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Light bosonic fields may suffer an instability around a rotating compact object. This process,
known as superradiance, leads to the exponential amplification of the field around a black hole or
neutron star, while the spin of the central object is correspondingly depleted. The discovery of a
highly spinning black hole could therefore be used to constrain the existence of light bosons such
as axions in a particular range of masses. These constraints apply for very low non-gravitational
couplings between the boson and the Standard Model, offering a powerful search strategy for
new physics. However, care must be taken to include the more complex effects of the black
hole’s astrophysical environment. Conversely, stellar superradiance could allow us to probe
additional non-gravitational interactions between a new boson at the stellar matter. In this
article, I will discuss the current status and future directions of axion superradiance. This is a
contribution to the proceedings of the 3rd General Meeting of the COST Action COSMIC WSIPers.
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Axion superradiance

1. Introduction

Radiation incident on a dissipative system may be either depleted or amplified. The latter case
is known as superradiance. Superradiance was first detected in the laboratory with water surface
waves incident on a draining vortex [1]. The well known phenomenon of Cherenkov radiation, in
which radiation is emitted from a charged particle whose velocity v is greater than the radiation’s
phase velocity vy, in medium, can also be understood as a form of superradiance [2]. An analgous
effect may occur when radiation is incident on a rotating body even in vacuum. This is because the
angular phase velocity of radiation with azimuthal quantum number m and angular frequencey w is
given by vy = w/m, which may be lower than the angular velocity Q of the rotating body. Indeed,
in the cases of black hole and stellar superradiance discussed below, we will see that superradiance
occurs when Q > vy = w < mQ.

In this article, we will give a brief, pedagogical discussion the state of the art in black hole
and stellar superradiance and their potential to detect axions and other physics Beyond the Standard
Model.

2. Black hole superradiance

A black hole (BH) spacetime is a dissipative system due to the presence of the horizon. It
is well known that a rotating (Kerr) BH will amplify radiation that passes through its ergoregion.
This can be understood as a superradiant scattering process. Furthermore, massive radiation may
be trapped in the vicinity of the BH, in effect passing through the ergoregion numerous times. This
trapped radiation may therefore be exponentially amplified in a superradiant instability.

To calculate the growth rate of this superradiant instability, we must consider bound states of
some bosonic field ¢ around a Kerr BH. (The Pauli exclusion principle prevents a superradiant
instability for fermionic fields.) Except for very close to the BH, it is sufficient to use a Newtonian
gravitational potential, and the system therefore resembles a hydrogen atom with bound states
Yim(r). However, we find that in the Kerr BH spacetime the corresponding eigen-energies wyim,
have an imaginary component, corresponding either to ¢ falling into the BH or to the superradiant
growth of ¢.

We will first consider the evolution of a scalar field ¢ of mass u around a rotating BH. This is
described by the action

S = / d4xv—_g(—%vy¢V”¢ - %mﬁz), M
where the metric determinant g and covariant derivatives are derived from the Kerr metric. We
impose ingoing boundary conditions at the horizon. The resulting equations of motion admit quasi-
bound states with wy;, = Wr + iwy, where wg < p and wy can be found numerically and in some
cases analytically. wj > 0 corresponds to superradiance with an e-folding timescale 7 ~ 1/wjy.
Note that this approach neglects the backreaction of the field’s evolution onto the BH. However, it
is clear from conservation of energy and angular momentum that the BH spins down as the field is
amplified.
The solution for w; and therefore the superradiance rate behaves as follows [3]:
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* A superradiant instability exists when wg < m€, where m is the azimuthal quantum number
of the bound state and Q is the angular velocity of the BH.

* The instability is most efficient when GMu ~ 1, where M is the mass of the BH i.e. when
the BH’s gravitational radius is similar to the field’s Compton radius.

* The instability is less efficient for higher / and m modes.

These results tell us that efficient superradiance is not possible for Standard Model bosons.
The electroweak bosons are much too heavy for observable superradiance with either astrophysical
or supermassive BHs. Detailed study of BH superradiance involving a photon with a plasma mass
suggests that this is also probably not observable [4]. However, superradiance may be a highly
effective probe of light Beyond the Standard model bosons such as axions and dark photons.

We have so far demonstrated that the amplitude of a light bosonic field ¢ around a rotating
BH may grow exponentially. To observe this effect, we require some initial non-zero value for ¢
close to the BH. The standard lore is that this can be provided by a quantum fluctuation, rendering
the superradiant instability inevitable for any bosonic degree of freedom with appropriate mass.
This possibility relies on some assumptions about quantum gravity. The superradiant instability
could also be seeded by a cosmological abundance of ¢, for example as (a fraction of) dark matter
or dark energy. However, we must note that if the initial seed is O(1%) of the BH’s mass with
both superradiant and nonsuperradiant modes populated (corresponding to bound states with both
positive and negative m), the superradiant instability may be suppressed [5].

We now turn to the question of how we might observe the superradiant cloud of ¢ quanta given
that they presumably interact only very weakly with the Standard Model. The first possibility is the
observation of a ‘bosenova’ explosion when the cloud collapses due to the self-interactions of ¢ [6].
Depending on the other interactions of ¢, it may also be possible to detect the cloud indirectly, for
example via mono-energetic gravitational wave emission from transitions between bound states [7],
birefringence [8], electromagnetic emission via lasing [9], or the effect on orbtis in binary systems
[10].

The presence of the superradiant cloud may be detected in a more model independent way
by searching for BH spin depletion. BH spins can be inferred from analysis of the X-ray spectra
of BH binaries and of gravitational wave emission from BH mergers. The discovery of a highly
spinning BH of mass M suggests that no efficient superradiant instability exists for this mass.
Conversely, superradiance would lead to gaps in the BH mass vs spin plot. Note that bosons whose
self-interactions are too strong cannot be probed in this way, as the cloud would become unstable
to bosenova explosion before a significant fraction of the BH’s spin had been depleted. X-ray and
gravitational wave spin measurements have recently been used to place constraints on ultra-light
bosons in [11] and [12] respectively. These searches are sensitive to bosons with masses in the
range 1071V < u < 10718 eV with decay constant f > 10'* GeV and bosons with masses in the
range 10713 eV < u < 1072 eV with decay constant f > 10'2GeV. The former case corresponds
to supermassive BHs and the latter to astrophysical BHs. Note that the bosons’ self interactions are
of strength ~ f~2. These searches provide a useful complement to other searches for new bosons
that are typically sensitive to low decay constants.
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So far, we have considered a scalar field evolving in the background of an isolated BH. Real
BHs have accretion disks. The effect of the accretion disk on superradiance has recently been
considered in [13] for the case of a supermassive BH at the core of an active galactic nucleus. Even
considering only gravitational interactions of the superradiant scalar, the presence of the accretion
disk significantly increases the complexity of the superradiant system. In this case, the evolution
of the mass and angular momentum of the BH has contributions from both superradiance and
accretion. Meanwhile, the evolution of the mass and angular momentum of the superradiant cloud
depends on both the superradiance time scale itself and on gravitational wave emission of the cloud,
which may be significantly enhanced due to the dynamics of the accretion disk according to the
results of [13]. The rate of accretion itself also depends on the mass and spin of the BH. A system
of coupled ODE:s describing the evolution of the BH’s mass and spin and of the disk luminosity are
therefore obtained. This raises the exciting possibility that readily available measurements of AGN
luminosoties could be used to search for superradiance. We must also note that the existience of
mechanisms such as accretion and mergers to spin up black holes must be taken into account when
placing bounds on light bosons from the observation of single highly spinning BHs.

3. Stellar superradiance

It is well known that rotating stars can also exhibit superradiant scattering and host super-
radiant clouds [14]. As stars do not possess a horizon, stellar superradiance relies on additional
non-gravitational interactions between the boson and the stellar material to provide the required
dissipative dynamics. This dissipative interaction becomes amplifying in the superradiant regime
due to the star’s rotation.

The majority of studies of stellar superradiance focus on neutron stars, as superradiance is
less efficient for less compact objects. For example, neutron star superradiance has been studied
in the context of dark photons interacting with the star via a hidden sector conductivity [15].
Stellar superradiance can also occur in the context of more complex systems. For example, [16]
demonstrated that superradiance can occur due to axion-photon mixing in the magnetosphere of
a neutron star. The photon’s Standard Model interaction with the neutron star magnetosphere
provides the required dissipation, while the axion component remains trapped in a bound state
around the neutron star due to its mass. Due to the mixing between the axion and photon in the
neutron star’s strong magnetic field, the axion’s bound state energy has an imaginary component
exhibiting superradiant amplification. The rate of this process depends on modeling of the photon’s
conductivity in the magnetosphere, an issue that is the subject of ongoing debate [17, 18]. In
any case, this system demonstrates the diversity of possibilities we must consider to study stellar
superradiance.

Many different Beyond the Standard Model (BSM) interactions could lead to stellar superra-
diance. Furthermore, stellar environments are complex, with many more degrees of freedom than
black holes. Stellar superradiance therefore offers the potential to observe a wide range of new
physics, in particular as the spin-down of neutron stars can be observed directly. This motivates
the development of a more general method for computing stellar superradiance rates from a given
BSM Lagrangian, allowing a more systematic search than previous work that has focused on solving
particular systems. Such a method was presented in [19], combining insights from thermal field
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theory and worldline effective field theory (worldline EFT).

As discussed in [19], stellar superradiance depends on the net damping rate I', of the field ¢
into the star (i.e. the difference between the absorption and emission rates). This appears in the
classical equation of motion as

¢+t +Tyd = 0. )

Using thermal field theory, we can show that this is given by:

Ty = = lim ImI1(p)/p", 3)
p—

where IT is the self energy of ¢ in the thermal bath of the star, characterized by a temperature
T and chemical potentials y; for all relevant degrees of freedom, such as fundamental particles or
plasma modes. This is evaluated in the long wavelength limit appropriate for the non-relativistic
particles in bound states around the star. As discussed in [20], great care must be taken over this
point. The long wavelength damping rate cannot be naively extrapolated from the short wavelength
damping rate appropriate for stellar cooling calculations. In particular, [20] identifies two effects
in the long wavelength regime that suppress stellar superradiance - collective scattering effects and
non-relativstic gradient couplings.

To relate this damping rate to the superradiant instability, we employ the worldline effective
field theory description of superradiance developed in [21]. We describe the interaction of ¢ and
the star by expanding in %, where R is the star’s radius and A is the Compton wavelength of ¢. The
extended nature of the star is thus described by an infinite series of interactions between ¢ and a
point-like object, given by the interaction Hamiltonian:

Hin(1,%) =0' (x)0;" ()5 (x = y(1))+
90" 9(x)0[7 (0057 (x = y(1) + ..., @
where y(7) is the worldline of the star and O are the worldline EFT operators. The advantage
of this approach is that the rotation of the star can be modelled by simply rotating these operators

with 3D rotation matrices le .

Hin(t) = 8" ()R] (O (1)
+ 3107 (NRE()RE (DO (1) + ...,

where we have also specialised to the rest frame of the star. We can now calculate the

&)

superradiance scattering rate from Hiy (7). We first calculate the absorption probability for the state
|w, €, m):

B |<Xf;0|S|Xi;cu,£’,m>|2
Pavs = ; (w, t,m | w,,m) ~ ©)

where X; and X are the states of the star before and after the absorption process and S is

the action derived from Hjn(¢). We can similarly compute the emission probability and hence the
superradiant scattering rate Zg,,. We find:
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Doy — Dip _ f!q2€+2
O,  4n20+ 1)

where ®;,, and @, are the ingoing and outgoing fluxes, g is the amplitude of the wave’s spatial

Zem = pe(mQ - w), (N

momentum and v is its group velocity. Crucially, p, (m€Q — w) is related to the worldline field theory
operators and hence must be found with a matching calculation, as per the standard approach to
EFTs.

To compute the rate of the superradiant instability, we must now consider bound states. For
example, the absorption probability for the bound state | nlm) around the star is computed as

2
Pabs = Z (X1 018|X;; nem)|” . ®)
X5
We can similarly compute the emission probability for the bound state and hence the growth
rate of the superradiant instability

A p 1 20+3
Liem = Tem — Dans = 2n_m (_) pe (MQ — wey) , 9
Wen \Tne

where rpp = (n+€+1)/(2GM /.12) and A, is a combinatoric factor given in [19].

To obtain the full expression for I';,¢,,, we must obtain pg (mQ—wy;,) via a matching calculation.
We match the superradiant scattering rate calculated from the worldline EFT given in equation (7)
to the same quantity calculated from the classical equations of motion [22]. By matching these
results we can obtain pg(m&Q — wey,) (or equivalently the EFT coefficients). We can then substitute
these into equation (9) to obtain the rate of the superradiant instability.

This gives a superradiance rate:

(2+3)
R Q-
) (m (U[’n) F¢, (10)

Loem = Cnfm (_

Yne Wen

where we recall that the damping I'y, of the field ¢ into the star can be calculated in thermal
field theory and C,,¢,,, is a combinatoric factor given in [19]. This allows us to calculate the stellar
superradiance rate for any interaction between a bosonic field and a star. Indeed, equation (10) can
be used to calculate the superradiance rate for any bosonic field ¢ once the damping rate I' of ¢
into the star has been computed. It is not necessary to perform further calculations using matching
or the worldline effective field theory for each boson, but this approach allows us to understand both
black hole and stellar superradiance in terms of the rotation of operators describing the interactions
between the boson and the BH or star.

4. Summary and outlook

Black hole superradiance offers a purely gravitational probe of Beyond the Standard Model
bosons such as axions. Stellar superradiance can probe additional interactions between new bosons
and the Standard Model, and in particular is sensitive to the long wavelength limit of these inter-
actions. This poses challenges in calculating the correct damping rate given our ignorance of the
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macroscopic degrees of freedom of neutron star matter. While the theoretical underpinning of both
black hole and stellar superradiance is now well understood, further work is needed to incorporate
the complications of astrophysics into both of these processes.
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