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❖ Large number of GW cycles in LISA band, ,  allows to 
measure waveform parameters with very high precision


❖ EMRIs are unique probes to test gravity but also the environment 
around massive black holes


❖ Challenge: Accurate modelling of EMRIs requires using fully relativistic 
perturbation theory methods.

∼ 𝒪(1/q)

EMRIs: binaries with very asymmetric masses,  

(e.g. )

q = mp/M ≪ 1
M ∼ 106M⊙ , mp = 10M⊙
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Extreme mass-ratio inspirals (EMRIs)

Image credit: Steve Drasco



Boson clouds

❖ Massive bosons can form (quasi-)bound-states around black holes.


❖ Around spinning black-holes, bound-states can grow exponentially by 
extracting energy and angular momentum from the black hole (superradiant 
instability).


❖ Process leads to the formation of long-lived “boson clouds” around black holes 
with masses that can reach up to   [Herdeiro, Radu & Santos ’21]Mcloud ≲ 0.1MBH
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Review: RB, Cardoso & Pani “Superradiance” Lect. Notes Phys. 971 (2020), 2nd ed. 



Modelling EMRIs in boson clouds
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 RB & Shah ’23; Dyson, Spieksma, RB, Dolan & van de Meent work in progress

(see also Duque+ ’23)

S = ∫ d4x −g ( R
16π

− ∇μΦ*∇μΦ − μ2 |Φ |2 ) − mp ∫
γ

gabuaubdτ

Scalar field 
“environment”

Secondary object 
modelled as point-

particle

From: Baumann+, PRD105, 115036 (2022)

M mpMcloud

Mcloud = total cloud's mass

M = Primary BH mass
mp = Secondary object mass



Modelling EMRIs in boson clouds

gμν = gKerr
μν + qh(1,0)

μν + ϵ2h(0,2)
μν + ϵ2qh(1,2)

μν + … , Φ = ϵΦ(0,1) + qϵΦ(1,1) + …

q ≡ mp/M ≪ 1 , ϵ ∝ Mcloud /M ≪ 1
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Dyson, Spieksma, RB, Dolan & van de Meent, work in progress
Modelling EMRIs in boson clouds

Note: metric perturbations computed 
in Lorenz gauge [Dolan, Durkan, 

Kavanagh, Wardell ’21]

Point particle on a circular, 
equatorial orbit at  in a 

Kerr BH ( ) surrounded by a 
scalar cloud in a  state with 

.

rp = 3.5M
a = 0.88M

l = m = 1
Mμ = 0.3
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Dyson, Spieksma, RB, Dolan & van de Meent work in progress

α := Mμ

·Eorb + ·Mb = − ·Eg,∞ − ·Eg,H− ·EΦ,∞ − ·EΦ,H

GW fluxes scalar radiation 

Fluxes for equatorial circular orbits

·Mb = ω ·Q , Q - Noether charge

ℱs,∞/H ≡ q−2(Mcloud /M)−1 ·Es,∞/H , ·Es,∞/H = ·EΦ,∞/H + ·Mb
∞/H

Dotted: horizon fluxes;  Solid: fluxes at infinity; black lines: GW fluxes

Note: total fluxes agree within (largest difference at the ISCO) with 
[RB&Shah ’23] where Regge-Wheeler gauge was used…

≲ 15 %



EMRIs in clouds: parameter estimation
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Injected values
M = 4 × 105M⊙

q = 5 × 10−5

αb = 0.16
Mb /M = 0.05
Tobs = 4 years
SNR = 50


σMb
/Mb ∼ 5 %

σαb
/αb ∼ 0.5 %

H. Khalvati+, 2410.17310

Credits: Hassan Khalvati, Alessandro 
Santini & Francisco Duque

Scalar fluxes from 
[RB&Shah ’23] included in 
FastEMRIWaveform 

(FEW) package [Katz+ '21]. 

Proof-of-principle 
bayesian analysis in LISA: 

Mb ≡ Mcloud
αb ≡ Mμ



Conclusions

We proposed a fully relativistic, perturbative framework to study 
EMRIs in the presence of boson clouds. 


Proof-of-principle results (circular equatorial orbits) promising. 
Extension to inclined, eccentric orbits (in Schwarzschild) being 

worked out now [Qixuan Xu, RB & R. Vicente work in progress].


We considered scalar clouds only, but formalism could possibly be useful 
for other environments as well.

Presence of boson clouds around black holes could leave 
imprint in GWs emitted by binary black hole systems.
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Thank you!



Back-up slides
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Orbital dephasing due to scalar clouds
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< 1 cycle 
dephasing 

> 1 cycle 
dephasing 

H. Khalvati+, 2410.17310

Credit: Hassan Khalvati, Alessandro Santini & Francisco Duque

 
(until plunge)  
Tobs = 4 yrs

αb ≡ Mμ
η − mass ratio

p0 ∼ 22M for η = 10−4

p0 ∼ 11M for η = 10−5

Orbit evolved 
adiabatically.


