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Outline

• Review of ionization of gravitational atoms.
• Discussion on dynamical friction.
• New results on eccentric orbits.
• New results on inclined orbits.
• New results on dynamical capture cross section.
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The Gravitational Atom

superradiance−−−−−−−→

(�− µ2)Φ = 0 −→ idψ
dt

≈
(
− 1

2µ
∇2 − α

r

)
ψ

Gravitational fine structure constant: α = µM ∼ O(0.1).

[Zeldovich ’72; Starobinsky ’73; Dolan ’07; Arvanitaki et al. ’09]
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The spectrum
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Perturbation with slowly increasing frequency:

φ∗
M∗

R∗

M

idψ
dt

=

(
− 1

2µ
∇2 − α

r
+ V∗(R∗, ϕ∗)︸ ︷︷ ︸

perturbation

)
ψ

Level mixing:
〈a|V∗(t)|b〉 =

∑
g

η(g)e−igΩt
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Ionization

Orbital frequency above threshold to excite transitions to unbound states

Ω = Eb

E

Eb
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Fermi’s Golden Rule

Ω = Eb

ϕ∗(t)

−Eb

E

η(g)eigΩt
η(g)e−igΩt

Eb

The transition rate (per unit energy) is given by Fermi’s Golden Rule:

dΓ = dE |η(g)|2︸ ︷︷ ︸
Level mixing

δ(E − Eb − gΩ︸ ︷︷ ︸
E−E(m)

∗

)
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Level mixing

dΓ`m = dE |η(g)|2︸ ︷︷ ︸
Level mixing

δ(E − Eb − gΩ(t)︸ ︷︷ ︸
E−E(m)

∗

)

Multipole expansion:

〈E ; `m|V∗(t,~r)|nb`bmb〉 =
∑
`∗,m∗

4παq
2`∗ + 1

Y`∗m∗(θ∗, ϕ∗)× Ir(R∗)× IΩ

=
∑

g

η(g)e−igΩt

On equatorial quasi-circular orbits, g = ±(m − mb).
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Ionization Power

Ω = Eb

ϕ∗(t)

−Eb

E

η(g)eigΩt
η(g)e−igΩt

Eb

Summing over all bound states gives the total ionization power:

Pion =
Mc

µ

∑
`,m

gΩ |η(g)|2 Θ(E (m)
∗ )
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Ionization plot
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Ionization or dynamical friction?
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Adapting Pdf

Pdf =
4πM 2

∗ ρ

v
log(vµbmax)

Need to fix: ρ, v, bmax.
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Pion vs Pdf: numerical
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Pion vs Pdf: numerical
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Pion vs Pdf: physical arguments

• Pion/Pdf roughly independent of the state;
• Pion/Pdf independent of the parameters:

Pdf ∼ Pion = α5q2 Mc

M
P(α2R∗/M )

• Same physical interpretation:

Pdf ∼ Pion =

∫
∂V

T 0i dS

• What does Pdf fail to describe?
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Ionization on eccentric orbits

〈E ; `m|V∗(t,~r)|nb`bmb〉 =
∑
`∗,m∗

4παq
2`∗ + 1

not monochromatic︷ ︸︸ ︷
Y`∗m∗(θ∗, ϕ∗)× Ir(R∗)×IΩ

=
∑

g

η(g)e−igϕ∗(t)

• g is now independent of m;

• no (simple) formula for η(g).

Pion =
Mc

µ

∑
`,m,g

gΩ |η(g)|2 Θ(E (m)
∗ )
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Ionization plot on eccentric orbits
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Evolution of eccentricity (no GWs)
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Evolution of eccentricity
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Evolution of eccentricity (higher mass)
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Ionization on inclined orbits
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Precession? Evolution of β?
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Ionization plot on inclined orbits
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Ionization plot on inclined orbits
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No precession! Negligible variation of β.
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Dynamical Capture

M
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φ∗ Eccentricity→ 1

σgw = 2πM 2
(

85π
6
√

2

)2/7

q2/7(1+q)10/7v−18/7

The cloud opens up a new channel for energy loss!
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Energy lost
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Dynamical capture cross section
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Summary

• (The backreaction of) ionization = dynamical friction.
• Ionization generally circularizes orbits.
• Ionization generally doesn’t affect the orbital plane.
• Dynamical capture cross section increases by & O(10).

• This is a non-relativistic analysis.
• Resonances to be taken into account…
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Backup
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Discontinuities?

When Ω(t) ≈ Ω0 + γt “hits” the continuum, the deoccupation starts.
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Kinks in the frequency

Kinks in the frequency evolution: signature of the cloud!
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Ionization plot on inclined orbits
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