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Masses in the Stellar Graveyard - GWTC-4
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Stochastic background of gravitational waves

We see a SGWB from PTA o
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Gravitational wave astronomy

We are past the discovery era! el e .
Enough sources to do astronomy AR \ S B —
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Fundamental physics with Black Holes

Figure taken from [1]
| I I 1

Gravitational waves (GW) are wave solutions to Inspiral Marger: Ring-
Einstein’s equations:

* Perturbations from accelerating masses Q () O ‘I

* Propagate as speed if light
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Shape of GW signal carries information on: S
~ O_O & —

=
* binarydynamics E-o.s . J |

* the nature of the binary components - 1.0 \

"4V T — Numerical relativity g

* the non-lineardynamics of spacetime s Reconstructed (template)
. . 1 I 1 1
* the nature of the final object nature : : I :
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. 2 0.5 H— Black hole separation .
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CBC sources are probes of gravity

1 Figure taken from [1]

GR is very well tested but we 10 L
- 2| |
know it is not the full answer: 0 GW15121V
« GRis notrenormalisable 104 - /_
* Dark energy — 107 [ GW150914 |
. . - ' S Double Bi Pul —
« Predicts singularities £ 10_6  (Shapiro Delay)
« Horizons and information paradox o 10 1 N
m; 10-8 Double Binary Pulsar
We might want to test S 10 9 B LAG.EOS (Orbital Decay) N
* high curvature regions N‘W’ 1?10 B Cassini -
« Strong gravitational fields =, 10 : N
g g . = -11 _Lunar Laser Ranging Pulsar Timing Arrays _
* Dynamical regimes 10 ¢ o
-12
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GWs from binary systems from LVK are 107 -
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they are dynamical. d=M/L
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How to break GR

Figure taken from [1] Higher dimensions | WEP violations I
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Exotic compact objects

}C}{f}{]\{Q Figure taken from [1]
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Maybe what we see with GW signals - -
are not Black Holes?
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Overview of this talk

Parametrized inspiral tests (TIGER / FTI) DS, Kerr
Tidal deformability, Spin induced multipoles (pyRing)
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Inspiral Merger Ringdown

Resources: Joachim Pomper

Based on data from: https://zenodo.org/records/16877102
Inspired by Figure 6 in[1]
[1] LIGO-Virgo-KAGRA Scientific Collaboration, (2025), arXiv:2509.07348
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INSPIRAL TESTS
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Parametrized Tests

Agnostic approach: Take an IMR waveform and modify PN
Alternatives to GR can introduce extra- coefficients from GR values [1,2]:
fields, curvature terms, challenge GR . '
pillars, etc ... h(f;0) = A(f;0)e )

7
Search for specific alternative seldom O(f;0) = (or + o) fE £ 3" pig(f)
feasible, we do not know an IMR ] k=0 i#k

post-Newtonianh series effective series

waveform in alternative GR! B oL
QOJ = 90_7 (m17 ma, S1, 82)

All putative violations change the phase G = %GR(l +6p;) 09 =0 < GR
in some way, let's try to look for -
departures from expectations!
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References:

[1]Li etal. (2011);arXiv:1110.0530, Agathos et al. (2013); arXiv:1311.0420
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Hierarchical analysis: combining many events (1

How do we combine knowledge of many observations?

Hyper parameter distribution:
e Must beinferred from data
* TGR:A = pp, M,

We measure: © = ¢, M, xeft, .

/

P (@|Dé\lf)s) — fdA Fpop (@‘A) Boyp (A|Dé\{3svHP)

/ \

Combined distribution: Population Model:

« TGR: © = d¢, « Must be modeled (Population hypothesis)
 Parametric vs. non-parametric ?
 TGR: minimal knowledge, multivariate gaussian
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Hierarchical analysis: Inferring the population

How do we infer the hyper-parameter distribution? Several Packages
e |CAROGW [3]

Hyper parameter prior * FlGARP [4] .
/ * Gaussian mixture [2]

Phyp (A‘Dé\{)sa HP) = 11 (A) e i\f;b{, Ehyp (A‘DNObS)

/ \

Selection function: [1] Reweighted single event posterior

* Corrects for biases through non-

observation due to the detector. . P(© |Dk)
e TGR: omitted i.e. e®™ =1 Lnyp = f d® Ppop (@|A) I1(©)

Resources: J .
[1] Vitale, Gerosa, Farr & Taylor (2020); arXiv: 2007.05579 oachim Pomper

[2] Zhong, Isi, Chatziioannou & Farr (2024); arXiv: 2405.19556
[3] Mastrogiovanni et al. (2023); arXiv: 2305.17973
UNIVERSITA DI PIsA [4] https://figaro.readthedocs.io/en/latest/




TIGER/FTI: Current constraints

0 GWTC-4 (FTT) © GW170817 (FTI) w GW250114 (FTI)
® GWTC-4 (TIGER) e GW170817 (TIGER) * GW250114 (TIGER)

—-1PN 0PN 0.5PN 1PN 1.5PN 2PN 2.5PN log 3PN 3PN log 3.5PN
10" o
o T
10 -2
8
] )
% o) g
109 i |
= 1073- - il Q
S _'_k_-
LE LJ - (o |
8 - 1
" O % x
H O ) A¢
¢ O
10_47 10_1- EJ o T ii *
- ® Lt
& kg e
¥*
| * L
) | . | | . | | . |
Q-2 ) m (119) @3 @4 Qs Pe @Pol (14}
PN order PN order

Joachim Pomper

References:
g 1“ z°. [1] LIGO-Virgo-KAGRA Scientific Collaboration, (2025); arXiv:2509.08054
ik [2] LIGO-Virgo-KAGRA Scientific Collaboration, (2026); arXiv:2603.19020

UNIVERSITA DI PISA




Future detectors: TIGER for ET
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Black hole mimicker tests with the inspiral

Spin induced quadruple Moment [1]

Quadrupole moment due to
deformation byc rotation.

Q = —rx*m?

Blach hole uniqueness
KerrBH: k=1
Other objects

Neutron star: K € |~ 2, ~ 14]

Bosonstar: k€ [~ 10, ~ 150]

References

Tidal deformability [2]
Induced quadrupole due

/ 5)
\

to an externa tidal field.

ko

wlino

Black hole are stiff

Tidal deformability A =
Other objects [3]

Neutronstars A ~ 140 (C = 0.2)
Boson stars A>276 (C=0.2)
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Tested spin induced quadrupole moments [1]
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No love for black holes candidates [1;

R
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Ruled out!
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Minimal

Massive (a=10%)
Massive (a = 10%)
Massive (a=10*)

- Solitonic (g¢p =0.05)

[1]Andrés-Carcasona & Caneva Santoro, (20250); arXiv: 2512.01918
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TESTS OF THE REMNANTS
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Ringdown in the time domain

5 GW150914, from [1]
Signal model: [2]

Sy (t)
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QNM frequencies are poles of the
Teulkolsky (FD) Greens function:
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i [1] Carullo, Del Pozzo & Veitch (2019); arXiv:1902.07527

[2] Berti, Cardoso, Carullo, et al. (2025); arXive:https://arxiv.org/pdf/2505.23895
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Ringdown: Linear order vs. higher order [1,2]

g=9+¢eh) 1 h2 L O

Gyl = G, 51 + €G] + & (GRIAD] + GEIAY, K] + O(e) = 0

-

—0 0

1st order:
(83 — 8,3 — VRWZ) vl) =0 Source of quadratic modes
2nd order: / Perturbation less decayed

= more excitation of non-lin mode
(33 — 92 — Vsz) ¢ = @M g
* Effects expected closer to signal peak!

Joachim Pomper

References:
Z [1] Macarena Lagos & Lam Hui (2022); arXiv: 2208.07379

aas [2] Bucciotti, Juliano, Kuntz, Trincherini (2024); arXiv: 2406.14611
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Ringdown: The EOB picture Geodesc n g,

The idea[1,2]:

Relativisitc two body problem

l

Point particle perturbation on
effective Kerr background

Test mass limit - Schwarzschild BH
with point particle Perturbation [3]:

(atg — 63* — VRWZ) ‘I’(l) — Spp(t:?'*)

References: Joachim Pomper

[1] Buonanno & Damour, (1998); arXiv: 9811091
[2] Damour & Nagar (2014); arXiv: 1406.6913
[3] De Amicis et.al, (202); arXiv: 2506.21668
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Dynamical vs. Stationary

— 220 —— 220,2-20,221,2-21,222,2-22,223,2-23

101 5

AjeTT

-10 O 10 20 30 40 50 60 70

Resources: Joachim Pomper
[1] Inspiration from: De Amicis et.al, (202); arXiv: 2506.21668

= [2] RWZHyp solution: Bernuzzi, Nagar &Zenginoglu, (2011), arXiv:1107.5402
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[3] Fits produced with bayRing: https://github.com/GCArullo/bayRing



Driven harmonic oscillator analogy

Current knowledge: Inspiral Open problem

V

Current knowledge: Ringdown

Free oscillator Open problem | Current understanding | , ,

1.251 . :
[ Driven oscillator

00 e e s e e

p—
s
0.751
QN\ \/\/\f'o-O 5
0.50- \K
0.251
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Time from peak [ty] Time from peak [ty]

Excitation
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=7 Credits:
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Systematics: We don’t know the peak time

Atgelak [M] Figure taken from [1]
—4 —2 0 2 4
tgelak posterior Ringdown start time
IMRPHENOMPV2 0.16 quantile
SEOBNRvV4ROM = Median
0.84 quantile
Isi et al. (2019)
—2.0 —1.5 —1.0 —0.5 0.0 0.5 1.0 1.5 2.0
H1
Al’;peak [IIIS]
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Higher mode detection

Model selection via Bayes factors

PHM|D) _ P(HM) P (D|HM) _ OHM(tstart)
B (gt

* BF support on 90% CI of start-time

Amplitude posterior support

* Less dependent on prior ranges.

15.0
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GW231028B (GW231028_153006) - Kerr
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220330 np
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221 np

Pkt posterior 22-mode

EXXEX
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90% CI (all-mode)
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* Allows to investigate mode evolution with time.

) References:
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[1] Data for plot taken from: https://dcc-llo.ligo.org/LIGO-P2600130/public
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Sky-location systematics

In current LVK analysis, the sky-position is fixed

due to similar issues as with the start time
Sky position posterior [1]
15° for GW250114

Sky position can be 60°

1) badly localized

Birmingham'

2) bi-modal (see ->) 45°

30°
Fixing sky position

can introduce 15°

a bias. -150° -120°  -90° -60° 90° 120°  150°

00

Dec

Improve this with  -15°
new proposal [2]

-30°

Joachim Pomper
Resources:

[1] Data taken from: https://zenodo.org/records/17018009 27
[2] Dey, Barausse, Crisostomi, Trotta (2026) arXiv:2605.18595
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Ringdown templates

Damped sinusoids
Bl Kerr

l | Kerr binary

Free intrinsic

Models parameters Assumptions ,
B Kerr postmerger
Damped sinusoids [ 7 Ay, b
Kerr *'murf Ly, 44-!.'"1!1 s '-r.-':]f.’nln f&'mn (ﬂ-{f tf-’:f):
(Kerr-informed f, 1) Temn (M, ay)
300
. = \
KerrBinary M2, X12 femn(My, ay). T 950} ‘ ) I\
(NR-informed Temn (M, ay), A “ '
fj T. A- G‘)) Jé-ﬁ'nul('ni-'l,z'! Xl.?)! 200 F o ‘\
o Gemn(Mmi 2, X1,2) 10 % : > e s
_.:_, 5F - - ; "
KerrPostmerger My 2.Y1.2 Jemn(My,af), a =5 1 s
(NR-informed Temn(My, ay), 1
- Apn(t;m1 2, : 0b—0 - : A . A S
f,m, A(t), o(t)) Atmn (t:m1,2, X1.2); 50 00 0 1 200 3000 10

@E’vnn(t; 2, Xl..'z) ‘If [‘I] arg f‘l? [H:]

o9 [ms]

Resources: Joachim Pomper
Table taken from Section 6, Table 7 in [1]

= Pot taken from Section 6, Figure 6.1 in[1]

2 [1] Berti, Cardoso, Carullo, et al. (2025); arXive:https://arxiv.org/pdf/2505.23895
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Ringdown templates

Free intrinsic

KerrPostmerger m12,X1.2 Jemn(My,af),
(NR-informed Temn(My, ay),
A—E’Hua (t my 2. X1 .2):
q'jf:'mn {f my 2. X1.2)

f.r A(t), (1))

Models parameters Assumptions
Damped sinusoids [ 7 Ay, b

Ke rr Jmlirf-: ”—f: iq-t'nun '-r.-'jl‘:'m,n fﬁ'mu (ﬂ-'-{f a‘f)-. E
(Kerr-informed f, 1) Temn (M, ay) :
KerrBinary mi2,X1.2 fg-”m(flff_, fl-f)._ E
(NR-informed Temn (M, ay), :
[ -A mn T2, X ] :
£, A ¢) L (m1,2,Xx1,2), E
Permn(mi 2, X1,2) .
L}

Resources: : Joachim Pomper
[1] Table taken from Section 6, Table 7 in [1]

o [2] Pot taken from Section 6, Figure 6.1 in[1]
i [1] Berti, Cardoso, Carullo, et al. (2025); arXive:https://arxiv.org/pdf/2505.23895
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Searches for higher modes with pyRing in O4a

GW?230914 111401
Kerrao4 mn =220+ 200

DS
logi0B7p

Istart — rpe&lk [GM%CWCB]

(a) DampedSinusoids

References:
[1] LIGO-Virgo-KAGRA Scientific Collaboration, (2026); arXiv:12603.19021
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Parametrized RD tests of GR with O4

1.0 e

=== Hierarchical combination
=== Hierarchical combination (logoB%;.. > 8)
-—= GW250114

—-—= GW231226_101520 0.5 ;
—-— GW231028_153006

. « ool

f220 = fap0 (1 + & f220) |

GR X |

T220 = Tag0 (1 + 07220) 0571
—l.OI o l—OI.SI o IOjOI o lOiSI o Il.O

Resources for plot: Joachim Pomper

[1] GW250114 data: https://zenodo.org/records/17018009
[2] GWTC-4 data: https://dcc-llo.ligo.org/LIGO-P2600130/public
[3] Values taken from the related papers/the data from the releases.
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First robust detection of an overtone

I~ =f_tpcak [ms]
Kerr- Template 2 3 4 > ¢ ! 3 ] P

N Figure taken from [1]
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No-Hair tests — Testing the Kerr nature

err Kerr N
J221 :f(;; )(Mf,)(f) exp(6fa1) Y221 = ?’521 )_(Mfa)(f) CXP(5}’221)

=80 Figure taken from [1] ——— PYRING
270 | — pRr?::}DOWN
5 260 -
& 250
X 240- |
2301 L 4
SES X 71=0.68, (1 +7)M;=68.4Mq ?
220 L/ ' . . | .
200 300 400 -0.5 00 0.5
(142) f>21 [Hz] Of221
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Hawkings Area Law

The second law of black hole mechanics states that
the black hole horizon area cannot decrease in time.

dA

— >0

dt —
The Theorem is based on three axioms
General relativity

2) Null-energy condition
3) Objectis aBlack Hole

—
~—

Aim=x( )" (141 7)

C

. References:
a4 [1] Hawking & Ellis (2010); DOI:https://doi.org/10.1017/CB0O9780511524646
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F1aure 60. The collision and merging of two black holes. At time 7,, there are
apparent horizons 8.7, 87, inside the event horizons 0%,, 0%, respectively.
By time 7,, the event horizons have merged to form a single event horizon;
a third apparent horizon has now formed surrounding both the previous

apparent horizons.

Figure taken from [1]
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Observational test of the Area Law

Calculate area in the inspiral and Ringdown Figure taken from [1]

independently from masses and spin. D
Hawking t< ts
Area = 1
> i
= Theorem =
A=A+A4 < A 5 : ]
P— ‘ ) s
! I 2 / O Full signal A _p 4
> measuremennt : . A "
é 1 ~50 0 so |
o . e t'tpeak [fM]
The test is based on three assumption: g
o) Energy
5: Conservation
1) Signal originates from a quasi-circular ~ FESSSEEE <
merging binary N —— ..
2) GRisvalid away in highly dynamical regions 0 1 2 3

3) Black holes are described by the Kerr metric Fractional Area Difference, (Ar—.A;)/A;
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An alternative approach: pSEOB

Figure taken from [2]

pSEOB analysis [1]: 1.00 e

i N A A GW200129_065458
nsp_plunge . r | GW231226_101520
h(t;0,0w,d7) = h (t)© (t - tmatch) 0.75 | hierarchically
i 1 combined
+ hmerger—RD (t)@ (tfnﬂ;tch _ t) [ 1 joint posterior
0.50 -
merger—RD . S [ J
P () = | _ 8 025k =
1 M A (t) e Pem(t) g —i0emo (E—tmaeen) [ 1
i 0.00 [ ]
Otm0 = femo — —— -
T¢mO0 i
-0.25
GR A i
Tem0 = Temo (1 + OTmo) [
— GR r - i 1 1 1 I 1 1 1 4 1 1 1 I 1 1 1
femo = Fomo (1 +of fmo) 03007 0.2 0.0 0.2
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Status on higher multipoles: (4,4) in GW250114

10t
Models: :

Figure taken from [1]

—— 22046221t = 9ty !
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SUMMARY & OUTLOOK
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Summary and outlook

« We will see louder events:
- These will dominate TGR constraints.
- Waveform systematics will become increasingly important.
* More events and GW-Astronomie :
- We will learn about the (sub)-population(s) of black holes (mimickers)
- We need to improve hierarchical methods for test of GR
* Ringdown:
- Great observational tool with independet systematics
- Community is converging and first robust overtone detection.

- Thefuture of Ringdown are the dynamical aspects!

Joachim Pomper
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Gravitational-Wave Transient Catalog
10 Years of Detections (2015-2024) of Compact Binary Coalescences with Black Holes and Neutron Stars
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Bonus Material
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Systematics of parametrized deviations

B 00 BBH population
® ® ® (Observed events

© @ @ [nspiral SNR too low

log,y (A™M/AY)

—2.0 —-1.5 —=1.0 =0.5 0.0
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Sky location: Marginalization [2

Time from H1 peak [Mf], M,=68.1 Mg

—-30 —20 -10 0 10 20 30 40 50
Time delay between ' ' ' | ' ' ' ' |
. Hanford (H1)
Detectors a function 10 - Whitened strain [o]
Of sky location.
O .
State-of-the-art:
. . . GW250114 data
F|X Sky locat|0n W|th —10 - I Ringdown template
. 0 ® Peak time
maxL estimator. —
i Livingston (L1)
10 - ! Whitened strain [o]
New proposal [2]: |
by Dey, Barausse, 0- :
Crisostomi and Trotta |
i GW250114 data
—10 - ; Ringdown template
i ® Peak time
~0.010 0.005 0.000 0.005 0.010 0.015

Data take from:
[1] https://zenodo.org/records/16877102
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GW250114 - Spectroscopy to =t — tpoui [ms]
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Injection studies: pSEOB
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Spin induced quadrupole moments: impact of spin

spins = (0.2,0.1)
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