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Introduction
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— Difficult for LVK waveform modelling Binary merger [1]

Solution: Black Hole Perturbation Theory
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Geodesics

Three constants of motion:

e Energy E
e Angular momentum L

e Carter's constant @

— E:L:Q:O

Massless body
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Small secondary mass: EMRIs

Gravitational Self Force!

dE .
= = _F
dt GW
dL .
hmp—
dt GW

Expansion in mass ratio:

q=pu/M<10*

Two parts:

Massive body
1. Flux calculation

— focus of this thesis

2. Time evolution
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EMRIs with scalar environments

Mecalar =~ 10721 — 10~ HeV

Recently: fully relativistic
framework (2023) [2]

Massive body + cloud
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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 ACDM — 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 | [2]

Expansion at order O(e", g™):

exact

g% = g8 1 ghOY 4 ch@O) 4+ eqghED + ...
peract 6(]5(1"0) + <7¢(0’1) + €q¢(171) 4o

Solve Einstein equations:

G;w(g;i)z(/ad) = 87T( T/Tl/ + T;fu)

Dexactcbexact _ /1/2¢exact
Eventual goal:
dE . .
E - _EGW(h(OJ)) - Escalar(ﬁb(l"l))
dL

E - _LGW(h(O"l)) - Lscalar(¢(17l))

New thing: scalar fluxes!
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Approach Il [2]

For now: circular orbits, non-rotating black hole

At order O(€°, ¢*):

0G, [h*] = 8 T, [g5] (1)

At order O(e!, q°):
(CBS — 112)pt0) = @ (2)

At order O(e€!, q1):
(06 — ) h) = S2[hOY, 600 (3)
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Results I: GW fluxes

{ E.. (my result) [ E.. (ref. [5]) { rel. diff.

| m
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 recondary = 7.9456 M
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Results 1l: GW fluxes

Vacuum GW flux to infinity
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Results I1l: Scalar cloud background
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Results Ill: Scalar cloud background
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Initial goal already published (january 2025): rotating black hole

Depending on success reproducing [2]:

e Analyse accuracy of [2]
— Extend to wider mass ranges and distances?

e 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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FIG. 1. We show the absolute value of the perturbed scalar
field || for £ > 2, taking & = 0.3, @ = 0.88M and r, =
3.5M. In the top panel, we show an equatorial slice of the
field solution, in which the Z-axis is aligned with the BH spin.
In the bottom panel, we show an azimuthal slice of the field,
where the secondary moves “into the plane.”

13/14



Questions?
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Figure 2: FDM mass window [6]
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