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> Black hole (BH) ringdown & subtleties with quasinormal modes (QNMs)
» Greybody factors as a novel ringdown probe

» Greybody factors & novel tests of gravity

® Bonus: Black Hole Amplitudescopy
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» Greybody factors as a novel ringdown probe
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Ringdown is simple... or not”

Inspiral Merger Ringdown
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Inspiral Merger  Ringdown
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TOPICAL REVIEW CQG 2009

[
Quasinormal modes of black hol@ and black branes

]
Emanuele Berti'2, Vitor Card(E)l’3, Andrei O. Starinets’
' C
> ~15 yr ago: ringdown is simple and clean... u
C
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Ringdown is simple... or not”

Inspiral Merger Ringdown
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TOPICAL REVIEW CQG 2009

Quasinormal modes of black holes and black branes

Emanuele Berti''?, Vitor Cardoso'?, Andrei O. Starinets*

> ~15 yr ago: ringdown is simple and clean...
> ... 2026:

> Overtones, starting time, overfitting, mode mixing, echoes, nonlinearities,

spectral instabilities, environmental effects, redshift /horizon, direct waves...

» Accurate ringdown modelling requires a lot of ingredients
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Ringdown is simple... or not”

Black hole spectroscopy: from theory to experiment
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> ~15 yr ago: ringdown is simple and clean...
> ... 2026:

> Overtones, starting time, overfitting, mode mixing, echoes, nonlinearities,

spectral instabilities, environmental effects, redshift /horizon, direct waves...

» Accurate ringdown modelling requires a lot of ingredients
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BH ringdown in a nutshell

> Perturbations on given background, in GR:  |jgPrompt
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BH ringdown in a nutshell

> Perturbations on given background, in GR:  |jgPrompt
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Ringdown tests of gravity

Beyond GR/Kerr: Shift of QNMs (bkg geometry + dynamics + boundary conditions):

Wimn = Wﬁi};r(Ma X) + &Ulmn(Mv X Enew)

1.0

» Dominant QNM measured in various events H”‘S Q"’a
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Ringdown tests of gravity

Beyond GR/Kerr: Shift of QNMs (bkg geometry + dynamics + boundary conditions):

Wimn = Wﬁi};r(Ma X) + &Ulmn(Mv X Enew)
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QNM spectral instability

V M?
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QNM

spectral instability
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QNM spectral instability #2

Nollert PRD 1996
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More QNM spectral instabilities

Barausse, Cardoso & PP, PRD 2014

Environmental effects Near-horizon structure ¢
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More QNM spectral instabilities

Environmental effects

Near-horizon structure
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Take-home message

Even within linear perturbation theory:

> QNMs (as poles of Green’s function) do not necessarily describe the

time-domain signal — not directly measurable

» Time-domain signal: prompt response + ringdown -+ tails

0.01

Are there other (stable) observable quantities
characterizing the post-merger linear response?
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Greybody factors
as ringdown probes

merger & Oshita 2022-2024

inspiral intermediate ringdown

G spectral s 2w
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Greybody factor (GF)
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Greybody factor (GF)
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Greybody factor (GF)
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Greybody & Reflectivity
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GF & ringdown spectral amplitude

. ' merger &
inspiral intermediate ringdown
-
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GF & ringdown spectral amplitude

. ' merger &
inspiral intermediate ringdown
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Works also at small frequencies!
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Stability of the GF
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Stability of the GF
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QNM spectral instability Oshita, Takahashi, Mukohyama PRD 2024
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Stability of the GF

Perturbed potential
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QNM spectral instability Oshita, Takahashi, Mukohyama PRD 2024

1071 4 A
] == &=5 10"

102

1 — realpart

—— imaginary part

/

/

f'\/

')
171

|

20 40

c/M

10° 4

1077 1

1074 =

107¢

1078 ~

10710 4

1 -1,

—— unperturbed R3»

—— perturbed R,
unperturbed I3

—— perturbed M,

0.0

0.2

0.4 0.6 0.8 1.0 1.2 1.4
Mw

High-freq changes in reflectivity

P. Pani - GreyRing - GWSky online seminar, June 2026

14/26



GFEs of horizonless objects

Rosato+; PRD 2025
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HEF oscillations —

Echoes
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—0.100 - glued reflectivity
-50 0 50 100 150 200 250
t/M

F(R22)

Rosato+; PRD 2025

250

0.075 A
0.050 | Full signal
(BH+echoes)
0.025
0.000 A
—0.025
—0.050 +
—0.075 A
—— Schwarzschild BH
—0.100 - —— Wormbhole
—50 (I) SIO 160 1%0 260
t/M
0.075 A
0.050 4 Only low-freq
corrections
0.025 A
0.000 -
~0.025 -
—0.050 [Rzz=6{0.3—|w|)R;gH+e(|w|—o.3)R§§]
—0.075 -
—0.100 -
=50 0 50 100 150 200
t/M

250
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A perfect match: point particle

Rosato+; PRD 2025
103 \
107

E

10! -

10° -

| E,=2.0 ro=2.0001M

-3 | _
10 — |hpu™!

] — 1 — r22
10> ! I '

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Mw
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perfect match: NR simulations

0.90 100
SXS:BBH:3922 B
Hzz < v/ R22 :
08511 M;=0.947 -
—_— Xf= 0.727 10-!
0.80 + -
0.75 - 10-2
> 0.70
e 10—3
0.65 -+
0.60 1
104
0.55
1073

0.80 0.85 0.90 0.95 1.00 1.05 1.10
M

Simple 4-parameter model!

Aﬁm \/Rﬁm (Mwa X)

|h£m(w)‘ — M (Mw)pﬂm

Rosato, Yi, Berti, Pani; Phys.Rev.D 113 (2026) 6, 064060

T
1
1
1
1
1
10! - |
] 1
1
1
— 1
3 |
T~ 1
i~ 1
T : SXS:BBH:3982
: — o (W)
- Model: MA R /(M w)P
: ——— wa
1
|
1
1
|
10° . L, .
0.2 0.3 0.4 0.5 0.6 0.7
Mw
10-3 4 T
1
—_— M for w € [w, Wyl :
—— :
1
1
1
1
1
1
1
1
1
3 107 :
] 1
1
1
1
1
|
1
1
|
1
|
1
10_5 T T T 1 T T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50

M
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A pGIfGCt match: NR simulations

0.90
SXS:BBH:3922
H22 x 4/ R22 /
0859 — m;=0.947
— % =0727

0.80 A

0.75

> 0.70 1
0.65 A
0.60 A

0.55 A

0.80 0.85 0.90 0.95 1.00 1.05 1.10
M

Simple 4-parameter model!

10°

107t

1072

1073

1074

1073

(Mu)pem ]
4

—)

v 7’
~ >y
-~ -

\_ Progenitors  /

Rosato, Yi, Berti, Pani; Phys.Rev.D 113 (2026) 6, 064060

T
1
1
1
1
1
10! - |
] 1
1
1
— 1
3 :
=t 1
™~ 1
T : SXS:BBH:3982
: — o (W)
] Model: MA R /(M w)P
: ——— wa
1
|
1
1
|
10° . L, . .
0.2 0.3 0.4 0.5 0.6 0.7
Mw
10-3 4 T
1
—_— M for w € [w, Wyl :
——— !
1
1
1
1
1
1
1
1
1
3 107 :
] 1
\ ] 1
1
1
1
|
1
1
|
1
|
1
10_5 T T T 1 T T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50
Moy

\ Remnant )
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Dependence on progenitor

1.00 4

0.75 1

0.50 A

0.25 4

0.00 A

—0.25

—0.50 -

—=0.75 1

—1.00 A

[ ]
[ ]
K
e e ®
o e © .c
L ®
o
[
®
™

-100 -0.75 -0.50 -0.25 0.00

X+

pm (w)| = M

Rosato, Yi, Berti, Pani; Phys.Rev.D 113 (2026) 6, 064060

1.00 4

7.00 .
0.75 4
6.75 L
) ® ®
0.50
L] 6.50
]
e * e}
L] 0.25 4 [ ]
) e o0 6.25 ® ®
® )
Y L ]
™~
o~ 1 J
(1] o0 o & oo 6.00 < N 0.001 ®e @ [ ] [ ] o. L] [ 1]
]
® 0.25 e e © .o
° 5.75 - e o
']
[ ] ) ®
5.50 —0.50 A [ ]
® ®
) °® ® a
) G
5.25 —0.75 A
.
®
™
5.00 —1.00 A
0.|25 0.:50 n.l'fs —1.00 —-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75

X+

AEm \/Rfm(va X)

(Mw)pem

Fits available for (2,2), (2,1), (3,3), (4,4)
Typical mismatch~10+!!

P. Pani - GreyRing - GWSky online seminar, June 2026

0.8

0.7

0.6

P22

0.5

0.4

0.3

19/26



Why Greybody in the waveform?

Rosato, De Amicis, Pani; 2603.20490

BH
HORIZON

\
N\
\

—|—w — VIO U0 (r) = 8% (w, )

Imw

in —zwr* out TWT %
i AEmw + Afmw € ;o Tx = +00,
Uppw 7

— W

e , T — —00,

LIGHT
RING
— W
down € ’ Ty = +00, u®P = udown
Wemew - in —zwr out 'Lwr fmw " Thm,—w
Bemw + By e , Ty — —00,

in . down out
Upmw — Aﬁmw Upmew + Aﬁmw uemw
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Why Greybody

in the wavetorm?

BH
HORIZON

Rosato, De Amicis, Pani; 2603.20490

e/o Se/o(w ’I")

o v;/om]\if (r) =

\ Ar2 Imw
§ t=ts + At d’l"
. {A?Tlnw e +A(l?71711tw e 'r'*? Ty — +00,
Uy —
\ W ; . — —00,
LIGHT >
RING |
u???z‘}z,un - {e_zwr*J Te e umw = u(él%wnw
in down out B e 4 BoW e py, — —00,
Upmew = Aﬁmw Upmw + Aﬁmw uémw
G ’s f ion:
reen’s runction:
wr out ’Lwr
~ e A *
/ down/ ./ tmw up /
Gém (T*, T (.d) 2w Upmew (T*) + in 1, Upimw (T )
fmw

G, direct (o, scattered
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Why Greybody in the wavetorm?

Rosato, De Amicis, Pani; 2603.20490

BH
HORIZON

\ B 2 -

\ = V)| Wil = Sl
N

\

t3 =t} + At

—uur

- t
. Aﬁnw TWT 4 _|_Aoq171%) u,.;r7 re — 00,
Upmw -
(&

rs —> —00,

T
LIGHT
RING

up down

down _
Uprmw = uﬁm —w

Upmw —

{e‘“‘”"*, Ty — 00,

in —TWT out 'Lwr*
By e + By e , Ty — —00,

in . down out
Upmw — 14&nufu&nw _F‘4&nw?h%nw

Green’s function:

zwr*

ve down (T/

~ /
Gém (T*a Ty w) 20 Upimw *

G, direct (o, scattered

Reflection coeflicient!
(~sqrt(reflectivity))
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Full GREYRING model

[ (w)] =

|R£m(Mw7 X)|

101 L

100 L

Amplitude

— ‘im‘ SXS:BBH:3617
= = fit MA |R22‘ /(Mw)P

L Refwaso]

0.6

0.2

0.3

0.4
Mw

0.5
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Full GREYRING model

7 Aﬁm ~
— mM 3 _=
ham(@)l = M s Ben(Me, 0| arg (e (@) ) = avg(Rem (Mw, X)) +etetde+ 0

Phase

10 F
Amplitude : a
== : = 2
N —
: g
: ol
0L A
10 ?. arg(Rgz)
— ‘7122‘ SXS:BBH:3617 3 —— srg(hy) SXS:BBH:3617
Q- .
= = fit MA |Ry| /(Mw)P =k \ ol = - fit arg(Rao) + 375 :
0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6
Mw

Mw
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Full GREYRING model

> Aﬁm ~ Cy
=M Ry (Mw, _ “bm
ham(@)l = M s Ben(Me, 0| arg (e (@) ) = avg(Rem (Mw, X)) +etetde+ 0

Phase

10!

: Amplitude

arg(hag)

100 C ?‘ arg(Rgz)
—_— ‘im‘ SXS:BBH:3617 3" —— arg(hos) SXS:BBH:3617
Q- c :
— « fit MA |Roo| /(Mw)? Ao _o| — - fit arg(Ra2) + 375 : -
0.2 0.3 0.4 0.5 0.6 0.2 03 0-4 05 0.6
ar MU}
m (2,2) [
207 == (3,3), ¢ > 1.001
ool B (4,4)
ok i (Hda’caleodel>
g ] M=1-
‘3 Hdata| ffdata) ( [ymodel| f[ymodel
= ol B /(] ) (Fmodel o)
ol mismatch
20 | V_I_‘7 _l_"
007 10'*6 107° 10'*4 1073 1072

M
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Re hgm (t)

Back to time domain

0.4

0.3

0.2

— SXS full

mem  (GreyRing [FFT

—100

—50

0 50 100
L — tpeak

150

200

250
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Novel test of GR with GREYRING

X7t
h(t) — (f220, T220) = (My, x7¢) -
spectroscopy =
"
>
My
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Novel test of GR with GREYRING

Rosato+; 2604.11895

X7 4
h(t) — (fa220,T220) = (M¢, X¥) i

_ _===)
spectroscopy ‘@§
2
h(w) — Raz(w) — (Mg, xy) - QG
greybody factor N A

i,
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Novel test of GR with GREYRING

Rosato+; 2604.11895

Xrt
h(t) — (f220,T220) — (My, Xx7) -
spectroscopy <@§
72
hMw) = Raa(w) — (Mg, xr) — VY
greybody factor K
My
Xrt
<
v{/////f/_z )
@ Q ===,
=
i,
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Novel test of GR with GREYRING

Rosato+; 2604.11895

X7 4
h(t) — (fa220,T220) = (M¢, X¥) i

_ =)
spectroscopy <@§
72

~ [(——
hw) = Raa(w) = (M, x¢) @G
greybody factor MM A
>
My
> Ringdown-only, agnostic consistency test oA
B ) «
222
Y A
* Only dominant l=m=2 mode 8 C =
) -
> No overtones involved (“resummed”) 5
=
» Entire frequency dependence >
My
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GW250114 with GREYRING

= GREYRING

(1+2)M [Mg)] X
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GW250114 with GREYRING

QNMs 220 Greybody factors

fmin = 80Hz
fmin = 110 Hz
fmin = 140 Hz
fmin = 170Hz
fonin = 200 Hz

M [M;)] X (1+2) M [M)] X

Dependence on starting frequency much weaker compared

to dependence on starting time in ordinary spectroscopy
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Conclusion & Outlook

Ringdown is complicated...but rich!

> QNMs (as eigenvalues/poles) do not necessarily

describe time-domain signal
» Greybody factors imprinted in ringdown

> Novel tests of gravity

Work in progress with GREYRING :

2
(3
|2
KEn
b =2
&
.
K5
k=2
(5

» Improved IMR waveform models with GFs

o

> Theory-specific tests
* Include mode-mixing, nonlinearities, ...

» Fitting formulas from NR, incl. precession
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Thanks for your attention!

My precious...
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Backup slides

“Nothing i1s More Necessary than the

Unnecessary” Jcit.]
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QNM spectral instability #3

> Analytical treatment in terms of transfer matrix

lanniccari+ PRL 2024

Vo(r.)
in state s s r by out state
0y < “— Yot E Vs Fhow
r ’ 7 7
1 by o ty Va(r,) 1y 0
£\ - ‘éf"‘\::;;xfﬁ\\\:jaﬁ\_ﬁ;a'
2 iy
s
1 L N N B I N R S B B N B B B B BN BN BN B N B S S B R B B B B R R | T v T | T T T
190- [].l:!?l"] ]
u |R.e[Aw02]/Re[w02]| 0 = E:i":i;
1072 ® | Im[Awgs]/Im[wee]| : £ o
L 0185_ I 0.1770F i
g — 0.1765
% 10—4 .E. ----------------- __ﬂll?m {]'.T-AITU []'.T-AJT:') []'.7-118[1 [}.Tj]H:')
3 £ 0.180 Refo] i
a |
—6 i
10 0.175] -
10_8 TN T Y TN NN TN TN T TN Y TN T N TN N T N TN NN T NN T N T N TN N N SN 0.170-...|...|...|...|...|...|...|.
20 30 40 0.744 0.746 0.748 0.750 0.752 0.754 0.756 0.758

10

Re [@02]
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Bonus Part
Black Hole Amplitudescopy




BH spectroscopy

> QNMs in GR depend only on mass and spin — Null-hypothesis tests

» Searches for GR deviations:

t

Z A; COS QWfKerr(l + 0 fi)t + Cb@) ~ rKerr(1457))

f@' — fiKerr(l -+ (Sf@) T, — TiKerr(l -+ 57'@)
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BH spectroscopy

> QNMs in GR depend only on mass and spin — Null-hypothesis tests

» Searches for GR deviations:

t

Z A; COS QWfKerr(l + 0 fi)t + gbz) - rRerr(i45ry)

f?} = [+ 6 1) 7, =1, (14 0m;)
Limitations of this approach:

L. §f,, 87 = const~ no theory with this property

2. 0fi(x),07(x) functions of coupling and spin — need to solve

PDEs « S

Small-spin expansion Brute force numerical resolution

* High order needed * Accurate, but theory dependent

* Many parameters or theory dependent
ParSpec: Maselli, Pani+ 2020, 2024; Carullo 2021 Review: Dias, Godazgar, Santos

Small-spin: Pani+ 2009, 2013; Molina+ 2010; Pierini-Gualtieri Applications: Chung 2023-2024; Blazquez-Salcedo 2024
2021, 2022; Wagle+ 2022, 2024; Cano+ 2022, 2023
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BH spectroscopy

> QNMs in GR depend only on mass and spin — Null-hypothesis tests

» Searches for GR deviations:

t

2ﬂ_fiKerr(1 +5fz)t _1_ @Z) 6_ q-%Kerl“(l—}—ﬁTi)

Limitatio
L. §f,, 07 = const™ I

2. 0fi(x),07(x) functions of couplinE—ee . to solve
« T
PDEs

Small-spin expansion Brute force numerical resolution

* High order needed * Accurate, but theory dependent

* Many parameters or theory dependent
ParSpec: Maselli, Pani+ 2020, 2024; Carullo 2021 Review: Dias, Godazgar, Santos

Small-spin: Pani+ 2009, 2013; Molina+ 2010; Pierini-Gualtieri Applications: Chung 2023-2024; Blazquez-Salcedo 2024
2021, 2022; Wagle+ 2022, 2024; Cano+ 2022, 2023
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Not only QNM deviations

> Lovelock theorem: extra DOF are almost unavoidable beyond GR

> Scalar: Horndeski, f(R)

» Vector: Proca-Horndeski, Einstein-Aether,

(Maxwell)
» Tensor: massive/Weyl/quadratic gravity
» EFT approach to GR

» Low-energy string theory

Higher dimensions

WEP violations

»

v V
Extra fields 4 ) » | Diff-invar. violations

Sotiriou 2015
Berti+ 2015

\‘

’,,

R

ol fi Dynamical fields ’ . R
T L -violati
Nondynamical fields (SEP violations) Massive gravity orentz-violations

Palatini f(R)
Eddington-Born-Infeld

I

icf(R) Einstein-Aether TeVeS
Horava-Lifshitz  Bimetric gravity

dRGT theory
Massive bimetric
gravity

Einstein-Aether
Horava-Lifshitz
n-DBI
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Not only QNM deviations

> Lovelock theorem: extra DOF are almost unavoidable beyond GR

> Scalar: Horndeski, f(R)

Higher dimensions WEP violations
» Vector: Proca-Horndeski, Einstein-Aether, .
Extra fields - B ) . |Diff-invar. violations
(Maxwell) .
Sotiriou 2015
. . ) Berti+ 2015
» Tensor: massive/Weyl/quadratic gravity , \ J \
Nondynamical fields pnamicalields Massive gravity Lorentz-violations
(SEP violations)
b EFT approach t O GR Eddinz;lc?r}l-g;ﬁnfeld Masngvr:Vl?ti;netric ngrsaggl_BiI:hitezr
 Scalars L | Tensors
. Salar-tensqr‘ Mt?trict(R) Einstein-Aether ~ TeveS
» Low-energy string theory it

» Two generic predictions of extra fields in the ringdown:
@ Deformation of the Kerr QNMs

0 Extra modes in the gravitational signal, excited during the ringdown
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Example: Chern-Simons gravity

9l = Tom /d‘lx\/ gR — —/d4x\/—ggabvaﬁvb19 +%/d4$\/—g?9*RR

Alexander-Yunes, 2009
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Example: Chern-Simons gravity

5 = Tom /d‘lx\/ gR — —/d4x\/—ggabval9vb19 +%/d4$\/—g?9*RR

Alexander-Yunes, 2009

Nonspinning BHs = Schwarzschild, but different (axial) perturbations:

d? 5 ((0+1) 6M
drs {w f[ rz2 3
d? 2 L(0+1) 576w M?2a 2M
o [ ()

e
e

Cardoso-Gualtieri, PRD 2009

Molina+ PRD 2010
967w M f

5
L+ 2)!6Ma
(£ —2)! r°83

a0,

f
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Example: Chern-Simons gravity

9l = Tom /d‘lx\/ gR — —/d4x\/—ggabvaw9vb19 +%/d4$\/—gﬁ*RR
Alexander-Yunes, 2009
Nonspinning BHs = Schwarzschild, but different (axial) perturbations:

Cardoso-Gualtieri, PRD 2009
Molina+ PRD 2010

d? {w2f[£(£+1) 6M'}\I, 967era@7

drs 72 s | il
d? £+ 1) 576w M?2a? 2M ] (L+2)! 6Ma
—0 2 1 — |6 = W
dr? +{w f[ 72 ( ’ ro3 )+ 7“3_} f(€—2)! s
10° 1 T T ;
» Deformations in the effective potential ) Scalar modes in g
10 gravitational
E . =
» Scalar & grav perturbations are coupled ~ 107 perturbations
E g
T 10°F .
> Two classes of modes B :
10 Molina+, PRD 2010 -
» Coupled system of harmonic oscillators U] S I I
50 100 150 200 250 300

Unavoidable when extra fields couple to gravity: VM

> Gauss-Bonnet [BiazquezSaicedo+ PRD 2016], Weyl gravity (antoniout+ PRD 2025, even Maxwell
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Modelling ringdown extra modes

Crescimbeni+ 2024-2025

Lestingi+ 2025
t

ZA COS QWfKerr(1+5fz)t+¢z) rRerr (14.57;)

fi _ fiKerr, s:O<1 4+ 5fz)
+ Z AZ- COS (27Tf@'t + cb@-) et/ . e .
i o
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Modelling ringdown extra modes

Crescimbeni+ 2024-2025
Lestingi+ 2025

t

Z A, cos 27ere”(1 + o fi)t + %) - rRerr(i4s7)

A

fi= £ =01+ 6 )

—|_ Z A’[, COS (27Tf@t —I_ ¢’L) e_t/T”f A Kerr, 5=0

=1 1 (l+0T)

» Crucial simplification: amplitude proportional to the coupling — to leading order:

t

ZA COS (2 fKeI‘I‘ S— Ot—|—¢z) Kerr s=0

Pros:

» Kerr QNMs known for any spin, only beyond-GR parameters: amplitudes & phases!

» Same pattern function and spheroidal harmonics — Inclination angle factors out
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Amplitudescopy on real data

» GW150914: golden event, still largest ringdown SNR, overtone debate [si+, Cotesta+ ]

» GW190521: upper mass gap, tentative detection of 1=3 mode [capano+ 2021]
> GW200129: “false” GR deviations, tentatively ascribed to precession [Maggio+ 2022]

GR1
1.2 4
A — GW150914 —— GRO+S — GRO+5
O“ = GR1+S
1.0 — == GW190521 —O— GRO+V A
. S GW200129 —— GR1+S
S i
g 0.8 g\ - —— GRI+V ©
. i 2 1/l GW150914
75) 0-6 Q
gw N
58 0.4 .
= |
< 02
Q
S 0.0
[=Y0)
<
—0.2 7 i\/ '
i04_
-2 —1 0 1 2 3 4 5 6
tOffSGt [mS] Qb \C-'/ Cbm 0 ; ” ?
M¢(Ms) X As Aran

GRI1 vs: GRO+S, GR1+4-5, GR0+V, GR1+V

Scalar- or vector-driven modes

— no evidence affect parameter posteriors
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QNM shifts + extra modes

Recovery without extra mode

‘Recovery with right model

P(fcs)

|:| anj_n Y= 0 |
1/ anj—l Y= 0
3 yiny=5y=0
1 =1 ¥ing=10,y=0

_': 'r’]nj=0:'r'=0
3 vin=1ly=1
C—J Vi =5, y=5
1 1 yip=10,y=10

P(lcB)

-ziETnﬂl = ’YETnﬂlc:'

5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Lo (km)

t

ZA COS 27TfKerr(1—|—(5f1)t—|—(}5i) Kerr(l—l—ﬁ'r)

/ ~Kerr, s=0

+ Z A; cos (Z?TfKe” =l (;5@) % .
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QNM shifts + extra modes

T T =

|||||||

Yinj = O

-——

=T

ol =y ]

Y T

bty T gt
L

a
-
]

] e e e

Yinj = 10

-

=

10.0 12.5 15.0 17.5

7.5

5.0

2.5

-r_|_|_
1
L LM
m
188« ©
o o o
oo __
o o o
PAR A
1 & & « =
T T < -
ks

Yinj = 1

17.5

15.0

10.0 12.5

7.5

5.0

2.5

0.0

12.5

0.0

Le (km)

Lce (km)

» Extra mode breaks degeneracy and allows using only fund. grav. QNM

25,26
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Part |
Amplitude-Phase Fits




Ringdown

Inspiral Ringdown

Inspiral Merger  Ringdown
L | [ | —

GW250114

hringdown ~ Z Az Sin(wit + ¢i)€_t/ﬂ

T TTENS I
U ~\ J
\\ ’/

N5-————
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Ringdown

Inspiral Ringdown

Inspiral Merger  Ringdown
L | [ | —

GW250114

hrlngdown ~ Z A Sln@ + ¢z

\
4 -

N~-————
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Ringdown

Inspiral Ringdown

Inspiral Merger  Ringdown
L | [ | —

GW250114

hringdown ~ Zln@ e_t@
4 SR e 2

o —
e =~
N

9 |

~ -
N5-————

\_ Progenitors \_ Remnant )
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Modelling amplitudes & phases

Focus on circular, non-precessing binaries [see Anselmo+ 2512.05193 for precession]

» London+, 1810.03550, Cheung+, 2310.04489
» Forteza+, 2005.03260; Pacilio+, 2408.05276; Magana-Zertuche+, 2502.03155, ...
» TEOBPM (Damour-Nagar, 1406.0401; Del Pozzo-Nagar, 1606.03952)

» SEOBNR (Y. Pan, A. Buonanno+, 1307.6232)

L’/ ----- O — hgﬁ_m — (_1)£hzm

- ———

Progenitors Remnant

Fit model against Numerical Relativity simulations from SXS catalogue

P. Pani - GreyRing - GWSky online seminar, June 2026

5/27



Mismatch wrt NR

Crescimbeni+ 2511.02915

SXS: BBH : 0301, ¢ = 9.0, 1. = y2. = 0

10-1- —— London
—— Cheung
— —— TEOBPM

0 5 0 15 20 25 30
22 (M)

start
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Mismatch wrt NR

tstart = 15]\’1 tstart = 1[]]\"1 tstar‘t == 5]\’1 tsta.rt - UI\"_[

tstart = QUh’l

FEELE

(2,2)

(2. 1)

(3.3)

(3.2)

[ Cheung
[ London
@ TEOBPM

:

1

0

M2

1

0

e
e

e
A33)

23998

1077 10~ 10~
M3:2)

Crescimbeni+ 2511.02915
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Good or Bad News?

1

Aq =

~ 9SNR"

Simplistic rule of

thumb to avoid
systematics

= 0M

tsta.rt

=5HM

tsta.r‘t

= 10M

t start

= 15M

i start

= 20M

tsta.rt

(2.2)

(2.1)

(3.3)

[ Cheung
[ London

™ TEOBPM ‘

sl

W'

s

o

Al

Fre

'y

10i 1[)[ 107= kil

M2

1
'

M2

IOI 107 i

MBI

107

10~
M(32)

» BT / LISA will ringdown SNR~100-1000 Bhagwat+ PRD 2022, Bhagwat+ PRD 2023]

> Are we ready for future detectors?
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Amplitude-Phase consistency test

| | | GW190521
8 = Capano,2021:non GR = Injection: KerrBH
-« Capano, 2021: Kerr BH = Ours: Fixing polarization
6 X NRSur7dq4 = GR prediction
' « ET
LIGO

80 o1 02 03 0.4
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