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We show that the existence of clouds of ultralight particles surrounding black holes during their

cosmological history as members of a binary system can leave a measurable imprint on the distribution of

masses and orbital eccentricities observable with future gravitational-wave detectors. Notably, we find that

for nonprecessing binaries with chirp masses M≲ 10M⊙, formed exclusively in isolation, larger-than-

expected values of the eccentricity, i.e., e≳ 10−2 at gravitational-wave frequencies fGW ≃ 10−2 Hz, would

provide tantalizing evidence for a new particle of mass between ½0.5; 2.5� × 10−12 eV in nature. The

predicted evolution of the eccentricity can also drastically affect the in-band phase evolution and peak

frequency. These results constitute unique signatures of boson clouds of ultralight particles in the dynamics

of binary black holes, which will be readily accessible with the Laser Interferometer Space Antenna, as well

as future midband and decihertz detectors.
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Introduction—The birth of gravitational-wave (GW)

science [1] heralds a new era of discoveries in astrophysics,

cosmology, and particle physics [2]. Measuring the proper-

ties of GW signals with current and future observatories,

such as the Laser Interferometer Space Antenna (LISA) [3],

the Einstein Telescope (ET) [4], and Cosmic Explorer (CE)

[5], as well as other midband [6] and decihertz detectors

[7], not only will unravel the origins of binary black hole

(BBH) mergers, it also opens the possibility to discover

(very-weakly-coupled) ultralight particles that are ubiqui-

tous in theories of the early Universe [8–12]. Notably, the

mass, spin alignment, and eccentricity are expected to be

correlated with formation channels, isolated or dynamical,

e.g., [13–31]; whereas boson clouds (or “gravitational

atoms” [8,9]), formed around black holes via superradiance

instabilities [32–36], can produce a large backreaction on

the orbital evolution. Following analogies with atomic

physics [37], the cloud may encounter Landau-Zener

(LZ) resonances [38], or ionization effects [39–41]. The

presence of a cloud then leads to large finite-size effects

[37,42], floating and sinking orbits [38], as well as other

sharp features [40], that become unique signatures of

ultralight particles in the BBH dynamics.

For the most part, up until now, backreaction effects have

been studied under the simplified assumption of planar,

quasicircular orbits. The reason is twofold [37]. First,

several formation scenarios lead to spins that are parallel

to the orbital angular momentum [18]. Second, the decay of

eccentricity through GW emission in vacuum [43,44] is

expected to have circularized the orbit in the late stages of
the BBH dynamics. We retain here the former but relax the
latter assumption. As we shall see, adding eccentricity not
only introduces a series of overtones [41,45,46], it can also
have a dramatic influence in the orbital dynamics as the
cloud transits a LZ-type transition. Although the strength of
the new resonances is proportional to the eccentricity,
depending on their position and nature (floating or sinking),
a small departure from circularity can lead to transitions
that not only would deplete the cloud, but also induce a
rapid growth of eccentricity toward a large critical (fixed-
point) value: ecr ∈ ½0.3; 0.6�. As measurements of the
eccentricity are correlated with formation channels, the
predicted increase can impact the inferred binary’s origins.
Measurements of larger-than-expected eccentricities would
then provide strong evidence for the existence of a new
ultralight particle in nature. In particular, because of the
critical fixed point, a fraction of the BBHs undergo a rapid
growth of orbital eccentricity to a common value. As a
result, the distribution of masses and eccentricities may
feature a skewed correlation by the time they reach the
detector’s band. Furthermore, for chirp massesM < 10M⊙

and spin(s) aligned with the orbital angular momentum—

expected to exclusively form in the field—the presence of a
boson cloud at earlier times can shift a fraction of the

population toward values of e≳ 10−2 at 10−2 Hz, readily
accessible to LISA [3]. Furthermore, the GW-evolved
eccentricity may also be within reach of the planned
midband [6] or decihertz [7] observatories. For all such

events, a new ultralight boson of mass ½0.5; 2.5� × 10−12 eV
forming a cloud and decaying through a LZ-type transition
prior to detection, may be the ultimate culprit.

The more drastic evidence is given when the resonant

transition occurs in band with measurable frequency

evolution. A plethora of phenomena are discussed in
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[37,38] for circular orbits. In addition to overtones, the

increase in eccentricity would imply that higher harmonics

become more relevant, which in turn affects the peak

frequency of the GWs, even for floating orbits. We point

out here some salient features and elaborate further on the

details elsewhere [46].

The gravitational atom—Ultralight particles of mass μ

can form a cloud around a rotating black hole of mass M,

via superradiant instabilities [8,9]. The typical mass of the

(initial) cloud scales as Mc;0=M ≃ α, whereas its typical

size is rc ≃ ðrg=α2Þ, with rg ≡ ðGM=c2Þ, and

α ¼ GMμ

ℏc
≃ 0.1

�

M

15M⊙

��

μ

10−12 eV

�

: ð1Þ

The (scalar) cloud evolves according to a Schrödinger-like

equation [47,48], with eigenstates jai≡ jnalamai, and

ðn; l; mÞ the principal, orbital, and azimuthal angular

momentum, “quantum numbers.” (For vector clouds

[38,48,49], we must include the total angular momentum.)

The energy eigenvalues of the cloud scale as ϵnlm ¼
μ
�

1 − ðα2=2n2Þ þ fnlα
4 þ hnlãmα5

�

, with ã the dimen-

sionless spin of the black hole, see Ref. [48]. At saturation,

we have ã ≃ α, whereas the combined system black hole

plus cloud may still be rapidly rotating. One of the main

difference with respect to ordinary atoms, however, is the

presence of a decay or growing time, Γ−1
nlm ∝ μα4lþ5, for a

given eigenstate [9,47,48,50]. The (scalar) cloud may be

populated by the dominant growing mode, j211i, or an

excited state, j322i. Depending on α, they may be robust to

GWemission (from the cloud itself) on astrophysical scales

[9,51–55]. They can also deplete through resonant tran-

sitions in binaries [37,38], as we discuss here. In what

follows we work with G ¼ ℏ ¼ c ¼ 1 units.

Gravitational collider goes eccentric—Following

[37,38] we consider a boson cloud around a black hole

of mass M in a bound orbit with a companion object of

massM⋆, with q≡M⋆=M the mass ratio. The coordinates

are centered at the black hole plus cloud system, with R⋆

the radial distance to the perturber, and φ⋆ the azimuthal

angle. We consider planar motion with the spin parallel to

the orbital angular momentum, with the orbit described by

the semimajor axis a and the eccentricity e, while φ⋆

corresponds to the true anomaly. We take the orbital

frequency to be positive such that the two, corotating

and the counterrotating, orientations are identified by

φ̇⋆ ¼ sjφ̇⋆j, with s ¼ �1.

The gravitational perturbations of the companion induce

mixing of the atomic levels. For a perturber outside of the

cloud R⋆ ≫ rc the off-diagonal matrix elements of the

Hamiltonian, hajV⋆jbi, are given by a multipole expansion

that can be written as an harmonic series [37,38]

hajV⋆jbil⋆ ¼
X

jm⋆j≤l⋆
η
ðm⋆Þ
ab e−im⋆φ⋆ ; ð2Þ

with η
ðm⋆Þ
ab ∝ R

−ðl⋆þ1Þ
⋆ . The matrix elements obey selection

rules which determine possible transitions, which we refer

as hyperfine (only Δm ≠ 0), fine ðΔl ≠ 0;Δn ¼ 0Þ, and
Bohr ðΔn ≠ 0Þ, respectively [37,38].
For illustrative purposes, we consider a two-level model.

The Hamiltonian equation is given by

i

�

ċa

ċb

�

¼
 

− Δϵ
2

η0ðR⋆

R0

Þ−ðl⋆þ1ÞeiΔmφ⋆

c:c: Δϵ
2
− iΓb

!

�

ca

cb

�

; ð3Þ

with Δm≡mb −ma, Δϵ≡ ϵb − ϵa the energy split, Γb the
width of the decaying mode, and η0 the value of the
perturbation at a reference point R0. Furthermore, since
(vacuum) GW emission is expected to reduce the initial
eccentricity prior to encountering the resonant transi-
tion, and for the purpose of analytical understanding, in
what follows we describe the orbital evolution in the
Hamiltonian H of (3) using a small-eccentricity approxi-
mation [56],

φ⋆ ≃ ϑþ 2e sin ϑ; R⋆ ≃ að1 − e cosϑÞ; ð4Þ

ϑ̇≡ sΩ; Ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mð1þ qÞ=a3
q

; ð5Þ
in terms of ϑ, the mean anomaly [72], and apply the Jacobi-
Anger expansion into Bessel functions. Hence,

H¼Dþ
X

∞

k¼−∞

 

ηke
iðkþΔmÞϑ

ηke
−iðkþΔmÞϑ

!

;

D¼
 

−Δϵ
2

Δϵ
2
− iΓb

!

; ηk∼η0f
2

3
ðl⋆þ1Þ e

jkj

jkj! ; f≡
Ω

Ω0

; ð6Þ

where we traded distance for orbital frequency. The case
ðe;ΓbÞ ¼ 0 was studied in [38]. The slow GW-induced
evolution of the orbital frequency, ΩðtÞ ≃Ω0 þ γ0t with

γ0 ¼ ð96=5ÞqM5=3½Ω11=3
0

=ð1þ qÞ1=3�, leads to a LZ tran-
sition [73,74] between the energy levels. The transition is
triggered for

Ω0 ¼ s
Δϵ

Δm
> 0: ð7Þ

This value, dictated by the spectrum of the cloud, will serve
as our reference point in the evolution of the binary.
Ignoring backreaction effects (see below), the LZ sol-

ution is controlled by the parameter z0 ≡ η2
0
=ðγ0jΔmjÞ,

which determines the adiabaticity of the transition. As
famously demonstrated in [73,74], starting in the far past
from the jai state, in the limit 2πz0 ≫ 1, the eigenstate of
the (time-dependent) Hamiltonian yields a complete pop-
ulation transfer into the (decaying) jbi mode in the far
future. As it turns out, although the solution changes at

finite time, controlled by the parameter v0 ≡ Γb=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γ0jΔmj
p

,

the asymptotic properties of the system (ignoring back-
reaction) are remarkably robust against the value of the
decaying width for the jbi state [75].
For eccentric orbits, the evolution in (6) also features a

transition at Ω0 (for k ¼ 0). However, it introduces a series
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of overtones

Ωk ¼ fkΩ0; fk ¼
Δm

Δmþ k
; k∈Z: ð8Þ

Provided each k resonance is sufficiently narrow, we can
ignore the other (k0 ≠ k) terms in (6). As in [38], we
can linearize the orbital evolution near the transition,

ΩðtÞ ¼ Ωk þ fðeÞγkt, where fðeÞ ¼ f½1þ ð73e2=24Þ þ
ð37e4=96Þ�=ð1 − e2Þ7=2g and γk ≡ γ0f

11=3
k , such that the

LZ solution now depends on the modified zk ≡

η2k=½fðeÞγkjΔmþ kj� and vk ≡ ðΓb=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fðeÞγkjΔmþ kj
p

Þ,
respectively.

Orbital backreaction—Dissipative effects, such as GW

emission, from the binary [38,76] or the cloud itself [51–

55], ionization [39–41,76], and decay widths [75,77,78],

strongly influence the LZ phenomenology, and vice versa.

We focus here on the prevailing case of two-body GW

emission, with the companion outside of the cloud, thus

focusing on (hyper)fine resonances, combined with a two-

level LZ transition into a decaying mode.

The orbital dynamics is governed by flux-balance

equations at infinity [38,41,44,46,78,79], and at the black

hole’s horizon [8,80,81]:

Ėo þ Ėc þ Ṁ ¼ FGW ≡ −
32fðeÞ

5

M5q2ðqþ 1Þ
a5

; ð9Þ

L̇o þ sðL̇c þ ṠÞ ¼ T GW ≡
FGW

Ω

gðeÞ
fðeÞ ; ð10Þ

Ṁ ¼ 2ΓbEcðbÞ; Ṡ ¼ 2ΓbLcðbÞ; ð11Þ

with gðeÞ ¼ f½1þ ð7e2=8Þ�=ð1 − e2Þ2g, and Ṁ, Ṡ the

change of mass and spin due to the decay of the jbi state
onto the black hole [82].

The orbital energy and angular momentum are given by

Eo ¼ −ðM2q=2aÞ and L2

0
¼ðM5q3Þð1−e2Þ=½2ðqþ1ÞjEoj�,

while for the cloud is a sum over the populated states,

EcðiÞ ≡ ðMc;0=μÞϵijcij2, and similarly for LcðiÞ with

ϵi → mi.

The above equations can then be rewritten as

dΩ

dt
¼ rγ0f

11=3fðeÞ; ð12Þ

r≡
Ėo

FGW

¼ 1 − b
sgnðsΔmÞf−11=6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fðeÞγ0jΔmþ kj
p

djcaj2
dt

; ð13Þ

de2

dt
¼ 2

3
f8=3

γ0

Ω0

fðeÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − e2
p

×

�

r
�

f −
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − e2
p

	

− f þ gðeÞ
fðeÞ




; ð14Þ

in terms of the orbital parameters, where

b≡
3Mc;0

M

jΔmjf−3=2
jΔmþ kj−1=2

ð1þ qÞ1=3
αq

ðMΩ0Þ1=3Ω0
ffiffiffiffiffi

γ0
p ; ð15Þ

parametrizes the backreaction effects on the orbit due to the

cloud. It is worth emphasising that the above equations

apply to generic (planar) motion, regardless of the value for

the eccentricity. As we shall see, even for small initial

conditions, the orbit is affected by large backreaction

effects due to the presence of the cloud.

As anticipated by the analysis in [38] for the case of

circular orbits (which we encourage the reader to consult

for further details), “effective” LZ parameters emerge:

ζkðtÞ≡ zk=rðtÞ and wkðtÞ≡ vk=
ffiffiffiffiffiffiffiffi

rðtÞ
p

, making it a fully

nonlinear system. We can nonetheless estimate the value of

the energy-momentum transfer near the resonance by self-

consistently solving the condition ζk ¼ zk=rkðζkÞ. For

moderate-to-large population transfer ðζk ≳ 1Þ, we find

the limiting results:

rk≃

�

1−sgnðsΔmÞ bk
4
ffiffiffiffi

zk
p

�

−1

; ðwk≪ ζkÞ

rk≃2

 

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−sgnðsΔmÞ bk

zkvk

s
!

−1

; ðwk≫ ζkÞ: ð16Þ

As discussed in [38], the orbital evolution branches into

either floating (r ≃ 0), for sΔm < 0, or sinking orbits

(r≳ 1), for sΔm > 0. However, except for the trivial case

when ζk ≪ 1, due to the nonlinear nature of the problem

the transfer of energy and angular momentum from the

cloud to the orbit does not simply reduce to the quest for

adiabaticity of the LZ transition, not even for wk ≪ ζk. For

instance, for extreme cases, with zk ≫ 1, the (unperturbed)

transition spreads over long timescales, ΔtLZ ≃ 4
ffiffiffiffiffiffiffiffiffiffiffi

zk=γk
p

[83], which in turn reduces the orbital impact, as we see in

(16). As it turns out, in the large backreaction scenario, the

sweet spot for floating orbits occurs when bk ≫
ffiffiffiffi

zk
p

. Even

though, due to the properties of the LZ solution, a strong

decay width (wk ≫ ζk) does not alter this picture, the

impact on the orbit evolution as well as the population

transfer becomes suppressed by 1=vk, as shown in (16). On
the other hand, for the sinking case, the largest values of rk
are obtained for nonadiabatic transitions.

Eccentric fixed point—For the GW-dominated epochs,

with r ≃ 1, the leading order term in (14) vanishes, and the

first contribution is atOðe2Þ. Likewise, for the k ¼ 0 (main)

resonance, for which the first term is∝
�

ðr=2Þ − ð11=3Þ
�

e2.

As a result, the eccentricity is damped unless the orbit gets a

large kick (r≳ 7.3). As the influence of the cloud increases,

the rhs of (14) asymptotes (modulo a positive prefactor) to

ðfk − 1Þðr − 1Þ, in which case it enters at leading order.

Moreover, the differences in the GW fluxes in (9) and (10)
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generate a distinction between the early and late resonances.

In the floating case, with r ≃ 0, the eccentricity grows for the

early resonances ðfk < 1Þ and decays for the late ones

ðfk > 1Þ. This can be understood by noticing that, when

Ėo ≃ 0, we have L̇0 ∝ ½ðΩ − Ω0Þ=ðΩΩ0Þ þOðe2Þ� and

using dðL2
oÞ ∝ −dðe2Þ the eccentricity grows for Ωk < Ω0

and decays whenever Ωk ≥ Ω0. This trend is reversed in the

sinking case.

Because of the changes in the evolution of the eccen-

tricity across different resonances, it is instructive to look at

the opposite limit e → 1. In that case, the rhs of (14)

becomes ∝ ½ðr − 1Þ=ð1 − eÞ3�. Let us consider the case of a
floating orbit. Since the sign of ðde=dtÞ is positive for

Ωk < Ω0, but turns negative when the eccentricity

approaches e ≃ 1, this implies the existence of a critical

“attractor” fixed point, ecr, given by the condition

gðecrÞ=fðecrÞ ¼ fk [cf. (14)]. For instance,

ecr ¼ f0.46; 0.35; 0.29g; for jΔmj ¼ f1; 2; 3g; ð17Þ

with k ¼ −1. Similarly, an unstable fixed point develops

for the earlier and main sinking resonances.

For the case of floating orbits (with sΔm < 0), if the

backreaction is sufficiently effective to enforce rk ≃ 0while

the eccentricity approaches the critical point, one can then

estimate the floating time ΔtFL ≃ bk=
ffiffiffiffiffi

γk
p

, leftover popu-

lation jcað∞Þj2 ≲ rk, and notably the growth of the

eccentricity upon exiting the resonant transition,

efin ≃ ecr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − e−Ck

p

; with Ck ∼

ffiffiffiffiffi

γk
p

Ωk

bk: ð18Þ

Although we have used a small-eccentricity approximation

to describe the initial stages of the cloud’s evolution in (6),

we have demonstrated through numerical studies that the

behavior described above remains valid for generic (planar)

orbits. See Ref. [46] and Supplemental Material [57] for

details.

The cloud’s eccentric fossil—As it was argued in the

literature [15–17], the distribution of masses and eccen-

tricities observed with LISA can in principle distinguish

between formation channels. However, the contrast

between vacuum evolution and the large eccentricities

produced by the cloud’s resonant transition can lead to

dramatic changes in the expected evolution of the system.

As a proof of concept, we take the stellar-mass BBH

population studied in [15], with chirp masses M≲ 10M⊙,

expected to form exclusively in isolation, and with the spins

aligned with the orbital angular momentum. As a conse-

quence, the assumption of equatorial (uninclined) motion

may be implemented without loss of generality (as done

in [15]).

We consider clouds of ultralight bosons of mass between

10−13 and 10−11 eV, surrounding black holes in co-rotating

orbits. Superradiance may then excite the j322i state which,
depending on the parent black hole’s mass and birth orbital

frequency, will experience a series of (hyper)fine transi-

tions [84].

To illustrate the distinct physical effects, and following

[14,15], we consider a birth orbital frequency (for the

cloudþ BBH system) at Ωini=π ≃ 10−4 Hz [85], and

evolve, using the peak GW frequency [87]

fGW ≃
Ω

π

ð1þ eÞ1.1954
ð1 − e2Þ3=2 ; ð19Þ

until fGW ¼ 10−2 and 1 Hz. The final distribution is shown

on the left panel of Fig. 1. While some of the BBHs

experience an early overtone of the hyperfine transition, the

majority are affected by the fine overtones instead. The

BBHs then float over a period of time while increasing the

orbital eccentricity. Moreover, the cloud typically either

terminates there or decays later at the k ¼ 0 resonance.

Depending on the parameters, the ultimate decay may

decrease the eccentricity or have a small impact on the

orbit. As a result, a wedge-type distribution emerges, with

FIG. 1. BBH eccentricities at fGW ¼ 10−2 Hz (left), evolved with a uniformly distributed q∈ ½0.1; 1� and a boson cloud on the heavier
black hole. The pale blue dots account for the values without a cloud [15]. (BBHs with e≲ 10−6 are not shown.) Cumulative effect, i.e.,

the ratio of binaries with eccentricities above a given value e0, (right), with (solid) and without (dotted) a cloud, both at 10−2 Hz (blue)

and 1 Hz (pink), respectively.
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the heavier black holes (within each wedge) subject to the

largest increase in eccentricities.

The cumulative effect is shown on the right panel of

Fig. 1, where a significant fraction of the population (with

different parent masses) is affected by the resonances,

yielding values of the eccentricities at 1 Hz that may be

within reach of midband and decihertz detectors. As the

value of μ increases (decreases) the location of the wedge in

the distribution moves toward lower (higher) masses. The

dependence on the value of μ for this population of BBH

(with M≲ 10M⊙), reaching e≳ 10−2 at fGW ¼ 10−2 Hz,

is shown in Fig. 2.

Eccentric in band—Because of the connection to for-

mation channels, we discussed a subpopulation of BBHs.

However, similar conclusions apply to black holes with

higher masses [46]. For instance, for a GW170809-type

event [88] (M ≃ 24M⊙), with a parent black hole M ≃

20M⊙ (carrying the cloud) and a (heavier) companion

M⋆ ≃ 40M⊙, we find fGW ≳ 10−2 Hz at the k ¼ −1 fine

transition for μ ≃ 1.5 × 10−12 eV. The BBH reaches the

resonance and floats, with approximately constant orbital

frequency for about six years, while the eccentricity

increases from e≲ 10−2 to e ≃ 0.1, and likewise the peak

GW frequency grows, while the cloud depletes. The

resulting frequency evolution till merger, which is distinct

from the growth of the eccentricity that may occur due to

other astrophysical mechanisms [89–91], is displayed in

Fig. 3. In addition to the notable features, higher harmonics

would also become more relevant as the eccentricity

increases [92]. As for the case of large tidal Love numbers

[37,42,93], new dedicated templates will be needed to

search for these phenomena in the GW data.

Conclusions—We have shown that the presence of a
boson cloud surrounding a black hole in a binary system can
impact the distribution of masses and eccentricities observ-
able with GW detectors. We have also found that a greater-
than-expected value of the eccentricity, e≳ 10−2 at GW

frequencies fGW ≃ 10−2 Hz, develops for a (sub-)popula-
tion of isolated stellar-mass BBHs (withM≲ 10M⊙), right
at the heart of the LISA band. Likewise, these BBHs will
decay through GW emission to values of the eccentricities,

i.e., e ≃ 10−4–10−3, within experimental reach of midband
[6] and decihertz [7] detectors. The observation of such GW
signals would then provide tantalizing evidence for the

existence of an ultralight particle of mass between 5 × 10−13

and 2.5 × 10−12 eV in nature. Furthermore, we have also
shown that in-band resonance transitions are possible,
yielding dramatic changes in the GW frequency evolution,
constituting yet another smoking-gun signature of the
imprint of a boson cloud in the BBH dynamics.

There are several venues for further exploration. First,

unlike Bohr-type resonances, we have concentrated here on

(corotating) hyperfine and fine transitions which occur

outside of the cloud (for the range of parameters we

considered), and therefore are not subject to ionization

or dynamical friction [39,41]. Preliminary studies suggest

that a similar increase of eccentricity occurs for certain type

of Bohr transitions at higher frequencies, which would put

them within reach of the ET and CE detectors [46], but a

more in-depth study is needed to take all relevant effects

into account. Second, although generic, we have consid-

ered the case of uninclined orbits. This is justified for the

populations of BBHs we considered here (formed in

isolation with spins parallel with the angular momentum).

However, to encompass also dynamically formed systems,

we must add inclination and new (off-plane) transitions

[41]. While our results remain unchanged for quasiplanar

motion, we also expect similar conclusions to apply for

inclined orbits. (In fact, as shown in [95,96], resonant

transitions tend to equatorialize the orbit.) Finally, identical

results can be drawn also for neutron star–black hole

binaries. For instance, those formed in isolation have a

parent black hole with mass nearM ≃ 7M⊙, and likewise in

binaries with negligible eccentricity at fGW ≃ 1 Hz

[13,25,31]. The presence of a boson cloud would then

also lead to larger-than-expected eccentricities, providing

additional circumstantial evidence for a new ultralight

particle in nature.

FIG. 2. Percentage of binaries with eccentricities above 0.01 at

fGW ¼ 10−2 Hz for different values of μ.

FIG. 3. Evolution of the peak frequency through a resonant

transition (at t − tres ¼ 0) in the LISA band of a GW170809-like

event, compared to the evolution without the cloud.
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