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Space-based GW detectors & EMRIs

LISA, Taiji, TianQin: gravitational-wave (GW) detectors in the mHz band
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Extreme mass-ratio inspirals (EMRISs):
binaries with very asymmetric masses
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_ EMRIs as precision probes
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“ GWs from EMRIs can last for months/years in LISA/Taiji/TianQin band
< Unique probes to test gravity but also the environment around massive black holes

< Challenge: Accurate modelling requires using relativistic perturbation theory methods.



Black-hole environment: scalar clouds
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- Scalar clouds

Rev1ew RB Cardoso &Pani “Superradiance” Lect. Notes Phys 971 (2020) 2nd ed.
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Probing scalar clouds with binaries

Baumann+ 18 21; Tomaselli+’23-’ 25, RB&Shah 23; Dyson+ '25; Li+ "25; Keuzer+ 26 Xu+ ‘26...
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- Modelling EMRIs in boson clouds

RB & Shah ’23; Dyson+ '25; Li+ '25; Keljzer+ ‘26; Xu+ ‘26

Goal: develop (accurate) EMRI waveform model to probe scalar clouds

From: Baumann+, PRD105, 115036 (2022)
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Modelling EMRIs in boson clouds

RB & Shah ’23; Dyson+ '25; Li+ '25; Keljzer+ ‘26; Xu+ ‘26

Idea: use two-parameter perturbative expansion

q=mM <1, €% ~ pougM < 1
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Modelling EMRIs in boson clouds

RB & Shah ’23; Dyson+ '25; Li+ '25; Keljzer+ ‘26; Xu+ ‘26

Idea: use two-parameter perturbative expansion

BH background p
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- Modelling EMRIs in boson clouds

RB & Shah ’23; Dyson+ '25; Li+ '25; Keljzer+ ‘26; Xu+ ‘26

Idea: use two-parameter perturbative expansion
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Modelling EMRIs in boson clouds
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Idea: use two-parameter perturbative expansion
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Idea: use two-parameter perturbative expansion
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Modelling EMRIs in boson clouds

RB & Shah ’23; Dyson+ '25; Li+ '25; Keljzer+ ‘26; Xu+ ‘26

Idea: use two-parameter perturbative expansion
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BH background g=m/M <1, €~ pyoM <1
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Post-adiabatic expansion

. RB, Dyson, Keijzer, Pound, Spieksma, Upton & Xu, work in progress
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Post-adiabatic expansion
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- RB, Dyson, Keijzer, Pound, Spieksma, Upton & Xu, work in progress
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Post-adiabatic expansion
- RB,Eson, Keijzer,Pm, Upton & Xu, work in progress
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Post-adiabatic expansion
- RB,Eson, Keijzer,Pm, Upton & Xu, work in progress
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Post-adiabatic expansion

- RB, Dyson, Keijjzer, Pound, Spieksma, Upton & Xu, work in progress
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Post-adiabatic expansion
- RB,Eson, Keijzer,Pm, Upton & Xu, work in progress
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Radiative losses
RB & Shah ’23; Dyson+ '25; Li+ "25; Xu+ ‘26 )

For dipolar clouds, only scalar losses due to ¢‘!'!) have
been computed so far (but in Kerr, only for circular orbits)

| See also Duque+ '23 and Keijzer+ '26 for spherical clouds] :
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From: Dyson+ '25,
PRL134 (2025) 21, 211403
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‘Circular, equatorial orbits (in Kerr)
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Ecgntricorbits (in Schwarzschild)

() —> radial motion’s frequency
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Eccentric, equatorial orbits (in Schwarzschild)

Xu, RB Della Momca Vlcente Yuan 26 W : See Xu’s talk
on Thursday
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Orbital evolution

Xu, RB, Della Monica, Vicente, Yuan ‘26
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Parameter estimation: proot-of-principle

Simulated circular
EMRI+cloud in LISA

M =4 x10°M,
n=>5x10">

Khalvat1+ (1nclud1ng RB), ’25

Proof-of-principle results:

parameters of boson cloud
can be recovered with
exquisite precision!

Distinguishable from other
environments (e.g. accretion
disks, dark matter spikes)?

Probably yes, but a lot of work
remains to be done to be certain.

See P.S. Cole+,
Nature Astron. 7 (2023) 8, 943-950
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- Conclusions

< Fully relativistic, perturbative framework to model EMRIs in the
presence of scalar clouds from first-principles

% Scalar radiative losses already indicate rich physics: tidal acceleration;
rich structure of resonances

< Work in progress:

Waveform model for quasi-circular EMRIs in scalar clouds (in Kerr)

including all relevant effects [with Dyson, Keijzer, Pound, Spieksma,
Upton & Xu]

Generic orbits in Kerr: prolonged orbital resonances and chaotic motion
[with Xu, Destounis, Guo & May]

N

< Future (long-term) goal: waveform model for generic orbits in Kerr 6
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