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gravitational waves 
observing black-hole 
ringdowns

*GW150914 band-passed LIGO Hanford data

Maximiliano Isi | Columbia University & Flatiron Institute
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GWTC-5
new detections (O4a)

~300 
binaries
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black-hole mass distribution
Abac et al inc. M. Isi (2026) [arXiv:2605.27226]LIGO-Virgo-KAGRA (latest estimate)

mass of heaviest component
GWTC-5 : LVK’s fifth gravitational-wave transient catalog

excess
heavy

black holes

}
(selection biases factored out)

https://arxiv.org/abs/2605.27226
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detected black-hole masses

selection biases not 
factored out

mass of heaviest component

GWTC-5 
confident 

detections

median estimate of m1 [M⊙]

Abac et al inc. M. Isi (2026) [arXiv:2605.27223]

https://arxiv.org/abs/2605.27223
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high & low spin

5

A. Hussain*, M. Isi, A. Zimmerman
[arXiv:2411.02252, arXiv:2605.24281]

*postdoc at CCA

Abac et al inc. M. Isi (2026) [arXiv:2605.27226]

high spin 
~15% BBHs 

low spin 
~75% BBHs 

heavier component
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distribution of BH  
spin magnitudes
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1 GWTC-5

heavier → fast spin

typically
heavy

https://arxiv.org/pdf/2411.02252
https://arxiv.org/abs/2605.27226
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high & low spin

6

A. Hussain*, M. Isi, A. Zimmerman
[arXiv:2411.02252, arXiv:2605.24281]

*postdoc at CCA

Abac et al inc. M. Isi (2026) [arXiv:2605.27226]
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https://arxiv.org/pdf/2411.02252
https://arxiv.org/abs/2605.27226
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GWTC-5

~300 
binaries
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GWTC-5

GW150914

GW231123

GW250114

GW190521
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inspiral merger ringdown



ringdowns 101
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h = ∑
ℓmn

[Cℓmne−iω̃ℓmnt−2Sℓm(ωℓmn, χ; ι) + Cℓ−mneiω̃*ℓmnt−2Sℓ−m(ωℓmn, χ; ι)]

h = ∑
ℓ≥2

∑
|m|≤ℓ

∑
n≥0

[Cℓmne−iω̃ℓmnt−2Sℓm(ω̃ℓmn, χ; ι, φ)]
h ≡ h+ − ih×

⃗χ

−2Sℓm(ω̃ℓmn, χ; ι, φ) ≈ −2Yℓm(ι, φ)

overtone number
τℓmn ≥ τℓm(n+1)

ωℓmn − i/τℓmn

M
ringdown
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infinite family of tones with a given ℓm

fundamental
(longest lived)

first overtone

frequency damping time quality factor

all solutions to the Teukolsky equation
Isi & Farr (2021) [arXiv:2107.05609]tM ≡ GM/c3 = 5 μs × (M/M⊙); tM ∼ 0.3 ms for GW150914

overtones
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h = ∑
j

1
2 Aje−t/τj [(1 + ϵj)e−i(ωjt−ϕ+j) + (1 − ϵj)ei(ωjt+ϕ−j)]

h ≡ h+ − ih× , j ≡ {ℓ, |m | , n}

ωt + ϕ0

phasor rotates

A → Ae−t/τ

ellipse shrinks

ringdown

θj = − (ϕ+j + ϕ−j)/2 , ϕ0, j = (ϕ+j − ϕ−j)/2
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each QNM appears as an elliptically-polarized mode

test masses linear polarizatons polarization phasor

ellipse would shrink over time due to QNM decay

M. Isi (2023) [arXiv:2208.03372] + animations: https://maxisi.github.io/gwpols/
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h = ∑
j

1
2 Aje−t/τj [(1 + ϵj)e−i(ωjt−ϕ+j) + (1 − ϵj)ei(ωjt+ϕ−j)]

h ≡ h+ − ih× , j ≡ {ℓ, |m | , n}

ωt + ϕ0

phasor rotates

A → Ae−t/τ

ellipse shrinks

hI(t) = FI
+(α, δ) h+(t) + FI

×(α, δ) h×(t)

strain at Ith detector

α, right ascension; δ, declination θj = − (ϕ+j + ϕ−j)/2 , ϕ0, j = (ϕ+j − ϕ−j)/2

ringdown caveat : 
+ other stuff
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Kerr spectrum depends only on mass and spin

extract frequency and damping of multiple 
modes to check consistency with Kerr

measure BH parameters from GW signal

h = ∑
ℓmn

Cℓmne−iω̃ℓmnt

black-hole spectroscopy
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amplitudes and phases encode initial conditions

identify traces of misaligned spins, high mass ratios 
or eccentricity, all astrophysical important

make inferences about pre-merger phase

h = ∑
ℓmn

Cℓmne−iω̃ℓmnt

black-hole spectroscopy
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enhanced IMR analysis

ringdown-only analysis

construct IMR model with 
additional degrees of freedom
Brito+2018 [arXiv:1805.00293] Ghosh+2021 [arXiv:2104.01906]

isolate ringdown data and fit 
damped sinusoids 
Isi+2019 [arXiv:1905.00869] Isi+2021 [arXiv:2107.05609] 
Carullo+2019 [arXiv:1902.07527]

[arXiv:2104.01906]

[arXiv:2012.04486]

*“IMR” = inspiral-merger-ringdown

strategies

https://arxiv.org/abs/1905.00869
https://arxiv.org/abs/2107.05609
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inspiral merger ringdown?



Max Isi – 2026 20M. Giesler, M. Isi et al (PRX 2019) [arXiv:1903.08284]1 M⊙ ∼ 5 μs; 1 M ∼ 0.3 ms for GW150914
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ringdown starts at the peak?
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a subjective summary of ringdown 
measurements:

post-2019 Giesler+ and Isi+ tantalizing… 
but quickly become controversial

inspired by Vishal Baibhav’s meme at 2022 
GWPAW talkTheory surely the spacetime is nonlinear at 

the peak! Overtones can be overfitting NR.

Observation overtones are difficult to fit and 
others don’t seem able to find them in GW150914.

fully understood
Isi & Farr (PRL 2023) 
[arXiv:2310.13869]

a (biased) history

https://arxiv.org/abs/2310.13869
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Theory surely the spacetime is nonlinear at the peak! 
Overtones can be overfitting NR [still debatable]
see, e.g., Giesler+2025 and Mitman+2025; also lots of work by Baibhav+, Cheung+, Finch+, Dyer+, … review [arXiv:2505.23895]

Giesler+2025

a (biased) history

still a question up to ~2-5M 
around the peak
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for real GW observations, all we want is 
systematic error < statistical uncertainty 
we don’t need a perfect model!

post-peak signal looks 
really close to linear 
even if not exactly so
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memory measurement

example 
with ~40 

events
from GWTC-4 

K. Mitman, M. Isi, W. Farr [arXiv:2605.27500]  →   achievable by O5!
Yoo+[arXiv:2306.03148]



observations
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lighter heavier

GW150914-like 
Mf ~ 70 M☉

GW190521-like 
Mf ~ 200 M☉

two types of systems



GW150914 
GW250114

lighter systems
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Abbot+2016 [arXiv:1602.03841]

LIGO-Virgo analysis in 2016

https://arxiv.org/pdf/1602.03841
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assuming damped sinusoids 
we identify at least two ringdown 
modes in GW150914

that is the least-damped mode plus
at least one overtone (N=1)

with N=1, can measure remnant 
mass and spin at the peak
result in agreement with 
measurement from full waveform

Δt0 = t0 − tpeak
tpeak = 1126259462.423 GPS

90%-credible regions

GW150914 at the peak

http://arxiv.org/abs/arXiv:1905.00869


Max Isi – 2026 32Isi & Farr (PRL 131, 169001) [arXiv:2310.13869]tref = 1126259462.423 GPS

overtone amplitude over time

68% credible HPD bands

https://arxiv.org/abs/2310.13869
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fundamental
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agreement with Kerr 
~ 20% at 1σ

fractional  
deviations  

in overtone 
frequency and 
 damping time

M. Isi et al (PRL 2019) [arXiv:1905.00869]

GW150914

http://arxiv.org/abs/arXiv:1905.00869
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SNR ~ 26

6M post-peak onwards

SNR ~ 26

entire signal
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M. Isi+2019 [PRL 123, 111102]

220

221

0M after peak

GW150914

https://arxiv.org/abs/1905.00869
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overall 
signal

fundamental tone

overtone

36

GW250114
Abac et al (inc. M. Isi) [PRL 135, 111403]

6M after peak

https://journals.aps.org/prl/abstract/10.1103/kw5g-d732
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fundamental amplitude

Abac et al (inc. M. Isi) [PRL 135, 111403]

GW250114 ringdown

https://journals.aps.org/prl/abstract/10.1103/kw5g-d732
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overtone amplitude

GW250114 ringdown

https://journals.aps.org/prl/abstract/10.1103/kw5g-d732
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Abac et al (inc. M. Isi) 
 [PRL 135, 111403]

fit at 6M

test of Kerr nature of the remnant black hole

https://journals.aps.org/prl/abstract/10.1103/kw5g-d732
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GW250114

final state is 
consistent 
with initial 

state

GW250114 area law



GW190521 
GW231123

heavier systems
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GW231123

Abac+inc. M. Isi [arXiv:2507.08219] 

spins

masses
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GW231123

Abac+inc. M. Isi [arXiv:2507.08219] 

masses
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GW231123

Abac+inc. M. Isi [arXiv:2507.08219] 
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h(t)

time

heavy black holes
merger 

dominated
an opportunity and a challenge
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Siegel+(inc. M. Isi) 2025 [arXiv:2511.02691]

10M

46

GW231123

Abac+inc. M. Isi [arXiv:2507.08219] 

1M ≃ 300 M⊙ ≃ 1.5 ms

γ = 1/τ
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GW231123

Siegel+(inc. M. Isi) 2025 [arXiv:2511.02691]

https://arxiv.org/pdf/2511.02691
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mode frequency
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H. Siegel*, M. Isi, W. Farr (PRD 2023) 
[arXiv:2307.11975]

* student @ Columbia

the GW190521 signal is
merger-ringdown dominated

but the ringdown doesn’t 
look like we naively expect!
may be evidence of multiple

angular modes
inferred from inspiral-merger-ringdown ringdown

meas
ure

d

GW190521

https://arxiv.org/abs/2307.11975
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H. Siegel*, M. Isi, W. Farr (PRD 2023) 
[arXiv:2307.11975]

* student @ Columbia

the GW190521 signal is
merger-ringdown dominated

but the ringdown doesn’t 
look like we naively expect!
may be evidence of multiple

angular modes

210 stabilizes fit
preferred w/ nonzero amplitude GW190521

https://arxiv.org/abs/2307.11975
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GW231123

H. Siegel, M. Isi, + [in prep]

10M

1M ≃ 300 M⊙ ≃ 1.5 ms H. Siegel, M. Isi, + [in prep]

misaligned spins?  
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precession
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precession
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ℓ = 2, m = ± 2, ± 1, 0

remnant-to-be

χ quadrupolar
perturbation
 misaligned

H. Zhu*, H. Siegel*, K. Mitman*, M. Isi, et al 
(2023 [arXiv:2312.08588]

*students @ Princeton / Columbia / Caltech

OBSERVABLE!  
different 

frequencies 
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study of NR ringdowns with 
remnant spin misalignment 

H. Zhu*, H. Siegel*,
K. Mitman*, M. Isi, et al (2023)

[arXiv:2312.08588]

*Hengrui Zhu: Princeton student | Harrison Siegel: postdoc at Perimeter | Keefe Mitman: Einstein Fellow at Cornell

misalignment between 
remnant spin and can 

excite  QNMs
⃗L

l ≠ m

loud 
210

weak 
210

210 correlated with 
misalignment
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precession imprinted in polarizations

N. Khusid,* W. Farr, M. Isi [arXiv:2605.15271]
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measure 
precession from 
ringdown alone

S. Miller, M. Isi, + [arXiv:2505.14573]

simulated GW190521-like system with NRSur
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GW231123

H. Siegel, M. Isi, + [in prep]

10M

1M ≃ 300 M⊙ ≃ 1.5 ms H. Siegel, M. Isi, + [in prep]

difficult  
to explain  
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GW231123 possibilities

Abac+inc. M. Isi [arXiv:2507.08219] 

1. GW231123 is very special BBH
2. GW231123 is not a BBH
3. All our waveforms are quite wrong

Either way, need better understanding 
of the merger process

The GW231123 signal remains difficult 
to explain morphologically.

Options:
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conclusion. 
looking to
the future
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parting thoughts
GW observations are pushing our 
understanding of merger physics

?very little has worked out as had 
traditionally been expected

analytic intuitions still have a big role to play!

important for astrophysics too
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https://observing.docs.ligo.org/plan/#timeline
https://gwosc.org/detector_status/

BNS 
range

62

summer 
2026

we are here

BNS range how far we can detect a typical binary neutron star merger

observation timeline

https://observing.docs.ligo.org/plan/#timeline
https://gwosc.org/detector_status/
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