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Superradiant clouds of ultralight bosons can leave an imprint on the gravitational waveform of
black hole binaries through “ionization” and “resonances”. We study the sequence of resonances as
the binary evolves, and show that there are only two possible outcomes, each with a distinct imprint
on the waveform. If the cloud and the binary are nearly counter-rotating, then the cloud survives
in its original state until it enters the sensitivity band of future gravitational wave detectors, such
as LISA. In all other cases, resonances destroy the cloud, while driving the binary to co-rotate with
it and its eccentricity close to a fixed point. This opens up the possibility of inferring the existence
of a new boson from the statistical analysis of a population of black holes binaries.

Introduction. Gravitational waves (GWs) will en-
able detailed measurements of the environments of com-
pact objects, especially for intermediate-to-extreme mass
ratio inspirals [1, 2]. These systems spend millions of
cycles in the millihertz regime, allowing environmental
effects to build up throughout the inspiral. Future GW
detectors, such as LISA [3, 4] will probe this frequency
range, hence a precise modelling of the dynamics between
the binary and the environment is essential.

Before the binary’s frequency enters the detector’s
band, the companion object may have already impacted
the environment through its gravitational perturbation.
Understanding the “history” of the system is thus re-
quired to study effects later in the inspiral, such as dy-
namical friction. A type of environment that has recently
attracted significant attention are clouds made of hypo-
thetical ultralight bosons surrounding black holes (BHs).
It has been found that the cloud-BH system, known as
a “gravitational atom”, exhibits a rich phenomenology
when part of a binary system [5–15], and thus forms an
interesting candidate for precision tests of fundamental
physics with GWs.

Boson clouds have a natural way of forming through
superradiance [16–19]. This is a purely gravitational pro-
cess where rotating BHs shed a significant amount of
their mass and angular momentum to a boson field, and
can be excited without the need of any prior abundance.
The efficiency of this process depends on the gravitational
coupling1 α = µM , where µ is the boson mass andM the
BH mass, and is maximum when α ∼ O(0.1). For astro-
physical BHs, this condition implies that the boson has to
be ultralight, i.e., in the mass range O(10−20−10−10) eV.
These types of particles are predicted from different ar-
eas of physics, for example in the context of the strong
CP problem (the QCD axion [20–22]), the string axi-
verse [23, 24] and as possible candidates to resolve the
dark matter problem [25–28].

The cloud-binary interaction involves ionization (or
“dynamical friction”) [9–11] and resonances [6, 8, 12].

1 We use natural units G = ℏ = c = 1.

While ionization occurs “late” in the inspiral, resonances
can affect the system when the binary is well beyond the
cloud’s radius, making them crucial for understanding
the history of the system. In this Letter and its compan-
ion [12], we study this resonant behaviour on orbits with
generic eccentricity and inclination and uncover new phe-
nomena that can cause a resonance to “break” before its
completion. We are able to (i) narrow down direct obser-
vational signatures from the cloud, when it survives all
resonances, and (ii) discover new indirect observational
signatures, when the cloud is destroyed early on, thereby
leaving a legacy on the binary through its eccentricity
and inclination.

Setup. We work in the frame of the larger BH,
assumed to host the cloud, with r = {r, θ, ϕ}.
We specialize to scalar fields and work in the non-
relativistic limit, where the Klein-Gordon equation
reduces to the Schrödinger equation and is solved
by the familiar hydrogenic eigenfunctions, ψnℓm =
Rnℓ(r)Yℓm(θ, ϕ)e−i(ωnℓm−µ)t. Here, Rnℓ are the hydro-
genic radial functions, Yℓm the scalar spherical harmonics
and n, ℓ and m the usual quantum numbers. The energy
of each eigenstate is given by

ϵnℓm = µ

(
1− α2

2n2
− Fnℓα

4 +
hℓ
n3
ãmα5 +O(α6)

)
, (1)

where ã is the spin of the BH and the coefficients Fnℓ and
hℓ can be found in [29]. The energy difference between
two states is referred to as Bohr (∆n ̸= 0), fine (∆n =
0, ∆ℓ ̸= 0) or hyperfine (∆n = ∆ℓ = 0, ∆m ̸= 0),
depending on the leading power of α.
The companion object has mass M∗, position R∗ =

{R∗, θ∗, φ∗} and its Newtonian gravitational perturba-
tion can be expanded in multipoles as

V∗(t, r) = −
∑
ℓ∗,m∗

4πqα

2ℓ∗ + 1

rℓ∗<
rℓ∗+1
>

Yℓ∗m∗(θ∗, φ∗)Y
∗
ℓ∗m∗(θ, ϕ)

(2)
for ℓ∗ ̸= 1, where r> (r<) indicates the larger (smaller) of
R∗ and r and q = M∗/M is the mass ratio. The dipole
contribution ℓ∗ = 1 has a slightly different expression and
can be found in [11].
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Nonlinear resonances. The overlap between two
different eigenstates |a⟩ and |b⟩ induced by the pertur-
bation (2) is composed of terms that oscillate with an
integer multiple g of the orbital frequency Ω = φ̇∗,
⟨a|V∗|b⟩ ∼ η(g)eigφ∗ . Energy losses such as GW radia-
tion and the cloud’s ionization induce a slow frequency
chirp, that can be linearized around a reference point
Ω0 as Ω = γt + Ω0, where γ quantifies the speed of the
chirp. Restricting our attention to two eigenstates, the
Schrödinger equation can be written in a dimensionless
form as

d

dτ

(
ca
cb

)
= −i

(
ω/2

√
Z√

Z −ω/2− iΓ

)(
ca
cb

)
, (3)

where τ =
√
|g|γ t and cj = ⟨j|ψ⟩, with j = a, b. The

parameter Γ quantifies the decay of state |b⟩ [29], the
strength η(g) of the perturbation (2) defines the Landau-
Zener (LZ) parameter Z = (η(g))2/(|g|γ), and the di-

mensionless frequency is given by ω = (Ω−Ω0)/
√
γ/|g|,

where Ω0 = (ϵb − ϵa)/g is the resonance frequency. As
long as ω increases linearly, the long-time behavior of
the linear system (3) follows the well-known LZ formula
[30, 31]: if initially only state |a⟩ is populated, its final
population is given by |ca|2 = e−2πZ .

However, the transition between states of the cloud in-
duces a backreaction on the orbit. From the energy bal-
ance of the cloud-binary system, the frequency is found
to increase as

ω = τ −B|cb|2 , (4)

where the dimensionless parameter B quantifies the
strength of the backreaction and is given by

B =
3Mc

M

Ω
4/3
0 (1 + q)1/3M1/3

qα
√
γ/|g|

(−g) . (5)

The system (3)–(4) is now nonlinear, and behaves dif-
ferently from the LZ solution. Two cases can be distin-
guished based on the sign of B.

If B > 0, the backreaction slows down the chirp. The
equations then enjoy a positive-feedback mechanism: the
stronger the backreaction, the more population is trans-
ferred between the states, which in turn makes the back-
reaction stronger, and so on. Hence, there is a crit-
ical threshold above which this process becomes self-
sustaining and the system enters a distinct phase of a
floating orbit during which Ω stays approximately con-
stant. The value of the tipping point can be estimated
perturbatively for 2πZ ≪ 1: ignoring the backreaction,
|cb|2 would reach the value 1 − e−2πz ≈ 2πZ in a time
interval τ ≈ 1; the backreaction term in (4) must then
become significant when

2πZB ≳ 1 (float starts). (6)

Careful numerical study of the non-linear set of eqs. (3)–
(4) confirms this formula to an accuracy better than 6%.

While (6) determines whether the float starts, a com-
plete transfer from |a⟩ to |b⟩ is only realized for small
enough Γ. In particular, it can be shown analytically
[12] that, for ΓB ≫ 1, the float breaks abruptly when
the population left in the initial state is

|ca|2 ≈ Γ

2ZB
(float breaks), (7)

while |cb|2 remains at negligible values throughout and
after the resonance.2 Together, (6) and (7) characterize
the nonlinear behavior of floating resonances.
For B < 0 instead, the backreaction speeds up the

chirp and reduces the population transferred. For small
q, we have 2πZ ≪ 1, and the final population in state |b⟩
is found to be

|cb|2 ≈ 3.7

(
Z

B2

)1/3

, (8)

which is valid for B ≪ −1/Z. While the numerical co-
efficient in (8) is determined with a numerical fit, the
dependence on Z and B can be justified by only keeping
the second term in (4), which dominates for large nega-
tive B, and then looking for a stationary solution of (3)
with small cb. The backreaction now produces a sinking
orbit, during which the frequency “jumps” ahead of its
unbackreacted value in a short interval of time.

Eccentricity and inclination. Any general conclu-
sion about the role of resonances in the evolution of the
cloud-binary system must take into account generic or-
bital configurations, with nonzero eccentricity ε and incli-
nation β. While on equatorial circular orbits resonances
are only excited at Ω0 = ∆ϵ/∆m (that is, only for the
main tone g = ∆m), on generic orbits the gravitational
perturbation includes overtones g ̸= ∆m, allowing a reso-
nance between two states to be excited at multiple points
in the inspiral. Furthermore, a much larger number of
resonances is now possible, virtually between any two
given states.
Eccentricity and inclination also modulate the chirp

rate γ and the strength η(g) of the perturbation. For
example, on circular orbits, the LZ parameter of the most
interesting hyperfine and fine resonances depends on the
inclination as

Z ∝ sin2(∆m−g)(β/2) cos−2(∆m+g)(β/2) , (9)

meaning that these resonances all become weak close to
counter-rotating orbits (β = π).
Most importantly, however, resonances severely impact

the orbital parameters with their backreaction. First of
all, eq. (4) is modified to

dω

dτ
= f(ε)−B d|cb|2

dτ
, f(ε) =

1 + 73
24ε

2 + 37
96ε

4

(1− ε2)7/2
, (10)

2 When formula (7) returns |ca|2 > 1, the resonance breaks as
soon as it starts, effectively behaving as if (6) was not satisfied.
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FIG. 1. Evolution of eccentricity ε and inclination β assuming
that the system on a floating orbit. For illustrative purposes,
we chose ∆m/g = 1/2, in which case there is a fixed point at
(ε, β) ≈ (0.46, 0).

where f(ε) quantifies the eccentricity dependence of GW
energy losses [32, 33]. Then, other dynamical equations
for ε and β arise from the conservation of angular mo-
mentum. On floating orbits, which are particularly effi-
cient in changing the orbital parameters due to their long
duration, these read

C
d

dτ

√
1− ε2 =

∆m

g
f(ε) cosβ − h(ε) , (11)

C
√

1− ε2
dβ

dτ
= −∆m

g
f(ε) sinβ , (12)

where C = 3Ω0/
√
γ/|g| and h(ε) = (1+7ε2/8)/(1−ε2)2.

The flow defined by (11) and (12) is shown in Fig. 1
for an example value of ∆m/g. Each overtone forces
the parameters to evolve towards a fixed point where the
binary is co-rotating (β = 0) and the eccentricity depends
on ∆m/g, for example

ε ≈ . . . , 0.65, 0.58, 0.46, 0 ,
∆m/g = . . . , 1/4, 1/3, 1/2, 1 .

(13)

If the resonance does not break before completion, it lasts
for a time ∆τ = B, and its “distance” from the fixed
point in the (ε, β) plane roughly reduces by a factor eD,
where D ≡ B/C ∝ Mcq

−1. Unequal mass binaries thus
approach the fixed point more than equal mass ones.

Finally, we note that an increase in ε or decrease in
Z during the float can break the resonance, similar to
the effect of the decay of state |b⟩, while variations in the
opposite direction can prevent the break. For the main
tones (g = ∆m), however, these effects turn out to not
be relevant [12].

Resonant history. Predicting the nonlinear behav-
ior of resonances on generic orbits allows us to determine
the evolution of the cloud-binary system. This includes
answering the pressing question of whether the cloud is
still present (and in which state) when the binary is close

enough to give direct observational signatures, through
Bohr resonances [6, 8] and ionization [9–11].
The answer is found studying hyperfine and fine res-

onances. All of them are floating, since superradiance
populates the most energetic state for a given n, such as
|211⟩ or |322⟩, see (1). Furthermore, these resonances all
involve a decaying final state, i.e., with Im(ω) < 0. This
decay is always much faster than duration of the float
∆tfloat, especially for small mass ratios, where the two
timescales are separated by many orders of magnitude;
see Fig. 10 in [12].
We can thus already conclude that none of the early

resonances is able to change the state of the cloud: ei-
ther it survives in its original state |a⟩ ≡ |naℓama⟩, or
it is destroyed. It remains to be answered under which
conditions either possibility occurs. The overtones gener-
ated by a nonzero eccentricity are generally weaker than
the resonances encountered on circular orbits. So, if the
cloud safely gets past the strongest hyperfine or fine res-
onance on circular orbits, it will still be present when the
binary eventually enters the Bohr region.
Two conditions need to be satisfied for a floating res-

onance to destroy the cloud. First, the float must start,
i.e., inequality (6) must hold. Second, the float must
not break before the cloud is destroyed. The mass left
in the original state when the resonance breaks is given
in (7), and is shown in Fig. 2 for the example resonance
|211⟩ → |210⟩. Both conditions fail when the resonance is
weak, for example when Z → 0. From (9), it follows that
this is necessarily the case in a certain interval of inclina-
tions that neighbours the counter-rotating configuration,
say π − χi < β ≤ π, where i = 1 (i = 2) for hyperfine
(fine) resonances. Not breaking the resonance is often a
stronger condition than starting it, and it is thus the one
that determines χi. Analytical approximations for α≪ 1
give

χ1 ≈ Θ×
(
Mbr

c /M

10−2

)−1/6(
α

0.2

)(3+4ℓa)/6( ã

0.5

)−5/18

,

(14)
where Θ = 38◦ for |211⟩ and Θ = 4.8◦ for |322⟩, while
Mbr

c is the cloud’s mass at resonance breaking. Fine
resonances, instead, give

χ2 ≈ 9◦
(
Mbr

c /M

10−2

)−1/4(
α

0.2

)3/2

. (15)

for |322⟩, while they are never able to destroy a cloud in
the |211⟩ state.
Although resonances with g ̸= ∆m also fail to de-

stroy the cloud in other angular intervals, such as near-
co-rotating binaries (β = 0), the one around β = π is
the only interval where none of the hyperfine and fine
resonances is effective.
While only binaries that nearly counter-rotate get

through hyperfine and fine resonances without destroy-
ing the cloud, they might not be the only ones that carry
it up to the Bohr region. The separations where these
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FIG. 2. Mass of the cloud Mbr
c at resonance breaking, for

|211⟩ g=−2−→ |210⟩ on circular orbits, as function of α and β.
The dashed red lines correspond to the analytical approxima-
tion (14).

resonances are located can be even larger than the scale
where binary formation mechanisms or other astrophys-
ical interactions take place [34–39]. We do not dive into
further details here, and simply consider close binary for-
mation as a mechanism to “skip” early resonances.

The plethora of Bohr resonances encountered late in
the inspiral, responsible for direct overvational signa-
tures, are almost all weak and sinking, meaning that they
too do not change the state of the cloud. The only pos-
sible exception among the initial states we considered is
|322⟩ → |211⟩. These can float and populate a relatively
long-lived final state; however, the cloud is very efficiently
ionized during the float and thus loses most of its mass.
A summary of the possible resonant histories is given in
Fig. 3.

Direct observational signatures. Understanding
the resonant history of the system allows us to narrow
down its impact on the waveform. The cloud is either
destroyed, or remains in its original state while the bi-
nary is nearly counter-rotating. The possible shapes of
the ionization-driven frequency chirp [10] are then sim-
ply the ones induced by the state initially populated by
superradiance, most likely |211⟩ or |322⟩, with β ≈ π.

The sequence of sinking Bohr resonances encountered
by the system [12] is also completely fixed by the initial
state of the cloud. Their frequency [6],

f resGW =
26mHz

g

(
104M⊙
M

)(
α

0.2

)3(
1

n2a
− 1

n2b

)
, (16)

can fall in the LISA band.3 Our work predicts the am-

3 For nb → ∞, one recovers from (16) the position of the ionization
kinks [9–11].

1021031040◦
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FIG. 3. Schematic summary of the resonant history of the
cloud-binary system. When the inclination angle falls inside
an angular interval χi around a counter-rotating configura-
tion, the cloud survives all the resonances (green line), be-
coming observable late in the inspiral. Otherwise, the cloud is
destroyed (red line), leaving a distinctive mark on the orbital
parameters. Binaries that form at small radii are an excep-
tion: they may skip the destructive (hyper)fine resonances.

plitude of the corresponding frequency “jump”,

∆fGW =
0.61mHz

∆m1/3

(
104M⊙
M

)(
Mc/M

10−2

)(
q

10−3

)−1

×
(
α

0.2

)3(
1

n2a
− 1

n2b

)4/3( |cb|2

10−3

)
,

(17)
where |cb|2 can be determined through (8) and is typically
∼ O(10−3). The dephasing induced by even a single
jump can be ∼ O(104) radians, which is well above the
expected LISA precision.

Indirect observational signatures. Perhaps our
most striking result is that, even when the cloud is de-
stroyed during an early resonance, it still leaves a per-
manent, detectable mark on the binary. It does so by
severely affecting the eccentricity ε and inclination β dur-
ing the floating orbit, as shown in Fig. 1. This mecha-
nism depends on two parameters: the ratio ∆m/g, which
determines the fixed point ε tends to (see eq. (13)), and

D = D0

(
−g
2

)2/3(
Mc/M

10−2

)(
q

10−3

)−1(
α

0.2

)(
ã

0.5

)1/3

,

(18)
which determines how closely the binary approaches it.
For the two strongest hyperfine resonances from |211⟩
(|322⟩), the parameter D0 assumes the values 3.30 and
4.16 (1.28 and 1.62) respectively.
We show in Fig. 4 the possible values of ε and β at the

end of a floating resonance, as function of D and for two
values of ∆m/g. The float brings the orbit significantly
close to the equatorial plane, even for large initial incli-
nations. An abundance of quasi-planar inspiral events
can thus be indirect evidence for boson clouds. Whether
the formation mechanisms of the binary, or other astro-
physical processes, also lead to a natural preference for
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FIG. 4. The shaded regions show the possible values of eccentricity ε and inclination β at the completion of a floating resonance,
starting from any initial values ε0 and β0, for different values of D. The values used, from the outermost to the innermost region,
are D = 1, 1.5, 2, 2.5, 3 (left panel) and D = 1.8, 2.6, 3.4, 4.2, 5 (right panel), cf. (18). When the initial inclination is required to
satisfy the conditions necessary to sustain the float, a smaller portion of each region is reachable. We enclosed in solid lines
the reachable portions for β0 ≤ 128◦ (left panel) and β0 ≤ 142◦ (right panel), which are the thresholds for |211⟩ → |21−1⟩ and
|211⟩ → |210⟩, for the reference parameters used in (14).

small inclinations is still subject to large uncertainties
[34, 40, 41].

Additionally, the eccentricity is suppressed by the main
tones (g = ∆m) and brought close to, or above, a nonzero
fixed point by overtones (g > ∆m). The latter scenario
is especially interesting for binaries that are not dynami-
cally captured, such as in the case of comparable mass ra-
tios, because they are generally expected to be on quasi-
circular orbits. The past interaction with a cloud can
overturn this prediction. The float-induced high eccen-
tricities are mitigated by the subsequent GW emission,
but the binary will remain more eccentric than it would
have been otherwise, even in late stages of the inspiral.

Conclusions. In this Letter, we answered one of the
outstanding questions about the phenomenology of grav-
itational atoms in binary systems. By studying their res-
onant history, we are able to show that either the cloud
remains in its original state until late stages of the in-
spiral, or it is destroyed during an early floating reso-
nance. In the first case, the binary is expected to be
nearly counter-rotating with the cloud, which pinpoints
uniquely its direct observational signatures given by Bohr
resonances and ionization.

In the second case, the binary’s eccentricity and incli-
nation evolve towards a fixed point. The possibility of
inferring the past existence of a cloud from its legacy left
on the binary parameters is a new and exciting obser-
vational prospect both for ground based GW detectors,
such as LIGO-Virgo or the Einstein Telescope, and space-
borne ones, such as LISA. Proper population studies will
be needed to turn this prediction into a test of funda-
mental physics with the available and future data.
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