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Abstract. Black holes in binaries with other compact objects can provide natural venues for
indirect detection of axions or other ultralight fields. The superradiant instability associated with a
rapidly spinning black hole leads to the creation of an axion cloud which carries energy and angular
momentum from the black hole. This cloud will then decay via gravitational wave emission. We show
that the energy lost as a result of this process tends toward an outspiraling of the binary orbit. A
given binary system is sensitive to a narrow range of axion masses, determined by the mass of the
black hole. This proposal provides a complementary alternative to other approaches for detecting
or constraining light particles created by superradiance, such as directly measuring the black hole
spin or detecting the resulting gravitational wave signal. Pulsar-black hole binaries, once detected in
the electromagnetic band, will allow high-precision measurements of black hole mass loss via timing
measurements of the companion pulsar. This avenue of investigation is particularly promising in
light of the recent preliminary announcements of two candidate black hole-neutron star mergers by
LIGO/Virgo (#S190814bv and #S190426c). We demonstrate that for such a binary system with a
typical millisecond pulsar and a 3Mg black hole, axions with masses between 2.7 x 10712 eV and
3.2 x 10712 eV are detectable. Recent gravitational wave observations by LIGO/Virgo of binary black
hole mergers imply that, for these binaries, gravitational radiation from the rotating quadrupole
moment is a dominant effect, causing an inspiraling orbit. With some reasonable assumptions about
the period of the binary when it formed and the spins of the black holes, these observations rule out
possible axion masses between 3 x 10713 eV and 6 x 10713 eV. Future binary black hole observations,
for example by LISA, are expected to provide more robust bounds. In some circumstances, neutron
stars may also undergo superradiant instabilities, and binary pulsars could be used to exclude axions
with certain masses and matter couplings.
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1 Introduction

Black holes are unique astrophysical laboratories for investigating new physics. The high curvature
near the horizon provides a natural setting in which to explore the physics of strong gravity and
high energy. Until recently, such investigations had been primarily limited to theoretical thought-
experiments. But with the advent of precision, multi-messenger astronomy, black holes may provide
observational evidence of new physics.

Through the phenomenon of superradiance,! black holes can serve as detectors of axions and
other extremely light particles. Any bosonic field with sufficiently small mass can extract energy and
angular momentum from rapidly spinning black holes in a manner analogous to the Penrose process
[1, 2]. This superradiant instability eventually results in a coherent, co-rotating boson cloud, carrying
a significant fraction of the black hole’s original energy [3-5]. This energy is then slowly dissipated
as the cloud decays via boson self-annihilation into gravitational waves [6, 7]. The superradiant
instability is significant when the boson’s Compton wavelength is about the same as the black hole
horizon size. For stellar mass black holes, this corresponds to a boson mass of about 10710 eV, and
for 10*° M, supermassive black holes to about 10720 eV.

A number of theoretically motivated particles have been proposed which fall within this mass
range. Notably, the QCD axion, initially proposed to solve the strong CP problem, is a pseudo-
Goldstone boson whose small mass is generated by QCD instantons and lies at the upper end of
this range. A GUT-scale axion decay constant f, = 10!7 GeV corresponds to an axion mass p, =
6x 107! eV. String theory generically predicts a zoo of ultralight axionic particles, termed the “string
axiverse” [6, 8, 9]. These axions result from the Kaluza-Klein reduction of the antisymmetric tensor
fields wrapped on one of the many compact cycles. The masses of these axions are generated by string
instantons wrapping those cycles, which yields a range all the way down to 10732 eV.

Axions are promising alternatives to WIMPS as dark matter candidates [10-13]. In order to
have the correct abundance, they must be produced non-thermally, for example, via the misalignment
mechanism. Particularly light axions (u, < 10722 eV) behave as fuzzy dark matter, smoothing out
small scale density fluctuations [14]. In addition, due to their weakly broken shift symmetry, axions
have been employed extensively to construct models of large-field inflation, such as natural inflation
and axion monodromy inflation [15, 16].> Other possible light particles include, for example, dilatons,

LFor a review, see [1].
2See [17] for a review of axion inflation.



dark photons, massive gravitons, or other hidden sector massive vectors and tensors. In this paper we
focus on axions, but the discussion and proposed observation applies as well to any ultralight, weakly
self-interacting boson.

The advent of gravitational wave astronomy has created the possibility of directly observing the
gravitational wave emission from a black hole-axion system. The decaying axion cloud continuously
emits gravitational waves at a single frequency proportional to the axion mass. For axion clouds with
masses in the range 2 x 1072 < p, < 10712 eV forming around stellar-mass black holes, LIGO may
have the potential to detect this continuous signal. LISA, when operational, may be better able to
observe continuous emission from clouds of axions with smaller masses, 5 x 10717 < p, <5x10716 eV,
formed around supermassive black holes [18, 19].

In addition, other observational signatures have been considered. If the axion self-interaction is
sufficiently large, the superradiant cloud can rapidly collapse, in a process known as a “bosenova,”
leading to a gravitational wave burst [20]. For black holes in binary systems, the dynamics of the
inspiral results in much richer dynamics, involving resonances which potentially lead to enhanced
gravitational wave signals [21-23]. An alternative approach is to indirectly infer the existence of the
axion cloud. For example, for a given axion mass, black holes in a certain range of corresponding
masses and sufficiently high spins will rapidly spin down due to the superradiant instability. As a
result, black holes with those masses and spins will tend not to be observed, leaving underpopulated
regions in the mass-spin Regge plane [6, 9]. Another possibility is to analyze the gravitational wave
signal of black hole-neutron star (BH-NS) or neutron star-neutron star (NS-NS) binary mergers for
deviations due to the presence of axions [24-27].

We propose a complementary approach in which the black hole energy transferred to the axion
cloud and then dissipated as gravitational waves is measured by its orbital effect on a binary compan-
ion. For a black hole in a binary system, superradiant mass loss pushes the binary towards outspiral,
and so this effect is opposite to the usual inspiral resulting from gravitational wave emission due to
the binary’s orbital motion. The balancing of these two competing effects appears similarly in the
floating orbits of [28].3

An extremely sensitive probe of black hole mass loss is radio emission from a pulsar orbiting the
black hole. For a black hole in a binary with a pulsar, changes in the mass can be precisely measured
using pulsar timing.* Pulsar-black hole (PSR-BH) binaries have been termed the “holy grail of astro-
physics” [30] both because of their unique potential as precision astrophysical laboratories but also
because no such systems have so far been observed. However, many pulsar-neutron star (PSR-NS)
binaries have been discovered. In these systems, pulsar timing allows extraordinarily accurate mea-
surements of the orbital parameters, including the masses and spins of both objects. Most famously,
observations of the Hulse-Taylor binary pulsar (PSR 1913416) were the first to confirm the existence
of gravitational waves, decades before their direct detection by LIGO [31].

The prospects for discovery of PSR-BH binaries are promising. The recent preliminary announce-
ments of two candidate BH-NS mergers by LIGO/Virgo (#S190814bv and #S5190426¢) strongly indi-
cate such systems exist [32-34]. Many BH-NS binaries are predicted to exist near the galactic center
and should be readily detectable by LISA [35]. Such systems could also be discovered through radio
observations of pulsar emission. The Square Kilometer Array (SKA) radio telescope is expected to
be able to detect all galactic pulsars [30]. As we discuss below, multi-messenger observations of such
binaries offer a powerful tool to search for axions.

We argue that for each PSR-BH binary discovered, timing observations would be able to detect
axions in a narrow mass range, inversely proportional to the black hole mass. For example, a pulsar-
black hole binary with a 3Mg black hole® would be sensitive to axions with masses between 2.7 x

3Thanks to Vitor Cardoso for pointing this out.

4The idea of using PSR-BH binaries to test superradiance is not entirely new. In [29], it was suggested that
electromagnetic or gravitational radiation emitted by a pulsar could undergo superradiant scattering off a companion
black hole.

5We consider a 3M¢ black hole throughout as a fiducial value, as in [21], but the effects are not especially sensitive to
this particular value. Also, it should be noted that the limit set in current work for 3M black holes overlaps with the
limit set in [20]. However, that limit applies only to the QCD axion. The limits outlined here apply to any axion-like
particle, including axions predicted by the string axiverse which, unlike the QCD axion, are generically expected to



10712 eV to 3.2 x 10712 eV. For an intermediate mass (10*M) black hole, axions in the range
9 x 10716 eV to 1.3 x 1074 eV would be detectable.

One caveat is that the black hole must have been spinning sufficiently rapidly in the past to
trigger the formation of an axion cloud. Pulsar timing observations may be able to measure the black
hole spin with reasonable accuracy, at least for close orbits and high spins [36]. The observation of
a PSR-BH binary with sufficiently high black hole spin would constitute a null detection and would
rule out axions within the corresponding mass range [6, 9]. However, if a binary with a low-spin
black hole is observed, this could be the result of a black hole having already rapidly spun down via
superradiance and formed an axion cloud. In this case, accurate measurements of the orbital period
would detect the mass loss due to the slow decay of the cloud.

In addition to PSR-BH binaries, binary black holes (BBH), whose mergers are currently being
observed by LIGO/Virgo, are another system in which to probe superradiant mass loss. Such mergers
are the end result of binary inspiral, so we can infer that the superradiant mass loss which leads to
outspiraling is necessarily limited. Together with the measurement of the black holes’ pre-merger
spins, BBH mergers can be used to exclude a range of axion masses. Consider, for example, the first
observed binary black hole merger GW150914. Assuming that the binary inspiralled from a period
of at least 57 hours and at least one of the black holes had an initial spin of 50% of maximal, axion
masses from 3 x 10713 eV to 6 x 10713 eV would be excluded.

In addition to the many BBH mergers observed via current detectors, LISA and third-generation
ground-based gravitational wave detectors are expected to detect quasi-stable BBH systems whose
inspiral or outspiral would be observed. These, along with improved black hole spin measurements,
will allow a larger and more robust probe of the axion mass range.

Neutron stars may also be subject to superradiant instabilities, populating an axion cloud which
then decays via gravitational radiation [37-39]. The expected range of neutron star masses is rather
limited, from about 1.4Mg to roughly 2.5Mg), so this effect would be sensitive only to a narrow range
of axion masses. However, unlike the black hole case, neutron star superradiance is not universal and
depends on details of axion-matter couplings.

In Sec. 2, we discuss black hole superradiance in more detail, in particular the formation of the
axion cloud and emission of gravitational waves. In addition, we discuss enhanced gravitational wave
emission due to binary resonance effects, as well as the possibility of neutron star superradiance. Sec. 3
presents the proposed astronomical observations and gives estimates of the ranges of axion masses for
which the black hole’s mass loss would be observable. We begin in Sec. 3.1 with timing measurements
from PSR-BH binaries, followed in Sec. 3.2 by gravitational wave observations of binary black hole
systems. We discuss possible timing measurements of PSR-NS binaries in Sec. 3.3. Finally, in Sec. 4
we conclude with discussion and open questions.

2 Black hole superradiance and spin down

Black hole superradiance is a classical effect in which a wave incident upon a spinning black hole is
amplified, in the process extracting energy and angular momentum from the black hole. If the angular
phase velocity of the wave is lower than the angular velocity of the black hole, the wave receives a
kick from the more rapidly spinning black hole.%

This type of rotational superradiance is a general phenomenon and can occur in any system
with a rotating, dissipating surface. In the case of black holes, this surface is the event horizon.
Superradiance can also take place, for example, near spinning neutron stars as a result of dissipative
interactions with the magnetosphere of the neutron star [37, 38].

Ultralight particles, such as axions, can be subject to superradiance if their Compton wavelength
Ao = fi/ 1, is long compared to the size of the black hole which, for a black hole of mass Mgy, is set
by the length scale Rgy = GMgpy. In this case, on the black hole length scale, the axion is wavelike

have ultra-light masses.
6Black hole superradiance is in many ways analogous to a wave version of the Penrose process of black hole energy
extraction. However, superradiance requires a horizon while the Penrose process relies only on an ergoregion [1].



or “fuzzy.” Compared with a stellar-mass black hole with Mpy = 3M,, for example, an axion with
pa <107 eV would be wavelike.

The states of a fuzzy axion near a black hole are analogous to the states of an electron in a
hydrogen atom, with gravity rather than electromagnetism providing the binding force. For this
black hole atom, the coupling constant analogous to the fine structure constant is the ratio of these

two length scales
_ Rgn  GMgpupa [ Mgn Ha
Aa h 3Mg 4.5 x 10~ 11eV

The orbitals of the axion are those of the hydrogen atom, labeled by the principal n, orbital I, and
magnetic m quantum numbers, with the energy levels given by

fa®®
2n2

Wn, = flq — +0(at) . (2.2)

However, the black hole-axion system is different in two important respects. First, axions are
bosons, and so a given state can be populated by an arbitrary number of axions. And, due to the
black hole horizon, these states are unstable.

2.1 Superradiant instability and axion cloud formation

Axion modes with angular velocity less than that of the black hole will be subject to superradiance.
For a black hole with mass Mpy, angular momentum Jgy = aMpy, and horizon radius Ry =

G (MBH +/May — a2), the angular velocity is

a
Qpg=—"——". 2.3
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The condition for superradiance is then
n a (2.4)
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Approximating Eq. (2.2) as w,, &~ u, and noting that /R4 < 1 allows the superradiance condition

(2.4) to be written as
m a m

S—— < —. 2.5
Y~ R, T2 (25)
For massive fields, modes amplified by superradiance are reflected off the effective potential and
re-scattered off the black hole. This repeated amplification leads to an instability with exponentially
growing occupation numbers for modes satisfying (2.4), while modes not satisfying (2.4) decay.
The fastest growing mode is {n,l,m} = {2,1,1}, and the growth rate I" increases rapidly with
a, up to a maximum I, in the range 0.1 < «a < 0.5 [6, 40]. For a < 1, T’ can be approximated as
[5] .
a
r=_— ?
24 My

The maximum growth rate I',,,, increases with black hole spin a, as does the « for which T' is
maximized. For a/Mpy = 0.7, Tpax = 3.3 X 10-10 Rgf{ which occurs at apmax = 0.187, while for
a/Mpg = 0.99, Tax = 1.5 x 1077 R}y at amax = 0.42 (see Table 1 of [40]).

For a > aupax, I falls rapidly, and the instability in the m = 1 mode disappears when « reaches
the superradiance bound (2.5). For a/Mpy = 0.5, the m = 1 mode become stable at « =~ 0.13, and
for a/Mpn = 0.999, the limiting value is a =~ 0.5 (see Fig. 6 of [40]).

For larger values of «, the leading instability shifts to modes with larger values of m. For a given
a, there will always be modes with large enough m to satisfy (2.5). However, the rate at which these

modes become populated falls exponentially with . In the regime o > 1, I' can be approximated as
[4, 6]

(2.6)

[~ 10""e "™ Ryy , (2.7)



The instability analysis of [6, 40] indicates the formation of a classical axion condensate. The end
result is an axion cloud of size R, ~ Z—;RBH > Rpp orbiting the black hole. Numerical simulations
including nonlinear back reaction, for example [41], support this conclusion.

The formation time of this axion cloud 7. can be estimated from the growth rate: 7, ~ 1/I". For
a < 1or a> 1, superradiant growth is so slow that no appreciable axion cloud forms in the lifetime
of the binary. However, if a &~ amnax, the cloud forms comparatively rapidly. For example, for a black
hole with a = 0.99Mpy, if a =~ 0.42, the formation time would be

3M,
Te 22 x 10%s <MB§> . (2.8)

There are other factors which affect the relevant timescale for the instability. For example, vector
or tensor fields can be unstable at higher rates and shorter timescales [42]. Furthermore, the above
estimates are for isolated black holes. As discussed in Sec. 2.3, for black holes in a binary system,
other effects, such as resonances, can significantly alter the dynamics.

2.2 Axion cloud depletion and gravitational wave emission

Once the rotating axion cloud forms, it begins to decay by emitting gravitational waves.” Pairs of
axions can annihilate into a single graviton whose frequency is 2w,, ~ 2u,, resulting in a continuous,
monochromatic signal.®

The strength of gravitational wave emission is strongly dependent on «. For an axion cloud of
mass M., the power emitted is [7, 19, 21]

) M. \?
Eqw ~ 0.01 <) ot 2.9
- (MH> (2.9

where the approximation is accurate for o < 0.1. For larger values of «, however, (2.9) is an overes-
timate due to nonlinear effects.

Assuming this gravitational wave emission is the dominant channel by which the axion cloud
decays, then Egw = —M,. The mass of the cloud as a function of time can then be found by solving
(2.9) to give
McO

M)~

(2.10)

where Mg is the initial mass of the axion cloud at ¢ = 0 and 74 is the decay time of the cloud. For a
black hole whose rotation is near maximal, the initial mass of the axion cloud can be approximated
as M.o ~ aMgpy [19, 21].°

From (2.10), the rate at which the axion cloud loses mass is then approximately

) M 16
M, ~ —2 x 10*8y—lfD (%) (2.11)

over a time scale set by the decay time of the cloud,

Mgy /0.07\" Mgy 0.1\
~ 107 - ~ 10° = ) 2.12
T yr(SM@)( a > Y\ 1000, ) a (2.12)

The time 7, for the axion cloud to form via superradiance (2.8) is typically much shorter than the
depletion time 74 via gravitational waves (2.12), so it is reasonable to treat the processes of formation
and dissipation as occurring sequentially.

7This assumes a real axion field, whose clouds are necessarily time-dependent and non-axisymmetric. Complex fields,
in contrast, can form time-independent, axisymmetric configurations which inhibit this type of gravitational radiation.

8Gravitational radiation can also result from level transitions, in analogy with photon emission in an atom [6].
However, we will assume the axion cloud is formed primarily by condensation of the leading unstable mode {2,1, 1}, in
which case this mechanism is subdominant.

9This approximation is valid for a < 1. For larger values of «, numerical simulations such as [41] are needed.



The very strong dependence of M, and 74 on « implies a narrow range for which either the
gravitational waves or the resulting mass loss would be observable. For a@ < 0.1, the decay process
lasts a long time, but the mass is emitted very gradually by very weak gravitational waves. On the
other hand, for o > 0.1, the cloud decays very rapidly such that any black hole observed would mostly
likely have already completed this process.

For a stellar-mass black hole, the optimal value for observation is around « =~ 0.07. In this case,
the axion cloud decay will be dynamically relevant on the same time scale as the lifetime for a typical
compact binary system, which is on the order of 107 yr. For a binary involving a supermassive black
hole, a longer cloud lifetime implies a somewhat larger range of o for which the decay process could
be observable.

2.3 Binaries and resonances

In Secs. 2.1 and 2.2, we have focused on the process of black hole superradiance and gravitational
wave emission for an isolated black hole, without reference to a binary companion. However, since our
proposal involves observing black hole mass loss through the orbital effect on a binary companion, we
need to ask what effect that companion has on the superradiance process.

It has been recently shown [21-23] that the presence of a binary companion can complicate
the dynamics of the cloud, mixing axion modes and leading to much richer predictions for observable
gravitational wave emission. In particular, certain binary orbits can trigger resonant transitions, which
can significantly accelerate the depletion of the cloud and produce a greatly enhanced, but short-lived
gravitational wave signal. As discussed in Sec. 3.1.1 below, the associated transient enhanced mass
loss rates would lead to more rapid and observable outspiral of the companion’s orbit. However, we
will leave a thorough analysis of these effects for future work.

Another possible set of effects are due to the companion passing through the axion cloud. Dy-
namical friction would be expected to exert a drag force on the companion, enhancing the rate of
binary inspiral [27, 43]. Alternatively, the orbital motion of the companion could excite superradiant
modes and extract angular momentum from the cloud, counteracting the inspiral and leading to float-
ing orbits [28]. In addition, for a PSR-BH binary, the electromagnetic pulsar signal may be modified
due to axion-photon couplings between the axion cloud and the neutron star plasma [27].

However, because the size of the cloud is not that much larger than the horizon size of the
black hole, these effects would only be expected to occur very late in the inspiral process, close to
the merger, when the orbital radius is very small. Our focus will instead be on larger, more stable
binaries, for which the companion’s orbit is well outside the axion cloud. In this case, the companion
only probes the superradiant effects gravitationally.

Furthermore, the binary itself could also be subject to a superradiant instability [44]. In this
case, the orbital rotation of the binary would trigger the superradiant formation of an axion cloud.
The relevant length scale would be the orbital radius of the binary, rather than just the radius of the
black hole, meaning the superradiant effect would appear at a correspondingly lower axion mass scale.
The resulting formation of an axion cloud would spin down the binary, leading to an enhanced rate
of inspiral. This is very similar to the way in which the related Blandford-Znajek effect, by which
a rotating black hole spins down in the presence of a magnetic field, has also been shown to occur
in black hole binaries [45]. In the case of a single black hole, superradiance relies on the spin being
sufficiently high, but this can be difficult to measure. In contrast, for a black hole binary, the binary’s
orbital motion can be accurately determined from the gravitational wave signal.

2.4 Neutron star superradiance

Superradiance is a general phenomenon which can occur in rotating systems provided there is a
mechanism for dissipation. For black holes, the horizon provides a dissipative surface, and since all
matter couples to gravity, black hole superradiance is universal. Superradiant instabilities have also
been proposed for other compact objects, such as conducting stars [37]. In such cases the necessary
dissipation relies on the existence of certain axion-matter couplings.

Recently, it has recently been suggested that rapidly rotating neutron stars may be subject to
superradiant instabilities stemming from interactions between the axions and photons in the magne-



tosphere [38].1° The effect depends both on the axion mass and the size of the axion-photon coupling.
However, once the axion cloud is formed, the decay by gravitational wave emission is expected to
proceed as in the black hole case.

Although neutron star superradiance is still relatively speculative and relies on additional as-
sumptions, such an effect is testable by observing the mass lost via the decay of the axion cloud.

3 Searching for axions in binary systems

We consider the observable effect of the superradiant instability discussed above in the case of the
three possible binary systems PSR-BH, BH-BH and PSR-NS. We outline the limits such observations
could set on the axion mass.

3.1 Pulsar-black hole binary timing

First, we consider the possibility of measuring superradiance-induced mass loss in PSR-BH systems
in which the black hole populates the cloud which then proceeds to deplete itself.One might hope
to measure the spin of the black hole directly as a function of time, a prospect discussed for general
binaries in detail in Ref. [36]. However, the measurement is difficult and generally requires the system
to be in a close orbit and have a high spin. Depending on the parameters of the system, the precision
of a black hole spin measurement can reach somewhere between 1%-10%. More significantly, the
superradiant instability has a short time scale, and so, if it occurs, the black hole spins down rapidly.
Although the measurement of a high spin would represent a null detection and could exclude a range
of axion masses, a low-spin black hole could be the result of an earlier superradiant spin down or
simply the black hole was just slowly spinning all along.

Instead, an easier measurement, and hence one which maintains high precision even when the
constituents are well separated, is the binary period, P,. Such a measurement can, in principle, be
made with a precision of about 1071 s/s, as evidenced by observations of the Hulse-Taylor binary
pulsar [48]. This measurement can reveal the mass loss associated with the depletion of the axion
cloud.

Consider a black hole which has populated a surrounding axion cloud. As discussed in Sec. 2.2,
this cloud proceeds to decay via gravitational radiation, with the black hole-axion system losing mass
at a rate given by Eq. (2.11). To observe this mass loss we turn now to an argument first presented
in Ref. [49], which studied a very different mass loss mechanism but remains relevant here. As the
black hole-axion system slowly loses mass, the semi-major axis of the binary a grows as

aMBH

6= B
Mgy + M,

(3.1)

where M, is the mass of the pulsar companion. From Kepler’s third law P, = 24P, /a. Combining
this with (3.1) and (2.11), choosing Mpy = 3Mg and M, = 1.4Mg), and using a fiducial value for the
binary period of 10 hours, one obtains

. _ Mgy + Mp -t P, a \16
By~ 1071 gs (2B P Sb (2 3.2
b /s ( 44M, ) <1oh (0.07) (3:2)

To get a sense of how large this is, it may help to compare this value to the expected rate of change
of the period due to gravitational wave emission of the binary from general relativity (GR),

Pyor = —24x 107" /s (MBH) < Mp > <MBH + MP)1/3 < B )5/3 fle), (3.3)

3Mg 1.4Mg 4.4Mg, 10h
where -3 -
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fle) <1+ 246 + 966 > (1—e%) (3.4)

100ther mechanisms have been proposed by which compact objects could emit axions, which also rely on various
axion-matter couplings. For example, NS binaries might emit axionic radiation due to their orbital motion [46, 47].



is an expression dependent on the eccentricity e of the binary [49].

More importantly, the value of P, ~ 107! s/s is about 10* times larger than the 1075 s/s
precision with which P, has been measured for the Hulse-Taylor binary. Since this precision allows
us to measure values of P, that are 4 orders of magnitude smaller than given in Eq. (3.2), we are
sensitive to values of a down to about 0.06 for this binary system, or an axion mass lower limit of
2.7 x 10712 eV.

Of course, larger values of a give a much larger values of Py, but as pointed out in Ref. [21],
given the sensitivity of Eq. (2.11) to «, values greater than o = 0.07 will result in a very much shorter
lifetime for the axion cloud. In this case, the mass loss would be so transient that the chance of
observing it would be very low. Thus, the practical maximum for observing a binary system with a
stellar-mass black hole using this method is a = 0.07, corresponding to an upper axion mass limit of
3.2 x 10712 eV.

Another interesting aspect of this calculation is that the change in period from mass loss by
the black hole is opposite that of gravitational wave emission from the binary motion. In other
words, if the black hole loses mass, the binary becomes less bound and slowly outspirals. However,
by emission of gravitational radiation the binary system becomes more bound, causing it to inspiral.
One can equate the respective expressions for P, to achieve a critical balance of the two effects. Doing
so provides a value of the period, P critical, at which the binary is balanced between inspiral and

outspiral:
P aggn (Men 80 Mp \Y® [ Mpn + Mp\'* Fle)?® ( o )76 (3.5)
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Therefore, if a binary with a black hole (PSR-BH or BH-BH) were observed to outspiral, either via a
pulsar signal or gravitational waves, then mass loss from the black hole, possibly from superradiance,
would be a natural explanation.!!

Although the axion mass range for any particular PSR-BH binary is relatively narrow, a popu-
lation of such systems with a variety of black hole masses would allow a wider range of axion masses
to be probed. We have shown that stellar-mass binaries are sensitive to a rather small range of values
of a from 0.06 to 0.07. We could instead consider binaries with intermediate mass black holes up
to roughly 10*Mg. If we assume the same pulsar timing precision and orbit determination, such a
binary would be sensitive to axion masses at a lower bound of about 1071% eV. However, such black
holes may be located in crowded stellar neighborhoods, perhaps at the center of globular clusters.
If, on the other hand, one restricts the use of the pulsar-timing technique to stellar-mass black holes
only (avoiding the necessity of analyzing systems in crowded stellar neighborhoods), then an upper
mass limit of about 10?Mg, would be reasonable, and the lower bound on the range of axion masses
accessible would be about 1072 eV. Thus the full range of black hole masses accessible to this ob-
servational technique is 3 to 10* M, corresponding to axion masses of 3 x 1072 to 1071° eV. At the
lower black hole-mass end of this range, the practical values of o range from about 0.06 to 0.07, while
at the upper end of the black hole-mass range, the a range is about 0.07 to 0.1.

3.1.1 Observing Binary Resonances in a PSR-BH system

As noted above in Sec. 2.3, binary systems in which one of the constituents has generated an axion
cloud can experience resonance events during which the cloud can be rapidly depleted. The conditions
under which a binary undergoes a resonant phase in its evolution are discussed in detail in [21, 23].
Depending on the parameters of the system, in particular the mass ratio of the pair, the effect of such
resonances can be quite significant and the depletion of the cloud can be extremely fast. In contrast
to the slower cloud depletion discussed in Sec. 2.2, which neglects the presence of the companion,
the rapid depletion due to resonances is likely to overwhelm the tendency toward inspiral due to
gravitational wave emission.

Given that these resonances can lead to such dramatic effects, it makes sense to consider where
in the binary evolution they take place. The resonant orbital period can be computed from Eq. (4.14)

1 Note, that such an observation of superradiant-induced mass loss is likely degenerate with other scenarios by which
black holes might lose mass, such as the existence of extra dimensions [49].



of Ref. [21]. We see that, for a binary with a 3M, black hole and for v = 0.1, resonances are expected
to appear at orbital periods of roughly 300 and 3 seconds. These periods are much smaller than the
fiducial period we consider here of 10 hours and occur close to merger. We will therefore defer a more
thorough investigation of resonant effects to future work.

3.1.2 Multi-messenger observations of PSR-BH binaries

Our discussion has so far focused on radio observations of a PSR-BH system. This, of course, pre-
supposes the detection of such a system. We wish to consider the observational prospects for such a
system both in terms of initial detection and sustained multi-messenger observations.

The Square Kilometer Array (SKA) radio telescope is expected to be able to discover all the
pulsars in the galaxy that beam radiation toward the Earth, including pulsars in binary systems
with black holes [50]. It will also be a premier instrument for pulsar timing observations. While
the expected number of such systems is uncertain, the increased density of compact objects near the
galactic center may increase the likelihood of such a system being found once this region can effectively
be searched for pulsars. The observation proposed above in Sec. 3.1 relies on the high precision with
which pulsar timing can measure the change in period of a PSR-BH binary. Of course, such a system
is also a prime candidate source for gravitational wave observatories.

A gravitational wave signal accompanying the pulsar timing can, in principle, provide valuable
additional information. In particular, gravitational wave observations could help measure the black
hole spin. Although current gravitational wave detectors are not terribly sensitive to the spin generally,
future generations of detectors are expected to greatly improve such measurements. Since there
are other mechanisms by which black holes might lose mass, for example [49], gravitational wave
observations could help break this degeneracy.

Such a dual band observation presents timing problems, however. Current ground-based gravi-
tational wave detectors are only sensitive to a relatively short window at the end of the inspiral. The
strong gravitational wave emission which facilitates detection also results in a rapid inspiral, which
would overwhelm any outspiraling due to superradiant mass loss. Furthermore, a merging binary is
so late in its evolution that, if there were a superradiant instability, the black hole would most likely
have long since been spun down and the axion cloud depleted.

Instead, one would ideally hope to catch such a binary long before it merges. In particular,
LISA should be sensitive to such a binary. For a galactic PSR-BH in a quasi-circular orbit, one
would hope to observe both the (electromagnetic) pulsar timing with the SKA and the gravitational
wave emission with LISA. If electromagnetic pulsar timing finds an interesting signal, for example
indicating an outspiraling binary, then this could be used for a targeted gravitational wave search that
would otherwise be sub-threshold (i.e. below the standard SNR threshold required for detection).
Conversely, a detection of a stable NS-BH system by LISA could be followed up by targeted radio
observations to search for pulsar emission to try to identify a system from which both electromagnetic
and gravitational wave signals could be observed. If the binary separation is not too large, one
could observe the binary slowly tighten over perhaps a decade as it enters the LIGO band and
merges [51]. New mid-band detectors in the decihertz region that have been proposed, such as
TianGO and DECIGO, might be ideal both for multi-year tracking of compact object binaries and
for measuring individual component spins [52, 53].

It is also interesting to consider the prospects for a strong electromagnetic counterpart to the
gravitational signal produced by the merger of NS-BH binaries. In order to produce such a signal, the
neutron star must to be severely disrupted, as opposed to being swallowed intact by the black hole.
This is most likely to occur when the neutron star merges with a highly spinning, prograde black
hole. However, such a black hole is precisely the opposite of what is expected from superradiance, in
which the black hole is spun down by the populating a surrounding axion cloud.!? By the time the
binary merges, one might expect the black hole to have been spun down sufficiently so as to no longer
be unstable. Indeed, one could turn this observation around to argue that a strong electromagnetic
counterpart to a BH-NS merger, depending on the constituent masses, may indicate a long-lived,
highly spinning black hole and hence enable a bound on possible axion masses.

12Thanks to Francois Foucart for pointing this out.



3.2 Constraining axion mass with binary black hole observations

While we wait for the first observations of PSR-BH binaries, the majority of LIGO/Virgo observations
consist of BBH mergers. Because these events result from inspiral of the binary, we can infer that
the outspiraling due to superradiant mass loss is less important than the inspiraling from the usual
gravitational wave emission due to the rotating quadrupole moment of the binary. This observation
could then be used to exclude a range of axion masses, subject to two caveats. First, at least one of
the black holes must have been spinning sufficiently rapidly for the superradiant instability to have
formed an axion cloud. Unfortunately, current gravitational wave observations poorly constrain the
pre-merger spins of the black holes. Second, the relative impact on the binary orbit of the black
hole mass loss and the usual gravitational wave emission depends on the size of the binary orbit.
In particular, the rate of inspiraling due to gravitational radiation accelerates as the orbital period
decreases, which implies that this effect was smaller in the past when the period was longer. The
resulting constraint on the axion mass depends on the initial binary period, with a larger period
giving a larger excluded range. In order to make a useful statement about the axion mass, however,
assumptions must be made about the period of the binary when it formed.

As a concrete example, the first observed BBH merger GW150914, subject to some assumptions,
excludes axion masses from 3 x 10713 eV to 6 x 1073 eV. The existence of an axion with mass in
that range would have prevented the merger from taking place. We assume that the BBH formed in
isolation via the collapse of two massive stars already bound together. For a subsequent merger to
occur, the initial BBH orbital period must have been less than the critical period given by Eq. (3.5).
Reasonable radii for 35 Mg and 30M, main sequence stars are ~ 15 R, [54]. For these masses Kepler’s
third law then yields 57 hours as the least possible value of P, and thus P, cyiticai. Then, Eq. (3.5)
implies @ < 0.065, a result insensitive to which black hole has the axion cloud (or whether both have
a axion clouds).'® The resulting axion mass limit is g < 3 x 10712 eV.

On the other hand, if the axion mass is too large, the superradiant instability will not occur at
all. The maximum value of « depends on the black hole spin. Assuming at least one of the black
holes is measured to have a pre-merger spin 50% of maximal, then superradiance would occur for
a < 0.13 [40]. The observation of a 30Mg black hole merger then implies that axion masses must
be g > 6 x 10712 eV. Note that the upper end of the excluded mass range is dependent on the
pre-merger spins of the black holes, which was not well measured by LIGO [55].

As discussed in 3.1.2, future observations with LISA and third-generation ground-based gravita-
tional wave detectors will allow for improved axion searches. In particular, by observing binaries well
before merger, and therefore with much longer period, and with improved measurements of the black
hole spin, observations of inspiraling BBH systems will yield stronger and more confident axion mass
constraints.

3.3 Constraining axion mass with binary pulsar systems

Now we consider a third type of compact binary, PSR-NS binaries, as probes of axions. Unlike
PSR-BH binaries, binary pulsars have been discovered and closely studied. As described above in
Sec. 2.4, spinning neutron stars could be subject to superradiance [38, 56]. In contrast to the black
hole, for which the horizon which provides universal dissipation, neutron star superradiance depends
on the coupling between axions and the neutron star, in order to provide the necessary dissipation
mechanism.

In principle it is possible to search for axions through isolated pulsar observations. A fast
spinning pulsar could be observed to look for a continual reduction in its rotational period (beyond
that expected from magnetic braking) as it populates an axion cloud as discussed in [38, 56]. However,
such a direct observation would require catching the pulsar while it is rapidly being spun down.

If one instead considers the binary system, detection of any outspiral could potentially signal
mass loss due to depletion of the cloud, which occurs much more slowly than the cloud formation. In
such a binary pulsar system, the angular momentum of the pulsar would have had to be sufficient to

I3Because of the high power of « in (3.5), the axion mass limit is insensitive to the exact values of the black hole
masses.
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trigger a superradiant instability at some point in the past. Now such a system would feature a pulsar
with a relatively stable, albeit sub-instability, rotational period. But because the lifetime of the axion
cloud would far exceed the time taken to populate the cloud, the gravitational wave emission would
continue causing the binary pair to outspiral or at least to inspiral more slowly than predicted.

Such an outspiral event would serve as a clear detection of an axion cloud. However, a null
detection would not exclude a range of axion masses because it can not be known, in such a system,
that the pulsar had previously possessed the required angular momentum to generate an axion cloud.
The only way to rule out certain axion masses would be to observe a sufficiently highly spinning pulsar
in a binary which is inspiraling at the usual rate predicted by GR.

Neutron star spins are limited by a theoretical maximum of about a/M = 0.7, above which
the neutron star would break up and fly apart [57, 58], which corresponds to a rotational frequency
of about 1.4 kHz. Ideally, one would find a PSR-NS binary with a maximally spinning pulsar and
determine whether it outspirals or not.

However, no near-maximally spinning neutron stars have been found. The fastest observed pulsar
PSR J1748-2446ad has a frequency of 716 Hz [59]. In fact, neutron stars are generally observed to be
spinning significantly slower than this maximum. Many explanations have been suggested to explain
this gap, including superradiant spindown [56]. Pulsars in binaries with either a neutron star or a
black hole are generally spinning more slowly than the fastest observed pulsars. The Hulse-Taylor
pulsar, for example, spins at only 59 Hz [48]. Not only is this probably below the threshold for
superradiance, but such a small fraction of the total energy is rotational kinetic energy that there
would not be a measurable amount of mass to lose.

4 Discussion

We have considered compact object binaries as indirect detectors of axions and other ultralight bosons.
If axions exist within a particular mass range, rapidly rotating black holes (or possibly neutron
stars) experience a superradiant instability, populating a surrounding axion cloud which then slowly
decays. The dynamics of the binary are determined by two competing effects, a tendency to inspiral
from gravitational wave emission versus a tendency to outspiral from the mass loss of the black
hole companion. A stable PSR-BH binary would be ideal for this purpose. Precise electromagnetic
measurements of the pulsar should clearly reveal the mass loss associated with the depletion of the
axion cloud about the companion black hole. A black hole in a binary with another black hole,
namely a BBH, would still be subject to superradiance, but the resulting mass loss will generally
be unobservable by electromagnetic observations. Instead, we discussed the implications of BBH
mergers already observed by LIGO and suggested that observations of BBH systems by LISA will
perhaps be ideal for either observing axions or excluding certain axion masses. We also mention that
superradiance may occur for rapidly spinning neutron stars, depending on possible couplings of axions
to neutron star matter.

Of course, our proposal depends on a number of caveats. The most significant of these is the re-
quirement that the black hole was spinning sufficiently rapidly to undergo superradiance and generate
an axion cloud. If indeed this process occurs, the resulting mass loss will detectably counteract the
tendency of the binary to inspiral. However, if no mass loss is observed, excluding a range of axion
masses requires an accurate measurement of the black hole spin.

The discovery of a stable PSR-BH system would provide a clear testing ground for the existence
of axions within a particular mass range. However, such systems have yet to be found. Expected
advances in pulsar and gravitational wave detection will make finding such a system considerably more
likely in the near future. In broader terms the results presented here demonstrate the potential for
compact object binaries to serve as ready-made laboratories to probe the frontier of particle physics.
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