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Introduction

Mass Ratio:

GW191219 163120 ∼ 26

Advanced LIGO, ET, CE ∼ 100

LISA ≳ 104

→ Extreme Mass Ratio Inspiral: EMRI

→ Difficult for LVK waveform modelling Binary merger [1]

Solution: Black Hole Perturbation Theory
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Geodesics

Massless body

Three constants of motion:

• Energy E

• Angular momentum L

• Carter’s constant Q

→ Ė = L̇ = Q̇ = 0
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Small secondary mass: EMRIs

Massive body

Gravitational Self Force!

dE

dt
= −ĖGW

dL

dt
= −L̇GW

Expansion in mass ratio:

q = µ/M < 10−4

Two parts:

1. Flux calculation

→ focus of this thesis

2. Time evolution
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EMRIs with scalar environments

Massive body + cloud

mscalar ≃ 10−21 − 10−11eV

Recently: fully relativistic

framework (2023) [2]
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Ultralight Scalar Fields

1. Production mechanism around BH: Superradiance (1970)

2. Fuzzy dark matter, ultralight axions, (light) QCD axion

3. Consistent with ΛCDM → Cuspy Halos?

”[...] ultra-light scalars [...], among the most promis-

ing alternatives to WIMPs” (2022)[3]

4. Detectable with LISA, by only gravitational interactions!

Recently: constrain mass within 0.5% (2024)[4]
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Approach I [2]

Expansion at order O(ϵn, qm):

g exact
µν = gBG

µν + qh(0,1)µν + ϵh(1,0)µν + ϵqh(1,1)µν + . . .

Φexact = ϵϕ(1,0) + qϕ(0,1) + ϵqϕ(1,1) + . . .

Solve Einstein equations:

Gµν(g
exact
µν ) = 8π(TΦ

µν + T p
µν)

□exactΦexact = µ2Φexact

Eventual goal:

dE

dt
= −ĖGW(h(0,1))− Ėscalar(ϕ

(1,1))

dL

dt
= −L̇GW(h(0,1))− L̇scalar(ϕ

(1,1))

New thing: scalar fluxes!
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Approach II [2]

For now: circular orbits, non-rotating black hole

At order O(ϵ0, q1):

δGµν [h
(0,1)] = 8πT p

µν [g
BG] (1)

At order O(ϵ1, q0):

(□BG − µ2)ϕ(1,0) = 0 (2)

At order O(ϵ1, q1):

(□BG − µ2)ϕ(1,1) = Sϕ[h(0,1), ϕ(1,0)] (3)
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Results I: GW fluxes

l m Ė∞ (my result) Ė∞ (ref. [5]) rel. diff.

2 1 8.1661e-07 8.1633e-07 0.04%

2 1.7064e-04 1.7063e-04 0.006%

3 1 2.1747e-09 2.1731e-09 0.08%

2 2.5203e-07 2.5199e-07 0.02%

3 2.5473e-05 2.5471e-05 0.008%

4 1 8.4058e-13 8.3956e-13 0.2%

2 2.5098e-09 2.5091e-09 0.03%

3 5.7757e-08 5.7751e-08 0.02%

4 4.7258e-06 4.7256e-06 0.005%

5 1 1.2617e-15 1.2594e-15 0.2%

2 2.7908e-12 2.7896e-12 0.05%

3 1.0935e-09 1.0933e-09 0.02%

4 1.2325e-08 1.2324e-08 0.009%

5 9.4567e-07 9.4563e-07 0.005%

Distance rsecondary = 7.9456M
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Results II: GW fluxes
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Results III: Scalar cloud background
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Results III: Scalar cloud background
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Prospect

Initial goal already published (january 2025): rotating black hole

Depending on success reproducing [2]:

• Analyse accuracy of [2]

→ Extend to wider mass ranges and distances?

• Include small eccentricity, with hope of maintaining convergence

→ Calculations programmed with more general systems in mind
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Scalar perturbations: rotating black hole
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Questions?
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Extra Slide

Figure 2: FDM mass window [6]
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