenomenon,
rather than something unique to gravity. For example,
a rotating cylinder of conducting material amplifies elec-
tromagnetic waves which have angular phase velocity !

m
less than the angular velocity of the cylinder [3, 17]. The
irreversibility that favours wave growth comes from dis-
sipation in the material, while for the BH it is due to the
horizon.

When a spinning BH is born, the number of axions
in superradiant levels will grow exponentially, seeded by
spontaneous emission. The fastest-growing level, gener-
ally one with the minimum ` and m such that Eq. 2
is satisfied, will extract energy and angular momentum
from the BH until Eq. 2 is saturated. At that point,
the bound state is occupied by Nmax ⇠ �a⇤

m GM2
BH ⇠

1077 �a⇤
0.1m

⇣
MBH

10M�

⌘2
axions. This process repeats for the

next-fastest-growing level, until the time it takes for the
next level to grow is longer than the accretion timescale of
the BH or the age of the universe. Axion self-interactions
may modify this picture, with a large occupation number
in one level potentially inhibiting superradiance in oth-
ers, or leading to significant axion emission [10, 11]. We
consider axion masses small enough that, for the QCD
axion, self-interactions are unimportant, and our results
extend to other light (pseudo)scalars with small enough
self-couplings.

The absence of rapidly rotating old BHs is a signal
that SR has taken place. The spin vs. mass distribution
of BHs should be empty in the region a↵ected by SR,
with a large number of BHs populating the curve !

m =
⌦H for the last axion level that had time to grow. The
handful of high-spin BH measurements in X-ray binaries
already disfavor an axion in the mass range 6⇥10�13 eV
to 2⇥ 10�11 eV [11].

Monochromatic gravitational waves can be produced
from axions occupying the bound levels in two distinct
ways. Axions can emit a graviton to transition between
di↵erent levels, or two axions can annihilate into a single
graviton of energy ⇠ 2µa. Annihilations probe axions
whose mass is lighter than 10�11 eV. The signal from
transitions falls in the optimal sensitivity band of aLIGO
for axion masses ⇠ 10�11 � 10�10 eV, and is sizable only
when the two levels have comparable SR rates. Both
signatures could be seen in blind searches for continuous
gravitational waves at aLIGO. Fig. 1 summarizes and
updates the findings of [11] for the prospects of those
searches. It is clear that annihilations provide the most
promising direct probe of SR. We expect up to ⇠ 105

events at aLIGO coming from annihilations, while axion
transitions become interesting for future GW detectors.

1 The SR condition implies ↵
m < 1

2 , which justifies the use of the
hydrogenic energy level approximation [16].
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FIG. 1. Expected events at aLIGO in a blind monochro-
matic GW search. This plot has been updated by removing
the most narrow BH mass distribution of [11], disfavored by
the observation of GW150914. The coherent integration time
is fixed to 2 days and total time to 1 yr. The annihilation
rate has been updated from the latest superradiance simula-
tions [18]. We show the sensivity of current aLIGO (dashed),
design aLIGO (solid), Voyager (wide-dashed) and Cosmic Ex-
plorer (dot-dashed) [19] for realistic mass and spin distribu-
tions, and BH formation rates. The shaded bands correspond
to the range between pessimistic and optimistic BH distri-
butions with design aLIGO. Axion masses in the grayed-out
region are disfavored by X-ray BH spin measurements [11].

STATISTICS OF BINARY BH MERGERS

At design sensitivity, aLIGO is expected to detect 40-
1500 binary black hole (BBH) merger events per year [20,
21], and measure the masses and spins of the merging
BHs. A clear signature of superradiance is the absence
of rapidly rotating old BHs in the range influenced by a
given axion, with many BHs accumulating on the curve
in the spin-mass plane set by saturating Eq. 2 for the
slowest levels that can grow. This is illustrated in the
top two plots of Fig. 2. We show the BH distribution
with (right) and without (left) an axion.
The histories of BH binaries may a↵ect the observed

BH distribution in the mass-spin plane. For example,
if the BHs form in an existing binary system, at a dis-
tance close enough to merge quickly, then superradiant
levels might not have had time to grow. In addition, the
gravitational perturbation from a companion can mix su-
perradiating levels with decaying ones, and may disrupt
superradiance entirely [10, 11]. For the ` = m = 1 level,
the requirement than SR is not a↵ected is given by

↵ & 0.06

✓
MBH

30M
�

◆1/15 ✓1010 yr

⌧binary

◆1/15

(3)

where ⌧binary is the time between BH formation and
merger in a binary. In Fig. 2 this is the limiting fac-
tor for the regions a↵ected by ` = 1, 2 SR levels, while
` = 3 is limited by the time for the level to grow being

• Transitions: Uncertainty dominated by BH formation rate and spin distribution. Less sensitive 
to mass distribution

• Annihilation: Uncertainty dominated by BH mass distribution for large BH masses.

• Coherent integration time of 2 days, total integration time 1 year.

• Transitions between levels

• Annihilations to gravitons

Gravitational Wave Signals

• Transitions between levels

• Annihilations to gravitons

Gravitational Wave Signals



Correlating searches
• After a merger at LIGO one can follow-up with continuous wave search to look for 

superradiant axion growth. More promising for future GW observatories

• Impossible for transition; very long time to populate the levels giving appreciable signal.

4

Merger time = 107yr

Merger time = 1010yr
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FIG. 3. Number of observed events required to show that the
BH spin distribution varies with BH mass, assuming the pres-
ence of an axion of mass µa. Blue (red) curves correspond to
BHs taking 1010 years (107 years) from formation to merger.
The solid curves shows the median number of events required
to reject the separable-distribution hypothesis at 2�, assum-
ing the initial mass-spin distribution from Fig. 2. The up-
per/lower dashed curves show the upper/lower quartiles, re-
spectively. The test statistic used is the Kolmogorov-Smirnov
distance between the spin distributions outside and inside a
given BH mass range, maximized over choice of mass range.
Shaded region is as in Fig. 1.

(e.g. the monochromatic GW searches of Fig. 1), would
be suggestive.

DIRECT SIGNATURES

In addition to the wealth of aLIGO measurements of
merging black holes, binary merger events will provide a
unique opportunity to observe the birth of a BH. This
BH is the ideal point source candidate to observe the
evolution of the superradiant instability in real time.

For transitions, the levels responsible for an appre-
ciable signal take over a thousand years to grow to
large occupation numbers, so are uninteresting for a fol-
lowup search. Axion annihilations are the most promis-
ing source of continuous GWs for targeted searches at
aLIGO, with the first level taking 10 years or less to grow
to maximum occupation number. Using the leading-
order formula for the annihilation rate from [23] (see [18]
for numerical results), the signal at Earth from an event
at distance d is

hann ⇡ 6⇥ 10�23
⇣ ↵
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with polarization determined by the orientation of the
BH spin, and lasts for

⌧ann ⇡ 0.1 yr
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FIG. 4. Expected annual annihilation events for aLIGO and
future observatories from products of BH-NS mergers (ma-
genta) or BBH mergers of equal mass (blue). We assume
the binary formation mechanism does not allow for superra-
diance. We take a power-law mass distribution and flat spin
distribution of the merging BHs (and a

⇤

= 0 for the NS). The
bands represent the merger rate uncertainty given GW150914
for BBH [20] and simulations for BH-NS (we take V4l and V2l
in[26]). We assume a coherent integration time of 10 days for
BBH and 1 year (or the duration of the signal) for BH-NS.
Shaded region is as in Fig. 1.

Correlating the continuous wave emission properties
with the spin and mass of the new BH provides a cross-
check on SR predictions.3 For example, given that the
SR rate depends on the particle spin [25], it may allow us
to determine whether the particle is a scalar or a vector.
The reach of aLIGO to an optimal annihilation signal

can be as large as 500Mpc for an axion of mass 10�13 eV.
Assuming a BH mass distribution as per Fig. 2, the reach
of aLIGO at design sensitivity for a typical event is close
to 30Mpc. In particular, the final BH of GW150914 with
spin of⇠ 0.7 would have had to be within 10 Mpc in order
for axion annihilations to be observable.
In Fig. 4, we estimate the number of BBH merger prod-

ucts emitting observable monochromatic GWs per year,
as a function of the axion mass. The expected number
of events is very sensitive to the spin and mass of the
final BH. Fig. 4 uses the same BH mass and spin dis-
tribution as Figs. 2 and 3 — using a linearly-increasing
BH spin distribution instead increases the expected event
rates by a factor of ⇠ 2. We estimate the spin of the fi-
nal BH using [27], assuming equal, aligned initial spins
and equal masses. If SR spun down the initial BHs
before the merger, the final BH will generally not spin

3 The properties of the final BH can usually be determined with
good accuracy — for example, the spin of the final BH from
GW150914 was measured to be 0.67+0.05

�0.07, and its mass to be

61.8+4.2
�3.5M�

[24].

• Expected annihilation events by BBH or BH-NS merger products per year.

• Coherent integration time of 10 days for BBH and 1 year for BH-NS.



Conclusions

  Ultra light axions can be probed by astrophysical BHs   


  Mechanism applies to other scalar (boson) particles: not necessarily QCD 
axions, not necessarily DM.


  Advanced LIGO may measure thousands of BH spins and provide evidence 
of a new particle 


  Monochromatic GW signals may be observable from transition and 
annihilation of axions


  May observe the growth of gravitational atoms in real time after a BBH/ BH-
NS merger



SensitivitiesGravitational Wave Signals

• Focus on in-spiral signals

• “Mountains” on neutron stars, 
cosmic strings, ...

Advanced LIGO sensitivity


