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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.



THE GRAVITATIONAL ATOM

A
superradiance 4
o .

O-pH®e=0 — ii—f@(—iVQ—g>¢

Gravitational fine structure constant: a = uM ~ O(0.1).

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

Level mixing:
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|[ONIZATION

Orbital frequency above threshold to excite transitions to unbound states




FERMI'S GOLDEN RULE

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

dl = dE [n\91? 6(E — Ey — ¢Q)
—— N—_———
Level mixing E—E™



LEVEL MIXING

dlem =dE 9> 6(E — E, — gQ(t))
N s N J/
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Level mixing E—Eﬁ””

Multipole expansion:
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On equatorial quasi-circular orbits, g = +(m — my).



|[ONIZATION POWER
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I[ONIZATION PLOT
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lonization or dynamical friction?
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ADAPTING Py
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ADAPTING Py

Need to fix: p, v, bpax
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P.on, VS Ppr: NUMERICAL
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P.on, VS Ppr: NUMERICAL
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P.on, VS Ppp: PHYSICAL ARGUMENTS

- Pion/ Py roughly independent of the state;
- Pion/Por independent of the parameters:

M.
PDF ~ Pion = QBQQ_P(azR*/M)
M
- Same physical interpretation:
mmmﬁ/T%S
2%

- What does P, fail to describe?



I[ONIZATION ON ECCENTRIC ORBITS

not monochromatic
N\

- Ao ~
(B; el Valt Pt = 3 ﬁ Vi, (61, 00) X L(R) I

_E nf/ —igps(t

- g is now independent of m;

- no (simple) formula for n¥

1on:_z:gs—2 |77 |2 )

l,m,g
17



I[ONIZATION 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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I[ONIZATION ON INCLINED ORBITS

Equatorial plane .

Precession? Evolution of 57
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I[ONIZATION PLOT ON INCLINED ORBITS
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I[ONIZATION PLOT ON INCLINED ORBITS
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DYNAMICAL CAPTURE

Eccentricity — 1
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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.
- lonization generally circularizes orbits.

- lonization generally doesn't affect the orbital plane.

- Dynamical capture cross section increases by 2 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 Q(t) ~ Qo + ~t “hits” the continuum, the deoccupation starts.

NE 0 *\ /\ /\ /\VI\V’\VAVAVAV vAvnvnvl\vnvl\vnvl«vn'n'nvn' 'l' '.'A'.' Yyl
E )\ \/ v v
& X
J% =i — Exact | |
2 Approx
' T
0 S — ]
N
= AN
K g
a0 ~
2 T —
,3 |- |
! 1
-10 0 T X



KINKS IN THE FREQUENCY

Kinks in the frequency evolution: signature of the cloud!
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I[ONIZATION PLOT ON INCLINED ORBITS
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