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Gravitational Atoms

« Rotating black holes can form ultralight-boson clouds through superradiant instability
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Gravitational Atoms in Binaries

« Rotating black holes can form ultralight-boson clouds through superradiant instability
n
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« Tidal perturbations from a companion induce level 21-1
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Clouds in Binaries

__— Stellar Common Envelope

Stage 1 K‘
Common envelope contraction protects clouds

by rapidly crossing depletion resonances
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Stage 2
Cloud mass transfer redistributes cloud
occupation between the two compact objects
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Stage 3
Gravitational molecules/cloud common envelope can
reshape orbital dynamics, especially eccentricity




Common-envelope Phase

Time[Myr]

0.0 63.6
4.1 60.4
412 246
4.49 19.1
7.21 19.1
7.42 19.1
7.42 19.1
7.88 19.1
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ST,
MS

BH

BH

BH
BH

STZ M2[Msun]

MS 2738
MS  27.7
MS 30.6
MS 30.6
CHeB 30.3
CHeB 29.7
HeMS 10.6
BH 5.7

Stevenson, S., Vigna-Go' mez, A, et al. (2017)
lllustrative Evolution of a GW151226-like Binary
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Common-envelope Phase Preserves Boson Clouds

Cloud Evolution in a GW151226-like Binary Positions of Resonant Bands
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The CE contraction lasts only ~103 yr | | s
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than GW-driven inspiral Bl

« Level-mixing depletion is strongly suppressed . o
Ultralight bosons may survive into mHz bands

A. G, Zhang, J., & Yang, H. (2024)



Cloud Mass Transfer

« Tidal coupling mixes cloud states localized around the two black holes.

« For a comparable-mass binary
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Cloud Mass Transfer

 Orbital-frequency matching drives resonant transfer

In a Two-level Approximation:
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Cloud Mass Transfer

+ Orbital Backreaction from Cloud Mass Transfer
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Cloud mass transfer and orbital-frequency
evolution in a GW150914-like binary.
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Cloud Common Envelope

« When a < ryo.q the two localized clouds overlap.

« The system becomes a gravitational molecule, forming a cloud common envelope.
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Two isolated “atomic” clouds y One “molecular” cloud

A. G, Zhang, Q, Yang, H., & Zhang, J. (2025)



Cloud Common Envelope

« Eigenstates of Gravitational Molecules
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Gravitational Molecules Perturbation

Prolate spheroidal coordinates make the molecular
problem separable:
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Cloud Common Envelope

« Adiabatic and Non-adiabatic Evolution of Common Envelope
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Cloud Common Envelope

 Evolution of common envelopes backreact on orbit and increase eccentricity
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Evolution Trajectories of Orbital Parameters

A. G, Zhang, Q, Yang, H., & Zhang, J. (2025)

Provide a possible mechanism relevant
to the inferred eccentricity of GW200105



Conclusion

Stage 1 . ﬁ
Common-envelope contraction can preserve boson clouds (g
to mHz band by crossing depletion resonances rapidly.

Stage 2
Tidal potential couplings of the binary enable cloud transfer from e

the donator black hole to the companion, even if the companion
can be non-superradiant. @

Stage 3

At small separations, evolution of cloud common envelopes can excite
orbital eccentricity and provide a possible origin of the median orbital
eccentricity of the reported GW event.
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Backup Slides

« Timescale of orbital contraction due to GW radiation
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Backup Slides

« Initial States of the Cloud Common Envelope
b
Wigner Rotation
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Backup Slides

Prolate Spheroidal Coordinates

A two-focus coordinate system for a binary: ellipsoids (§ = const), hyperboloids (n = const), and azimuth ¢.

ellipsoidal surfaces
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Backup Slides

« Cloud Depletion after Mass Transfer

After transfer, the cloud occupies a decaying state arour
companion black hole and can be depleted.

The approximate rate at which the cIoud loses mass
to the second black hole is —2I32;1l¢;|* M,

Away from resonance, the cloud evolves as
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