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The first gravitational wave detections
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The first gravitational wave detections
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O4 and GW230529
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LIGO/Virgo/KAGRA Public Alerts

= More details about public alerts are provided in the LIGO/Virgo/KAGRA Alerts User Guide.

= Retractions are marked in red. Retraction means that the candidate wos manually vetted and is no longer considered a candidate of interest.

= Less-significant events are marked in grey. and are not manually vetted. Consult the LVK Alerts User Guide for more information on significance in O4
= Less-significant events are not shown by default. Press "Show Al Public Events" to show significont and less-significant events

04 Significant Detection Candidates: 142 (158 Total - 16 Retracted)
04 Low Significance Detection Candidates: 2484 (Total)
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O4 and GW230529

GW730529 &

Full name GW230529_181500

0\s;_overeu:l on 29 May 2023 2t 18115 o

most likely a merger between a
Neutron Star & Black Hole (NSBH)

~14M, ~3.6M,
Most symmetric NSBH event so far

more likely than prior GW NSBH to have the neutron star
ripped apart by the black hole

LUX @ geseremer | psLx

~ 650 million light years aw:
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Detectors Offline OR not operational

® Online BUT not used for analysis*
H o v @ @ Online AND used for analysis

Primary object in lower mass gap
further supports that this regi
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* Although the KAGRA detector was in observing mode, its sensitivity
was insufficient to impact the analysis of GW230529




Masses in the Stellar Graveyard

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




Why do we need...

1. ..to have a bank of extremely precise waveform templates?
2. ..to use different modeling techniques?

3. ..to go beyond GR?
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Why do we need...

o to have a bank of extremely precise waveform templates?

Hanford Livingston
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* chercher une aiguille dans une botte de foin
* looking for a needle in a haystack
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The future gravitational wave universe

10717

IMBHB
1079

102

haracteristic Strain

10—23

&)

1075

17184

= 3
~

10~ 102 10" 107
Frequency [Hz]

Einstein Telescope blue book (2025)

LUX ® geisieeter | psLk



Why do we need...

1. ..to have a bank of extremely precise waveform templates?
> detection and parameter estimation

2. ... to use different modeling techniques?
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Why do we need...

1. ..to have a bank of extremely precise waveform templates?
> detection and parameter estimation

2. ... to use different modeling techniques?

o very different sources

THE SPECTRUM OF GRAVITATIONAL WAVES Eesa

Observatories Ground-based Space-based observatory Pulsar timing array Cosmic microwave
& experiments experiment background polarisation

<

Cosmic
sources

LUX @ egpierei | pSL%



Why do we need...

1. ..to have a bank of extremely precise waveform templates?
> detection and parameter estimation

2. ... to use different modeling techniques?
o very different sources

Massive BH Binary Merger

THE SPECTRUM OF GRAVITATIONAL WAVES a [ ] W

(Extreme Mass-Ratio Inspiral}

AR+

ATATATATAAY

(Stochastic GwW Background_]

Cosmic String
Cusp

o GR highly non linear = need numerical and analytical
calculations
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LISA definition study report (2023)



The b.a-ba of gravitational waves

Aew
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\/\ The Einstein field equations
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The hierarchy of scales
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The b.a-ba of gravitational waves
W = \/—guv

matter fields

——
167G
o = ——|gIT"™+  A"[h,dh,&°h]
S~—— C ———
flat d'Alembertian 7°78,0, h non-linearities: A~hd2h+0hdh+hohoh+---

matter eoms: V,T* =0
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The b.a-ba of gravitational waves

W = \/_gyv T)‘MV
matter fields
——
167G
o = ——|gIT"™+  A"[h,dh,&°h]
~—— C N——_— ————
flat d'Alembertian 7°78,0, h non-linearities: A~hd2h+0hdh+hohoh+---

matter eoms: V,T* =0

Internal zone r < r
o point-particle approximation

__za:mafdfa Q

o finite-size effects: tides, spins
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The b.a-ba of gravitational waves

W = \/_gyv nyv
matter fields
——
167G
=L = ——gIT"™+  A“[h,0h,0%h]
~—— C N——_— ————
flat d'Alembertian 7°78,0, h non-linearities: A~hd2h+0hdh+hohoh+---

matter eoms: V,T* =0

Internal zone r < r
o point-particle approximation

__za:mafdfa Q

o finite-size effects: tides, spins
Near zone zone Agy > r > rg
o 2-body dynamics
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The b.a-ba of gravitational waves
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The b.a-ba of gravitational waves
— mm — GOy +my)

Gravitational wave field V= nims e
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dE .
<E> =—~(F) with F

. . dpP ... de
Dynamics period decay T eccentricity m

GW modes amplitude a(f) « (1. — 1)'/*, phase ¢(f) o« (1. — 1)°/3
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The different methods

(credit:Ana Carvalho)
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o Inspiral-Merger-Ringdown (IMR): effective-one-body,
phenomenological & surrogate models
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The different methods: gravitational self-force

bady zone
[r~m)

(credit:Ana Carvalho)

extemal universe {1 ~ M)
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close far

circular

Barack & Pound 18

we need to go to second order self-force for LISA's accuracy
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The different methods: numerical relativity

(credit:Ana Carvalho)

o solving the full Einstein equations o

o computationally expensive gravitational selfforce § seatoring
o add spins, eccentricity, etc. § z
Yl %g § ®

B

close far

Gettoknow

6WZ30529 ©

~

Detectors

. HOO®

Markin, T. Dietrich, H. Pfeiffer, A. Buonanno (Potsdam University and Max Planck

nstitute for Gravitational Physics)
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The different methods: post-Newtonian

Near zone

(credit:Ana Carvalho)
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o—e o point-particle approximation

separation circular . \‘
Py o o

o add spins, tides, etc. o

Current state-of-the-art:
o 4.5PN for p.p.
o NNLO for tides
o ~ 3PN for spins

Tanay et al. '23
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Full IMR waveform: the EOB class

(PN) Gravi Self Force (GSF)
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Perturbation Theory

String Perturbation
Theory
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Effective Field
Theory (EFT)

Classical Scattering
LISA waveform white paper '23
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Full IMR waveform: the Phenom class

h(f) = A(f) ey, =1{po.7, To.4s B1.3, @05}

Inspiral Intermediate Merger-Ringdown

strain (x1072)
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Kwok et al. ‘21
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Why do we need...

1. ..to have a bank of extremely precise waveform templates?
> detection and parameter estimation

2. ..to use different modeling techniques
> different sources, Einstein egs. hard to solve

3. ..to go beyond GR?
o better understanding of GR

o to answer fundamental physics and/or cosmology
inconsistencies

o to test the gravitational interaction
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GR: a beautiful and successful theory
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Limitation of current tests

~0.005

S 0.000

o agnostic searches: h(f) = A(f) eV D+ovn)

o limited theory-specific tests, ex:
o ST theories: 3PN dynamics, 2.5PN radiation, NNLO tides
o EsGB, Chern-Simmons: LO correcion, including spin

But:
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* we can miss some deviations
* no systematic way to connect deviations to new physics
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Limitation of current tests

1PN 0PN 05 PN 1PN 15PN 2PN 25 PN
L L L L L L L

~0.005

T {eded s

o agnostic searches: h(f) = A(f) eV )

o limited theory-specific tests, ex:

LIGO-Virgo '21

Yy = {09207}

o ST theories: 3PN dynamics, 2.5PN radiation, NNLO tides
o EsGB, Chern-Simmons: LO correcion, including spin

But:
* we can miss some deviations

* no systematic way to connect deviations to new physics

What if we had a dictionnary?
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The dictionary

A - ,
S = 7 fd4x V-8 {R ol A(p-2) Mip : (Rﬂvpa') }
P

n>3

o My new physics scale

o m characteristic mass of the system ~ lightest component
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The dictionary

2
SE A? f d*x V=g {R + ) A MY (RW'T)F}

p=3

o M, new physics scale

) 3p=4.5 My \2P2
oo (2]

o m characteristic mass of the system ~ lightest component

> stronger for low mass systems: higher curvature
> stronger in the inspiral

o leading correction at 3p — 4 or 5PN (tides) if no extra degree of
freedom

e | PSL*



The dictionary

2
§ = A? f d*x V=g {R + ) ey MY (R/w'f)p}

p=3

o My, new physics scale

P 3p-4,5 Ma\2P2
h~hcr-6- (?) . (_A) -y

m

o m characteristic mass of the system ~ lightest component

> stronger for low mass systems: higher curvature
> stronger in the inspiral

o leading correction at 3p — 4 or 5PN (tides) if no extra degree of
freedom

* systematic way to distinguish new physics from systematics

* can be directly integrated into existing data analysis methods
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Conclusion: we need...

1. ..to have a bank of extremely precise waveform templates
> detection and parameter estimation

2. ..to use different modeling techniques
> different sources, Einstein egs. hard to solve

3. ..to go beyond GR

> better understanding of gravity, fundamental physics and
cosmology questions

Thank you!
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