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Binary inspiral + superradiant cloud
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Two fluxes
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Spectrum
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Resonances
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Accumulation of resonances
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Accumulation of resonances: binary evolution
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(schematically)

Ė = −Pion − Pres − Pgw

What happens around the the
discontinuities/accumulations?
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Averaged Pres

Fixed Ω =⇒ infinitely many (n → ∞),

infinitely narrow (∆Ω ∼ Γ),

infinitely weak (e−2πZ → 1) resonances.

Idea: take small interval [R∗ − δ,R∗ + δ].

Define 〈Pres〉 =
1
2δ

∫ R∗+δ

R∗−δ

Pres dR′
∗

For small δ, 〈Pres〉 also acquires a discontinuity ∆Pres at R(disc)
∗ .
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Zero-energy wavefunction

Bound and unbound states converge to the same zero-energy mode:

Unbound: ψ(r) k→0−−→
√

4πk
r

J2`+1(2
√

2µαr)Y`m(r̂)

Bound: ψ(r) n→∞−−−→ 2(µα)3/2

n3/2√2µαr
J2`+1(2

√
2µαr)Y`m(r̂)

Different prefactor due to discrete vs continuum normalization.

=⇒ ∆Pres = −∆Pion

(but ∆Pres = ∆Pion when Γ > 0)
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Sharp features in the frequency evolution?

0 50 100 150 200

0

5

×10−8

R∗/M

P
io
n
/
(q

2
M

−
2
)

Pion

−5 0 5 10 15
0

50

100

150

qt/(104M)

R
∗/
M

GW+ ion.

[Baumann, Bertone, Stout, GMT ’21]
10



No sharp features in the frequency evolution
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Chirping frequency

What if Ω̇ 6= 0?

• ∆Pion gets blurred over ∆Ω ∼
√

Ω̇

• Each resonance widens, from ∆Ω ∼ Γ to ∆Ω ∼
√

Ω̇

• But |
∫

Pres| does not change!
• Goodbye infinitely narrow resonances
• Different resonances now overlap

Same (stronger) conclusion: smooth evolution.
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Tricky modeling

• Always need to keep both Pion and Pres close to R(disc)
∗

• Ė = −Pion − Pres − Pgw

Numerically tricky: discontinuities + infinitely narrow resonances
• high resolution?
• artificial blurring/average?

• Relevant at both large and small separations! (see Richard’s talk)

Open problem, please solve!
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How about Sgr A*?

What do S-stars say about clouds
(and other environments)?

Two options:
• measure precession
• cluster evolution
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Per-orbit precession

Simplest approach (no orbit fit): consider per-orbit precession ∆$:

∆$tot︸ ︷︷ ︸
measured

= ∆$GR︸ ︷︷ ︸
predicted

+∆$env

S2 : ∆$tot = 11.1′ ± 1.5′, ∆$tot = 12.1′

Can calculate environmental part analytically:

$̇env = −
√

1 − e2
√

Ma e
∂ 〈V 〉
∂e
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Bounds on Plummer and Power-law profiles

Most of the (single-star) constraining power comes from the per-orbit
precession, e.g.:
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[GRAVITY ’24; GMT, Caputo, ’25] 16



Bounds on superradiant cloud’s mass

Assuming equatorial orbit:
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Cloud’s potential and precession
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• Inside the cloud: retrograde precession.
• Outside the cloud: prograde precession.
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Dynamical friction: bounds without precise astronomy?

Decay of stellar orbits under dynamical friction:

Tdf ∼
1 − e

6
M
Mc

M
M∗

T ∼ 0.01
Mc/M

× 10Myr

A star plunging into the cloud would “quickly” decay into the BH.

Can we place bounds without precise astrometry?

[GMT, Caputo, ’25] 19



Dynamical friction: the cluster replenishes
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Summary

EMRIs

• Smooth evolution due to ionization + resonances (infinity + horizon)
• Need a clever/careful way to integrate the binary evolution

Sgr A*

• Bounds from S2 precession
• Stars decay! But cluster gets replenished. Other ideas?

Thank you!
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Backup
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Bounds on superradiant vector cloud’s mass
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