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GRAVITATIONAL MOLECULES

General relativity + ultralight boson

[Ikeda, Bernard, Cardoso, Zilhdo 2020]



GRAVITATIONAL ATOM

(n, £, m)

0< E,p, < mS

EXPONENTIAL GROWTH
(Epem = p + binding energy)

[Detweiler 1980; Dolan 2007; etc ]

GRAVITATIONAL MOLECULE

EXPONENTIAL GROWTH



SIMPLIFYING ASSUMPTIONS

@ Low energy density: Neglect backreaction
of the cloud to a first approximation

€) Early inspiral stage: Post-Newtonian
approximation of the (circular) binary

€) Long-wavelength limit: Treat the entire
binary as an effective point particle
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EFFECTIVE EQUATION OF MOTION

The evolution of the cloud is given by solving [l.g¢ = 0, where
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free int
Leading dynamics of the cloud Contact interactions describing absorption
in the bulk of the spacetime by and energy-momentum transfer with the

moving black hole horizons

[Wong et al. 1903.07080, 1905.08543, 2004.03570]
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GROWTH RATES

+ Bound state grows exponentially
like Vp0m ~ el mt \when
0< B, < mS)

+ Energy is predominantly extracted
from the orbital motion

+ But timescale is not
observationally relevant
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DECAY RATES

+ Decaying modes pump energy
into the orbit

+ Upward trend suggests potential
for observational signatures at
larger values of u



EVOLUTION OF THE CLOUD
Energy in the (¢, n) levels after a time t, with only the (1,0,0) mode populated at t=0

(My = M,, S1 =8, =0,0v> =01, p=6.50) DECAYING MODES
: Low # modes quickly absorbed,
0t pumping energy into the orbit
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COMPARISON WITH NUMERICAL SIMULATIONS [Ikeda, Bernard, Cardoso, Zilhdo 2020]
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[Ikeda, Bernard, Cardoso, Zilhdo 2020]

OPEN QUESTIONS

4+ Does the cloud leave a measurable
signal for larger uy?

4+ Viable formation scenarios?

OUTLOOK

+ EFT methods facilitate the systematic
study of complicated systems

+ Analytic results can help us interpret
what we see in numerical simulations

+ Similar techniques applicable to many
other systems of astrophysical interest



