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Gravitational waves (GWs) are an exciting new probe of physics beyond the standard models of gravity
and particle physics. One interesting possibility is provided by the so-called “gravitational atom,” wherein a
superradiant instability spontaneously forms a cloud of ultralight bosons around a rotating black hole. The
presence of these boson clouds affects the dynamics of black hole binary inspirals and their associated GW
signals. In this Letter, we show that the binary companion can induce transitions between bound and
unbound states of the cloud, effectively “ionizing” it, analogous to the photoelectric effect in atomic
physics. The orbital energy lost in this process can overwhelm the losses due to GW emission, so that
ionization drives the inspiral rather than merely perturbing it. We show that the ionization power contains
sharp features that lead to distinctive “kinks” in the evolution of the emitted GW frequency. These
discontinuities are a unique signature of the boson cloud, and observing them would not only constitute a
detection of the ultralight boson itself, but also provide direct information about its mass and the state of

the cloud.

DOI: 10.1103/PhysRevLett.128.221102

The dynamics of black hole mergers in vacuum is a
precise prediction of general relativity (GR), which has
been confirmed by the gravitational wave (GW) observa-
tions of the LIGO/Virgo Collaboration [1,2]. The robust-
ness of these predictions implies that looking for any
deviations is an interesting test for physics beyond the
standard models of gravity and particle physics [3,4]. Such
signals would arise if new environmental effects modify the
dynamics of the inspiral. For example, if dark matter
clusters around black holes, it would affect the inspiral
through dynamical friction [5,6].

Another interesting class of new physics, that can be
probed with future GW observations, are ultralight bosons
with masses in the range of 1072° —107!% eV and very
weak couplings to ordinary matter. Such weakly coupled
particles arise in the string landscape as ultralight axions
[7-10] and are also interesting dark matter candidates [11].
However, these new hidden sectors do not necessarily have
a large cosmic abundance, which makes detecting them an
interesting challenge.

Regardless of how these bosons couple to the standard
model, however, they must gravitate. This universal cou-
pling, plus the spate of current and upcoming gravitational
wave detectors, has generated a lot of interest in using black
holes, either in isolation or in an inspiral, to discover
weakly coupled new physics [3,4,12,13]. A particularly
promising avenue relies on black hole superradiance [14],
where a rapidly rotating black hole can spontaneously shed
mass and angular momentum to form a large cloud of these
ultralight bosons, independent of their prior cosmic
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abundance. The efficiency of this process depends on
the ratio of the black hole’s gravitational radius to the
Compton wavelength of the field, the so-called gravita-
tional fine structure constant:

a=-==uM, (1)

Ty
Ae
where y is the boson mass, M is the mass of the black
hole, and we use natural units, with # = ¢ = G = 1. For
a~0(0.01 —0.1), the cloud both grows quickly and is
long lived (on astrophysical timescales).

The structure of this boson cloud is nearly identical to
that a hydrogen atom and the system is often called a
gravitational atom. While superradiance naturally prepares
the cloud in one of these states, the others can be excited
when this atom participates in a binary inspiral (see Fig. 1).

FIG. 1. Schematic diagram of a gravitational atom in an
equatorial binary inspiral. The position of the companion with
mass M, can be described by the distance between the two black
holes, R,, and the polar angle ¢,.

© 2022 American Physical Society
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The gravitational atom is, thus, subject to a quasiperiodic
perturbation whose frequency slowly increases in time. The
strength of this nearly periodic perturbation can be reso-
nantly enhanced whenever its frequency matches the
difference between two (or more) states of the cloud
[15,16]. In this Letter and its companion [17], we study
bound-to-unbound state transitions of the gravitational
atom, which allow part of the cloud to escape the gravity
of the black hole. We refer to this process as “ionization,” in
analogy to the photoelectric effect in atomic physics. The
backreaction of the ionization process strongly affects the
dynamics of the inspiral. As we will show, the departure
from the GR predictions is significant, with the inspiral
typically becoming much faster. This backreaction can be
interpreted as dynamical friction acting on the body passing
through the cloud [18-20]. Despite acting continuously as
the separation shrinks, the effect contains sharp features
carrying details on the energy structure of the cloud and the
nature of the putative new particles. We will show how
these sharp features are imprinted in the GW signals
emitted by the binary.

Gravitational atoms.—Consider a real scalar field ® of
mass u, for simplicity, without self-interactions. Using the
ansatz  ®(t,r) = [y(t,r)e ™ + H.c.]//2u, the Klein-
Gordon equation in the Kerr background becomes an
effective Schrodinger equation [15,21]:

igw,w:(-iw-%.--)m, @)

where we have neglected subleading terms in «. The
Schrodinger equation (2) has hydrogenic energy eigen-
states, which can be divided into two qualitatively distinct
classes.

The first are the bound states |n¢m), labeled by their
total and azimuthal angular momentum ¢ and m, res-
pectively, and the principal quantum number 7.
The bound state wave functions take the hydrogenic
form l//nfm(t’ I‘) = Rnf(r>Yf’m (Qv ¢)e—i(wn(",—/4)f’ where r =
(r, 8, ¢) denote the Fermi frame which, at leading order in
a, coincides with the Boyer-Lindquist coordinates of the
black hole. As for the hydrogen atom, the wave function
varies over length scales set by the “Bohr radius” r. =

(ua)~! and decays exponentially as r — co. For small a,
the frequencies are [21-23]
o’ 4 .
Dppm = K - 2_’12 + O((I ) + lrm,”m’ (3)

where the imaginary part I',,,, & ua**> comes from the

dissipative nature of the black hole’s event horizon. This
imaginary part permits the superradiant growth or decay of
the bound states, depending on whether they rotate faster or
slower than the horizon. We work in a range of parameter
space in which these growth rates are fast enough to ensure

the growth of the cloud on astrophysical timescales yet are
slow enough that they can be ignored when focusing the
timescales relevant to the binary inspiral. In this appro-
ximation, the bound states are described by a discrete set
of hydrogenic energies €,,,, = Re[®,,,,] — u. By conve-
ntion, these states are unit-normalized (n€m|n'¢'m’) =
Oun'OppOmms Where the inner product is defined in the
standard way.

The second class of eigenstates are the unbound states
le; £m), which are labeled by the non-negative energy
€ = w — p > 0, total angular momentum ¢, and azimuthal
angular momentum . In contrast to the bound states, the
unbound wave functions ..., (£.1) = R...(r)Y (0, @)
have purely real frequencies and asymptote to spherical
waves with wave number k, such that e = k*/(2u), as
r — oo. By convention, these unbound states are norma-
lized such that (e; ¢ml|e’; £'m’) = 5(e — €' )54,y and are
orthogonal to every bound state.

lonization.—An inspiraling companion with mass
M, = gM, orbital separation R,, and true anomaly ¢,
(see Fig. 1) perturbs the Schrodinger equation (2) by its
gravitational potential:

¢
r .
V.(t,r) = _qazrbﬂ—ilgfme_lm(p* Yeu(0.0), (4)

‘m ">

where the sum ranges over £ >2 and |m|<?¢ (we
explicitly exclude both the £ = 0 and £ = 1 contributions,
as the latter is fictitious [15] and neither mediate level
transitions) and r.. (r.) denotes the larger (smaller) of r and
R,. We restrict to inspirals that take place entirely within
the equatorial plane, so that the tidal moments simplify:
epm = [4n/(2¢ + 1)]Y3, [(7/2), 0], where the superscript
denotes complex conjugation. The gravitational perturba-
tion (4) is quasiperiodic, with both the orbital frequency
[by convention, the positive (negative) sign denotes an orbit
in which the companion corotates (counterrotates) with the
cloud] Q(t) = +dg,/dt and the orbital separation R, ()
slowly evolving as the parent black hole and companion
merge. For simplicity, we consider quasicircular orbits, for
which dQ/dt = y(Q/Q,)""/3, where the chirp rate y is
defined with respect to the reference frequency €, as
y = (96/5)gM33Q}'* /(1 4 ¢)/3. Throughout the inspi-
ral phase, however, this frequency evolves very slowly
y < ©2, which allows us to linearize the frequency Q(#) ~
Qq + yt in the regime we are interested in. The cloud is,
thus, subject to a gravitational perturbation whose funda-
mental frequency Q(7) slowly increases in time.

In this Letter, we study how the cloud and binary in-
spiral evolve when this driving frequency is high enough
to efficiently mediate transitions from the bound to
unbound states of the atom, resonantly unbinding or
ionizing the cloud from the black hole. We first assume
that the system initially occupies a single bound state

221102-2
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|n,&,my,) whose energy we denote by €. The companion
(4) connects this state to the continuum of unbound states
le;#m) via a matrix element with definite frequency
(e Em|V. (1) Inyymy) = (s 1) expl=i(m — my)ep. (1),
where the amplitude 7,,(€;¢) inherits its slow time
dependence from the companion’s radial motion.

As described more thoroughly in Ref. [17], at weak
couplings ga < 1, the evolution of the system can be
divided into three stages, centered about the time #;, where
the frequency of the perturbation matches the minimum
energy difference between the initial state and the con-
tinuum, +(m —m;)Q(ty) + €, = 0. Far before this time,
V7(t = 1y) < —1, the perturbation oscillates too slowly to
provide enough energy to excite the bound state into the
continuum, and so the cloud remains bound. Far after this
time, /y(t—1t;)> 1, the companion orbits quickly
enough to ionize the cloud and the cloud steadily depletes.
For intermediate times, /y|t — )| < 1, there are transient
phenomena which interpolate between these two regimes
over a timescale that is fast compared to that of the inspiral
and set by y~!/%.

The steady depletion of the cloud is well approximated
by applying Fermi’s golden rule, which states the transition
rate per unit phase space (energy) into unbound states with
angular quantum numbers ¢ and m is

dTyy = delnzy (€:1)0le — €, F (m —m,)Q(1)]. (5)

While Eq. (5) is typically derived by assuming neither Q(7)
nor 1,,,(€; 1) evolve in time, it is consistent [17] to apply it
here as long as ga <1 and we ignore any transient
phenomena. Summing this rate over all unbound states
that the cloud can transition into yields an equation for the
mass ejected from the cloud by ionization:

dM,
dt

= =M. |nen(e™:0POE™).  (6)

ion Z.m

where egm)(t) =€), + gQ(r) is the energy of the state the
cloud ionizes into and ©(¢) is the Heaviside step function.
We also define g = +(m — m,), where the positive (neg-
ative) sign denotes corotating (counterrotating) orbits.

The companion must do work to ionize the cloud. The
ionization power, i.e., the energy lost by the orbit per unit
time due to ionization, is

M
Pion =

) S 00(0) (s DPOE™).  (7)

H £.m

In Fig. 2, we compare this ionization power to the energy
lost due to GW emission,

32 ¢*M?
== 2 Rig6’ (8)

P
W5 (1+9)

REKG) RS:‘S) Ri4) Rf) Rf) RS})

200
z \
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FIG. 2. Ratio between the energy (per unit time) lost due to
ionization and due to GW emission for corotating (blue line) and
counterrotating (orange line) orbits, with « = 0.2 and M,./M =
0.01 in a |211) state.

ignoring cloud depletion for both corotating and counter-
rotating orbits, as a function of the binary separation R,.. We
see that ionization is a large effect, as it takes energy from
the binary orders of magnitude more efficiently than GWs,
even with a conservative choice of the cloud’s initial
mass M.

Sharp features.—The most distinctive features in Fig. 2
are the sharp jumps in the ionization power at specific
orbital separations

RS«g)
M

=a 24Pl +q)nj]'?,  g=1.2..... (9)

These jumps arise in corotating (counterrotating) orbits,
because, for each set of unbound states with azimuthal
angular momentum m > my, (m < my,), there is a frequency

at which ¢/ =0 and the companion can just begin to
ionize the bound state |n,Z,m,) into that continuum. The

values of R in Eq. (9) correspond to the orbital separa-
tions at those frequencies.

These jumps appear sharp because |17, (€; t)|? is finite in
the low-energy limit, ¢ — 0. This is due to the long-ranged
nature of the gravitational potential, which localizes the
low-energy unbound states about the black hole,

2u

7J2f+l(2 2uar), (10)

]_imORe;f(r) =

and forces them to have nonvanishing transition elements to
the bound states [17]. The aforementioned transient phe-

nomena that occur near the moments when ei’")(t) =0
soften this sharp behavior.

Scaling symmetry.—In the limit of small g, the ionization
power (7) has an interesting scaling symmetry which
allows us to determine the result for arbitrary parameters
after it has been computed once for a fiducial set of
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parameters. The radial wave functions R,.(r) and R..,(r)
depend on only the dimensionless variables r/r, = a’*r/M
and kr = /2puer, respectively. Moreover, the energy €.
appearing in Egs. (6) and (7) scales as a’/M times a
function of r/r,. This means that, when evaluating the
matrix elements 77,,,(€; ¢) at €., all the radial variables will
scale as a’>r/M. The ionization power must then also scale
homogeneously with a. By power counting, we find that

Pion = (qu2<MC/M)P<(12R*/M>, (11)

where P is a universal function for each |n,£;m;,) that can
be computed numerically.

Accretion.—If the companion is also a black hole, it will
absorb some of the cloud as it passes through it. The
capture cross section of an ultralight scalar field by a black
hole has been computed in Refs. [24-26]. As the
companion moves through the bulk of the cloud,
R, ~ r., it will accrete mass at a rate [17]

dM,
dt

=Awp. (12)

with A, = 16zM? the horizon area of the companion,
whose rotation we ignore for simplicity, and p the mass
density of the medium. In addition to a sizable increase in
its mass which enhances P;,, and Pgy, the companion also
experiences a significant force as it absorbs momentum
from the cloud.

Binary evolution.—To determine the impact of ionization
and accretion on the binary inspiral, we numerically solve
for the evolution of a few benchmark systems. We will
focus on intermediate mass ratio binaries, with ¢ <« 1, for
which the sharp features of the ionization can occur in band
for a future space-based observatory like LISA. We solve
for the separation R,, the companion’s mass M,, and the
cloud’s mass M,.. As resonances between bound states
happen only at specific discrete orbits [16], while ionization
and accretion act continuously, we will ignore the former.
Our solutions, therefore, should not be taken as a complete
study of the system’s dynamics but rather as demonstra-
tions of the impact that ionization and accretion can have on
an inspiral.

The evolution of M, and M, is governed by mass
conservation:

am.,
dt

= 16zM3p(R,), (13)

M, d

Iu* (m) 2 (m)
-M, E D)0 (er ), 14
dt dt c £ |77fm(€ )| (6 ) ( )

where p(R,) = M_|y|? is the local density of the cloud at
the position of the companion. For a real field ®, the cloud
is not axisymmetric, and, thus, we replace p(R,) with its

average over an orbit. The second term on the right-hand
side of Eq. (14) captures the mass loss due to ionization as
defined in Eq. (6). The evolution of R, follows from the

conservation of energy:
mM\ (M\3/2dq
+ a R, dt’

(15)

gM*dR,
2R dt

_PGW_Pion_< MR*

where we have neglected terms that are subleading in gq.
The right-hand side of Eq. (15) includes the radiation
reaction force from the emission of GWs and the friction
caused by both ionization and accretion.

As illustrated in Fig. 2, P;,, can overwhelm Pgy for a
wide range of separations. The evolution of the binary will
then be driven, rather than simply perturbed, by the
interaction with the cloud. The extra friction can dramati-
cally shorten the merger time, and, generally, a “plunge” is
observed as soon as P;,, overcomes Pgy.

Imprints in the GW signal.—The binary emits gravita-
tional waves with frequency fow = Q/7, where Q? =
M/R? for a circular Keplerian orbit. Distinct features in
R.(1), therefore, become observable signatures in fgw/(?)
and, hence, the observed GW waveform.

Figure 3 shows the evolution of the GW frequency for
corotating and counterrotating orbits, with a power-law
rescaling that transforms the vacuum solution into a straight
line. It is immediately apparent that the deviations from the
vacuum solution are both large and feature distinctive
kinks, which arise from the discontinuities in P;,, (R, ) at the
separations (9). These kinks are a unique signature of
the boson cloud and carry significant information about the
parameters of the system. From Eq. (9), the GW frequency
at the kinks is

79 _ 645 mHz 10° Mo\ (@ \3(2)2
Gw g M 0.2 ny

33.5 mHz M \? u 3/2)\2
= 1 7 — ). (16)
g 10* M 107 eV np

In Fig. 3, we have chosen parameters such that these kinks
occur in the range probed by future space-based GW
detectors like LISA. This requires relatively large a for
which the lifetime of the |211) state becomes a concern
[16,17]. To account for this decay, we choose a small initial
value for the mass of the cloud, M./M = 1073, 1t is
possible to have smaller values of « if we simultaneously
reduce M, although the degree to which this is possible is
limited by the fact that ¢ = M, /M must be small enough
for our perturbative analysis to be valid. Measuring kinks at
specific frequencies tells us about the state of the cloud and
the mass of the field y, especially if the black hole mass M
can be measured with other parts of the signal.

221102-4



PHYSICAL REVIEW LETTERS 128, 221102 (2022)

T T T T
0.4
el
P
T 03fF
5 1 fow
£ 02k
% B f(3)
Z 01t aw
1@
R 1 1 | 1
-20 -15 -10 -5 0
t— ty [yrs]
FIG. 3. Evolution of the GW frequency as a function of the time

to merger, t—t,, for M = 10* My and a = 0.2, with initial
values of R, = 400 M, g = 1073, and M./M = 0.001 in a |211)
state. Shown are the results for corotating (blue line) and
counterrotating (orange line) orbits, relative to the vacuum
solution (black line).

Figure 3 presented the evolution of the system for a
specific choice of parameters. In the regime of interest,
Pion > Pgw, the dependence on these parameters can be
determined analytically using a scaling symmetry of the
evolution equations. Neglecting other forces and changes in
q and M, throughout the inspiral, we can obtain an
approximate equation for the evolution of fgw under the
effect of ionization only:

2/3
dfdwy 2 Pin
dr— m?3gMd3’

(17)

Using the ionization power’s scaling behavior (11), we can
write this as

dz*3

~2P(z7%3), (18)
dr

A&3(fow/mHz) ™t

0 -1.5 -1 -0.5 -0

&3 (t — tmax) [y18]

FIG. 4. Evolution of the (inverse) frequency fgw for M =
10* My and a = 0.04,0.08, ...,0.28, with initial ¢ = 10~ and
M./M = 0.011in a|211) state. The axes are rescaled according to
Eq. (19), with @ = a/0.2. The curves have been horizontally
shifted to match at t = 1,,,,, which has been chosen close to the
peak of Py, /Pgw. Shown are the results for corotating (blue line)
and counterrotating (orange line) orbits.

where we have defined the dimensionless variables z =
(M/&®)rnfgw and 7= a’qM.t/M?. The solution can,
therefore, be written as

3
faw(t) = FE(0). (19)
where f(7) is a universal function that depends on the shape
of P, for a given state |n,£,m,;) of the cloud. The region
of validity of this formula increases with larger M. In
Fig. 4, we confirm that the solutions of the full system of
Egs. (13)—(15) indeed are described by a universal shape,
when both fgw and ¢ are appropriately rescaled. The curves
depart from each other only when the approximation
P;yn, > Pgw fails (that is, very close and very far from
the merger) or when corrections due to the varying ¢ and g,
become important.

Conclusions.—The dynamical impact of superradiant
clouds on binary inspirals is phenomenologically rich. In
this Letter, we studied a new effect—ionization—that is
important when the binary separation is comparable to the
size of the cloud. The orbital energy lost in the process can
overwhelm the losses due to GW emission, so that ioniza-
tion drives the inspiral rather than just perturbing it.
Although it acts continuously throughout the inspiral,
ionization also leaves sharp, distinct signatures in the
frequency evolution of the system which carry direct
information about the state of the cloud and the mass of
the scalar field.

Our analysis made a number of simplifying assumptions.
Most notably, we neglected the resonant bound-to-bound
transitions mediated by the gravity of the companion. Their
inclusion is necessary to understand the history of the
system and the evolution of the state of the cloud.
Moreover, while we restricted ourselves to quasicircular
equatorial orbits, interesting effects could arise in the
general case, such as orbital plane precession or eccen-
trification. A combined treatment of all of these effects will
serve as a starting point to model gravitational waveforms
involving gravitational atoms and devise suitable strategies
to discover them with upcoming GW detectors.
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