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Anatomy of a (comparable-mass) binary waveform

[Image credit: Luc Blanchet]
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Understanding merger-ringdown

Common (conflicting) lore:
1 “The merger can only be understood with fully nonlinear

numerical relativity”
2 “A sum of QNMs can perfectly model the ringdown all the

way back to the waveform’s peak”

Common questions:
• When does the ringdown “start”?
• How significant are nonlinear effects?
• How significant are effects other than QNMs (tails and the

prompt response)?
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Binaries with small mass ratios

• ϵ = m/M ≪ 1
• Key sources for future detectors
• Modelled with self-force theory:

gαβ = gBH
αβ + ϵh

(1)
αβ + ϵ2h

(2)
αβ + . . .
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Quasicircular inspiral with a multiscale expansion

dϕp

dt
= Ω

dΩ
dt

= 0

hℓm =
∑
n≥1

ϵnh
(n)
ℓm(Ω)e−imΩt
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Quasicircular inspiral with a multiscale expansion

dϕp

dt
= Ω

dΩ
dt

= ϵ[F(0)(Ω) + ϵF(1)(Ω) + . . .]

hℓm =
∑
n≥1

ϵnh
(n)
ℓm(Ω)e−imϕp

Precompute and store h
(n)
ℓm(Ω) and F(n)(Ω)

⇒ fast waveforms
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Inspiral waveform compared to numerical relativity
[Wardell, AP, Warburton+]

Mass ratio ϵ = 1/10

1PA waveform NR SXS:BBH:1107
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Transition to plunge

Near innermost stable circular orbit: define ∆Ω := Ω−Ωisco

ϵ2/5

dϕp

dt
= Ω

d∆Ω
dt

= ϵ1/5
[
F

(0)
∆Ω(∆Ω) + ϵ1/5F

(1)
∆Ω(∆Ω) + O(ϵ2/5)

]
hℓm = ϵ

∑
n≥0

ϵn/5j
(n)
ℓm (∆Ω)e−imϕp
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Merger-ringdown: the final plunge

dϕp

dt
= Ω

dΩ
dt

= F
(0)
Ω (Ω) + ϵF

(1)
Ω (Ω) + O(ϵ2)

hℓm =
∑
n≥1

ϵnh
(n)
ℓm(Ω)e−imϕp

Adam Pound New understandings of black hole mergers 9 April 2025 8 / 12



Inspiral-merger-ringdown waveform
[Kuchler, Compere, AP]

Mass ratio ϵ = 1/10
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QNMs from residues in frequency space

Green’s function in frequency domain: glmω
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QNMs from residues in frequency space

hlm(t, r) ∼
∫ ∞

−∞ dωe−iωt
∫

glmω(r, r′)Tlmω(r′)dr′
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QNMs from residues in frequency space
∫ ∞

−∞ dω = residues −
∫

arcs dω −
∫

branch cut dω

Adam Pound New understandings of black hole mergers 9 April 2025 10 / 12



Dissection of the ringdown
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Dissection of the ringdown
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Dissection of the ringdown

n=1
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Dissection of the ringdown

n=2
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Dissection of the ringdown

n=3
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Conclusion

Old lore
• “The merger can only be understood with fully nonlinear

numerical relativity”
• “A sum of QNMs can perfectly model the ringdown all the

way back to the waveform’s peak”

New understandings from self-force theory
• fast, first-principles merger-ringdown waveforms
• unique semi-analytical description of merger-ringdown
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