oravitational waves

observing black-hole

rINgdowns
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Maximiliano Isi | Columbia University & Flatiron Institute
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars GWTC-5
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern



|_|GO—\/iI”gO—KAGRA (latest estimate)

pDlack-hole mass distribution

Abac et al inc. M. Isi (2026) [arXiv:2605.27226]
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mass of heaviest component 7711 [M@]

GWTC-5 : LVK's fifth gravitational-wave transient catalog 3


https://arxiv.org/abs/2605.27226
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detected black-hole masses
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detection count
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N
o
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Abac et al inc. M. Isi (2026) [arXiv:2605.2/22 3]

GWTC-5
confident

detections

selection biases not
factored out
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median estimate of m; [Mg] Mass of heaviest component


https://arxiv.org/abs/2605.27223

GWTC-5

| , , distribution of BH
high spin : :
~15% BBHs spin magnitudes

typically p) lation
heavy subpopulations

nigh & low spin

heavier — fast spin

low spin

@~75% BBHs

Max Isi — 2026

A. Hussain™®, M. Isi, A. Zimmermarn

[arXivi2411.02252, arXiv:2605.2428 |
*postdoc at CCA

Abac et al inc. M. Isi (2026) [arXiv:i2605.2/226]



https://arxiv.org/pdf/2411.02252
https://arxiv.org/abs/2605.27226

GWTC-5

| . distribution of BH

— Slowly Spinning

Rapidly Spinning

R Spil‘l magnitudes
2 subpopulations

nigh & low spin
heavier — fast spin

A. Hussain™®, M. Isi, A. Zimmermarn

[arXivi2411.02252, arXiv:2605.2428 |
*postdoc at CCA

Y

Abac et al inc. M. Isi (2026) [arXiv:i2605.2/226]
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https://arxiv.org/pdf/2411.02252
https://arxiv.org/abs/2605.27226

Masses in the Stellar Graveyard
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ringdowns 0]



(«”é ] ringdown

h = Z Z Z [Cfmne_id)fmnt—ZSfm(@fmn’)(; L, (P)]

£>2 |m|<¢ n=0

overtone humber

Lemn Z Tfm(n+1)
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overtones

infinite family of tones with a given £m

frequency damping time quality factor
15 A
20 - — n=20 — n =
n =1 n =
— n =2 104 — n=
20 -

IS o J S

R &

= fundamental .

10 4 (longest lived)

= —

. . 0.0 0.5 1.0 0.0 0.5 1.0
X X X

all solutions to the leukolsky equation

Max Isi — 2026 1, = GM/c? =5 us X (M/IMy); ty; ~ 0.3 ms for GW 1509 4 Isi & Farr (2021) [arXiv:2107.05609] |2
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1 —t/7;

ringdown
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each QNM appears as an elliptically-polarized mode
ellipse would shrink over time due to QNM decay

e ® o h’)(
@ e
@ . ,
® o +
D @ & ®
- s B4
‘ .y ‘-.?/‘ @ , =
¥y L
o 1 5 8 . }2,+
o 10
‘ ‘ o oe’u
D ® ® .
. J . . . >< .
.. °
.'.‘ . .o
test masses linear polarizatons polarization phasor

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



ri ngd Own caveat :

+ other stuff

J | ‘ h . phasor rotates
strain at It detector Y ’\ Wl + ¢y
A — Ae~ 7 i
7 7 ellipse shrinks g A ’l
h(t) = F.(a,d) h, (t) + F.(a, ) h () ' \ 0
eA*

—————
‘‘‘‘‘

) 1,
fffffff
LN 4

Max Isi — 2026 a, right ascension; 8, declination 0, == (P +d_DI2, o= (P —P_p/2 |5



black-hole spectroscopy

Kerr spectrum depends only on mass and spin
measure BH parameters from GW signal

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

\

_ —1@,, 1
h = Z C,.e 7
£mn

Max Isi — 2026



black-hole spectroscopy

amplitudes and phases encode initial conditions
make Inferences about pre-merger phase

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

\

_ —1@,, 1
h = Z C,.e 7
£mn

Max Isi — 2026



strategies

ringdown-only analysis

solate ringdown data and fit
damped sinusolids

si+2019 [arXiv:1905.00869] Isi+2021 [arXiv:2107.05609]
Carullo+2019 [arXiv:1902.0/527]

Max Isi — 2026 *IMR” = inspiral-mergerringdown 18


https://arxiv.org/abs/1905.00869
https://arxiv.org/abs/2107.05609

!

down
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=
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ringdown starts at the peak!?

O 4 GW 1509 [4-like NR waveform SXS:BBH:0305 complex amplitudes found through least-squares

NR
0.2} hzz ]
N=T
= ho
~ 0.0} ﬂ
<

x_ _ overtones dominate early times

_04 | | | | |

Max Isi — 2026 1 Mg ~ 3 s

0 20

1M ~ 0.3ms for GW 1509 4

40)

t — theak | M

M. Giesler, M. Isi et al (PRX 2019) [arXiv:1903.08284]

00

30



post-2019 Giesler+ anc
but quickly become controversial

Theory surely the spacetime Is nonlinear at

a (biased) history

a subjective summary of ringdown
measurements:

si+ tantalizing...

S IS*'I'IIIS IWEII'I'IIHES“
inspired by Vishal Baibhav's meme at 2022
GWPAW talk

the peak! Overtones can be overfitting NR.

Observatlon overtones are diff

Max Isi — 2026

rable to finc

+o it an | fuIIy understood

Isi & Farr (PRL 2023)
them N GW 50914, raxiv2310.13869]

2|


https://arxiv.org/abs/2310.13869

a (biased) history

Theory surely the spacetime I1s nonlinear at the

101 L

heak!
Overtones can be overtfitting NR [still debatable]

see, e.g,, Glesler+2025 and Mitman+2025; also lots of work by Baibhav+, Cheung+, Finch+, Dyer+, ... review [arXiv:2505.23895]

st|II a questlon up to ~2-5M
around the peak

10~

L0 O b e e

3 0_9 i

- 10 15 20 25 30
t — Tpeak [M ]

Max Isi — 2026

(4,4,0) — (3,2,0)*
-== (2,2,0)+ (2,0,0)
(2,2,0) — (2,0,0)*

constant

Giesler+2025
27









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

(\A/M/\/\/\)MJJ\N\N/\/\/V
for real GW observations, all we want Is

systematic error < statistical uncertainty
we don’t need a perfect model!




memory measurement

K. Mitman, M. Isi, W. Farr [arXiv:2605.27500] — achievable by O5!

Time from current catalog |yr| at Oba sensitivity

0 2 4 6 8
Time from current catalog |yr| at O4a sensitivity

0 5 10 15 20 25
- 4 x 10°F - ' joint (N =~ 1,890)
= 3% 109 : — memory only (N ~ 1,220) -
2 . == 1o away from zero
.4'"57 2 x 10°| current Ny = 258
3
=
©
= 10 e e e e e e e e e, e, e e e, e e, e e, e e e, e ———————
53 ﬁ
o0
Ne

6 x 10~1 :
0 1000 2000 3000 4000 5000

Number of GW observations
Max Isi — 2026
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observations




two types of systems

heavier

lighter

GW 509 [4-like GW 19052 | -like
Me~ 70 Mo Me~ 200 Mo



lghter systems

GWI50914
GW2501 14




LIGO-Virgo analysis in 2016

2 — IMR(@=2m=2.n=0)]| Abbot+2016 [arXiv:1602.03841]"
~ 10} I —— -
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O | | 1 1

200 220 240 260 280 300

QNM frequency (Hz)
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https://arxiv.org/pdf/1602.03841

GWI150914 at the peak_,.:

assuming damped sinusolids

we Identify at least two ringdown Rl e SR
modes in GW 509 |4 mezz )
. 0.8- 7T e \
that Is the least-damped mode plus | ety ST
A A LA,
at least one overtone (N=|) el ST g
N, e ,’/ l’
' _ I  aeaas I
with N=1, can measure remnant odl ¢/ 7 S
mass and spin at the peak [/ Aty =0ms |
| | 0 o- (_,/ N=0 |
result In agreement with N =
0 - - === N =
measurement from full waveform |2 credile regions , I I
50 60 70 30 90 100

Max Isi — 2026 Mf [M@] Isi et al (PRL 2019) [arXiv:1905.00869] 3|



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

overtone amplitude over time

(to — tref)/10_4 S

-13.6 -6.8 0.0 6.8 13.6 20.4
1.00 N
GW150914 2048 Hz

S 0.75 —— 16384 Hz
= \ ¢ Finch & Moore
— 0.50 SN I
\,_| v \ ‘-“

0.00

1.00 , _ — [0 NYI5E
Y 0.75
o
~ 0.50
N 0.25

0.00

Max Isi — 2026 top = 1126259462.423 GPS 68% credible HPD bands st & Farr (PRL 131, 169001) [arXiv:2310.13869] 32


https://arxiv.org/abs/2310.13869

GWI50914

spectroscopic analysis of fundamental + first overtone

x 10721
N " fundamental total
| n =>0
total signal
= 1- 4 n =1
2 1\ ,
= 0-
— median
‘. 90% CL
—1 1 --» Qvertone
*this fit assumes Kerr
0.000 0.005 0.010 0.015 0.020
time from peak (s)
reconstruct fundamental and
overtone of 22 mode
Max Isi — 2026

fractional
deviations
In overtone
frequency and
damping time

v ] ] i ] ] ] ] i ] ]

NN N
P ENSENCEENGEIN

0J1

S DX QO B D

/Q' /Q‘ Q- QO

57’1

agreement with Kerr
~20%at |lo

M. Isi et al (PRL 2019) [arXiv:1905.00869] 33



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

10 Years Later: LIGO Hears Loud and Clear
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H1 strain

GWI50914

><1()—21 M.Isi+2019 [PRL 123, [ | [02]
“‘......*
_ : fundamental total
2 220
n = ()
» overall
EEANS signal n=1
N
[\
O | —
\ : median
90% CL
—1- > Qvertone
22 I *this fit assumes Kerr
0.000 0.005 0.010 0.015 0.020

|

OM after peak

time from peak (s)

35


https://arxiv.org/abs/1905.00869

GW2501 14

X 10721 Abac et al (inc. M. Isi) [PRL |35, ' [403]
= total
overall @
5 _ PO m n=0
' signal = n=1

OM\ik/\/
%

strain

/ """" » overtone
ol \/ B median
fundamental tone 90% CL
0.002 0.004 0006 0008 0010 0012 0014 0016
‘ time from peak (s)

Max Isi — 2026 6M after peak
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https://journals.aps.org/prl/abstract/10.1103/kw5g-d732

GW2501 14 ringdown

[> =1— Ipeak [ms]
3 4 5 6 7 8

- 7 model

5577 /// // ‘

20
[> =1— tp ak [tM]

Abac et al (inc. M. Isi) [PRL 35, | | [403]

9 10

2204221 model

,’I...____; ‘ x
25


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

GW2501 14 ringdown

overtone amplitude

[> =1— Ipeak [ms]
2 3 4 5 6 7 3 9 10

- )70 model . 2204221 model

[~ =1— tpeak [th]

Abac et al (inc. M. Isi) [PRL 35, | | [403]


https://journals.aps.org/prl/abstract/10.1103/kw5g-d732
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test of Kerr nature of the remnant black hole

Abac et al (inc. M. Isi)
[PRL 135, | 11403] — PYRING
—— RINGDOWN
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https://journals.aps.org/prl/abstract/10.1103/kw5g-d732

Probability Density

D
!

GW2501 14 area law

GW2501 14
Hawking |
Area : :
Theorem i final state Is
i consistent
0 ; with nrtial
Enerey | state

Conservation |

Fractional Area Difference, (Af—.A;)/A;



heavier systems

W190521
GW231123




GW231123
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Abactinc. M. Isi [arXiv:2507.08219]
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GW231123

-——
§~
-~

140 - 140 1
| —— Combined [ XPHM
=== NRSur i = B == X0O4a
1204 ~vxrians >, 120- )
f lev‘190021 \-} || — TPHM
----- M XD ./,/' i | —  NRSur
100 e 100 || — vHPHM

————

80 30-
= 80, | \ V...
4 . ’/","' \: f-dq- ————————
60- 60- ‘ b1
| 0/ 77 - |
01 masses o | ol
0 100 10 50 100 150
my[ M) my[ M)

Max Isi — 2026 Abact+inc. M. Isi [arXiv:2507.082 9]
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GW231123

140 I 10.0

‘N 1201 1

ani D)
- 100 - | 7.5 3
2 80- ' 50 S
= 60- | - s
O 7 r <
T 40- . 2.5

20 | | | | | | | | | | o
—0.10 —0.05 0.00 0.05 0.10 —0.10 —0.05 0.00 0.05 0.10
Time [s] Time [s]
Whitened data BBH Template Reconstruction (Bilby) Wavelet Reconstruction (BayesWave) cWB Reconstruction

Abactinc. M. Isi [arXiv:2507.082 | 9]



neavy black holes

merger
aominated

anh opportunity and a challenge




GW231123

38.14 [ms| 100 — ' "
] 41.08 [ms mode
44.01 [ms 90 - . 0
BN MR combined ik
80
IM ~300M, ~ 1.5ms
70 -
‘N
40 1 \ = e
=
30| 50—
El 40 -
" 220
=
: 30 -
101
' 204 10M
, : : v ‘ T 1 I '
f1 [Hz] 71 [ms] FIHz
Abactinc. M. Isi [arXiv:2507.082 9] Siegel+(inc. M. Is1) 2025 [arXiv:i25 | 1.0269 1]
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GW231123

10 1le—20 5 1.0 le—20 :
 95% 68% HDI  QNMS 95% 68% HDI | QNMs
; in fit : In fit
0.8 - : 0.8 - :
5 10 e 220 lo — 220
o (0.6 o, extrap. 0.6 - extrap. | e 200
> 5 ern | o671  f H | ... xwap-|
< = s
0.4 0.4 - ‘
02 ' l ‘ 0.2 - J
' . ‘ ' l | l ‘
z — .
O-O | | | | | OO 1 1: .
5 10 15 20 25 g0 MR . : " > "
tsta rt [ tM ] tsta + [ tM ]

Siegel+(inc. M. Isi) 2025 [arXiv:25 1 1.0269 1]
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https://arxiv.org/pdf/2511.02691

100+

80 -

@)
)

mode damping rate. —— y [1/s]

20 inferred from inspiral-merger-ringdown ringdown
NRSur7dg4 QNM Estimates RD Fits
@ 220 ap 210 EZ2Z2 90% CI — 220
50 55 60 65 70
mode frequency . T[Hz]
Max Isi — 2026

75

GWI190521

the GW 90521 signal is
merger-ringdown dominated

but the ringdown doesn't
look like we naively expect!

may be evidence of multiple
angular modes

©%f

H. Siegel®, M. Isi, W. Farr (PRD 2023)
[arXiv:2307.11975]

* student @ Columbia4

8


https://arxiv.org/abs/2307.11975
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Max Isi — 2026

.. GWI90521

the GW 90521 signal is
merger-ringdown dominated

but the ringdown doesn't
look like we naively expect!

] 03 v

—may be evidence of multiple
angular modes

©

H. Siegel®, M. Isi, W. Farr (PRD 2023)
[arXiv:2307.11975]

* student @ Columbia4

9


https://arxiv.org/abs/2307.11975
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H. Siegel, M. Isi, + [in prep]
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precession
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precession

— /\
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quadrupolar

. perturbation
4 \ . .
/ «  misaligned
. ' —
e )y

remnant-to-be

H. Zhu™, H. Siegel*, K. Mitman™, M. Isi, et al
(2023 [arXiv:2312.08583]

*students @ Princeton / Columbia / Caltech

OBSERVABLE!

different
frequencies




lOglo (A<+727170)/A(+727270)) . .
D 15 —10 —05 00 05 [ misalignment between

w I
= remnant spin and L can
j excite [ = m QNMs
- = : study of NR ringdowns with
2 | misalignment 5 remnant spin misalisnment
2 4 @0 @e oo p gm : “H. Zhu*, H. Siegel*,
é@ | (‘ 00 7 ; K. Mitman*, M. Isi, et al (2023)
3f ‘,’ A ol [arXiv:2312.08588]
; o g f
1:_ | | | | | - | - ‘}: | - ‘.
0.0 0.5 1.0 1.5 20 25 3.0 0 Y

misalignment angle ¢

Max Isi — 2026 *Hengrul Zhu: Princeton student | Harrison Siegel: postdoc at Perimeter | Keefe Mitman: Einstein Fellow at Cornell 54
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precession imprinted in polarizations

1.0
Model

@» Generic ' 0.8 CIZj
@D Aligned (75 »
LO
S
0.4 =%
: B

~ 0.2
W .
as
0.0 Z
N
—0.2 §
O
=
—0.4 )
Y Injected ~

—0.6

200 250 300 —1.0 —0.5 0.0 0.5 1.0

Mf [MG)] €220

N. Khusid,* W. Farr, M. Isi [arXiv:2605.15271] 55



simulated GW [9052 | -like system with NRSur

measure ) = E;E o :

precession from .
ringdown alone :
S. Miller, M. Isi, + [arXiv:2505.14573] gt 0;8 L!"-m
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y [HZ]
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GW23 1123 possibilities

The GW23 1123 signal remains difficult
to explain morphologically.

- 38.14 [ms|
1 41.08 [ms
44.01 [ms|

B MR combined

Options:

. GW231123 is very special BBH
2. GW231123 is not a BBH

3. All our waveforms are quite wrong =

b d

~ 20
-

40

30

10 1

cither way, need better understanding
of the merger process

Max Isi — 2026 58



Che New Hlork Eimes

OUT THERE

These Black Holes Shouldn't

Fxist, but There They Are

On the far side of the universe, a collision of dark giants sheds

light on an invisible process of cosmic growth.

= @CNN Sscience

Science / Space

Astronomers detect most massive black hole

collision to date

By Jacopo Prisco, CNN
@ 7 min read - Updated 11:00 AM EDT, Thu July 17, 2025

NATIONAL
GEOGRAPHIC

This illustration depicts two black holes colliding in space. The collision sends gravitational waves, ripples in
the curvature of spacetime, radiating through space. These waves can be detected by observatories on
Earth.

ILLUSTRATION BY MARK GARLICK, SCIENCE PHOTO LIBRARY

SCIENCE

| Scientists record a black hole collision
i they weren’t sure was possible

The largest black hole collision ever recorded has scientists' jaws on the floor — and scratching
their heads.
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parting thoughts

GW observations are pushing our
understanding of merger physics

very little has worked out as had
traditionally been expectea

analytic intuitions still have a big role to play!

important for astrophysics too

Max Isi — 2026
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observation timeline

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

2 COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

(@] FLATIRON




