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Gravitationnal waves

A GW =space time deformation predicted by General relativity

A GW produced by:
I Binariescoalescence
I upernowe
I Rotating neutron stars fulsars)
i Early universe

A Science:
I Testof Generalelativity in several regimes
i Cosmology
I Eguationof state ofultra dense matter ijeutron stars)
I Compact star population studies (formation and evolution)
I Formation and evolution of galaxies
i Dark matter




Gravitationnal waves. sources and detectors

Sources

S

Extreme-mass- .
ratio inspirals Pulsars, supernovae

Wave period ‘ - ' . -

11020
Wave

Milliseconds
frequency

Years

Radio pulsar timing arrays Space-based interferometers

Detectors




Detection of gravitational waves

A Hfect of GW on freefalling masses
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Detectors sensitivities and source amplitudes
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Ground based interferometers:. UGO-Virgo-KAGRA network




Ground based interferometers: detection principle

A Detection principle: R
i Michelson interferometeion dark fringe N
-1 4 ;7
sengitivity: Y h_ /vH S
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Sensitivity increased with: input
i FabryPerot cavities (increase effective L) = 3-4km
I Power recycling (increas$fective P)
I Signal recycling —— v
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Fondamental noises
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Fondamental noises: guantum noise reduction

A Reduction of quantum noise:
i Increasedaser power
I Quantum sgueezing technique

Laser




Fondamental noises: guantum noise reduction

A Reduction of quantum noise:
i Increasedaser power
I Quantum sgueezing technique

Laser
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L1 Strain noise (1/vHz)

Fondamental noises: guantum noise reduction

A Reduction of quantum noise:
i Increasedaser power
I Quantum sgueezing technique
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4 detectors sensitivity
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GW searches

Short duration , Long duration
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continuous
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GW detections

A Detection of binarycoalescences by LVK

i 2NSNS Masses in the Stellar Graveyard

. LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neuiron Stars
I 4 NSBH

I 273 BHBH NS = neutron stars
BH = black holes

01+02+03 = 90, O4a* =81, 04b* = 105, O4c* = 3, Total = 279

* 04a, 04b, and O4c entries are preliminary candidates found online.
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Multi-messenger: low latency analysis gnblic alerts

Optimize detection of mukmessenger
events by

A Analyzing GW data in real time
A Sending alerts to enable folloup

Alerts content

A Sky localization
A Classification

Time relative to gravitational-wave merger

Detection [
Classification [ | E2r'Y Warning

Sky Localization [Jj Alert Sent

Detection
Automated Vetting 1st Preliminary
Classification
Sky Localization [

Cluster additional events [l |2nd Preliminary
Re-annotate [JJ|Alert Sent

Parameter Estimation [

: Initial Alert or
Human Vetting _ Retraction Sent
Classification ||

Parameter Estimation [ | Update
Classification ||Alert Sent

30s O0s  30s 3 minute 1 hour 1day 1 week
01-02: alertssent to identified partners
O3: open public alerts
hnY NBRdAzZOSR f | 469 yNJEAZY Fhéy QA I dyR-OA RSSIiVMEaTd GEN A O NA 6 dzil SR
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Public alert examples

S250119cv  BBH (~99%)
event ID: S250119cv
50% area: 2 deg®
e 90% area: 9 deg®
500///__,/""7__ _h’""-x_,_‘_h_-‘ B0°
30° 30°
0 ll‘ ] : ! | | | | Ill. 0
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GCN Circulars

GCN Circulars are rapid astronomical bulletins submitted by and distributed to community members worldwide. They are used to share
discoveries, observations, quantitative near-term predictions, requests for follow-up observations, or future observing plans related to high-
energy, multi-messenger, and variable or transient astrophysical events. See the documentation for help with subscribing to or submitting

Circulars.

5250206dm

Search for Circulars by submitter, subject, or body text (e.g. 'Fermi GRB').

To navigate to a specific circular, enter the associated Circular ID (e.g. 'gen123), 'Circular 123, or '123)
61 results found.

39715. LIGONirgo, peating Bursts from FRB 20250206A with FAST
39545, MMgQWﬂyﬁupwm&nMMaMWymmw
39510. LIGONirgo/KAGRA $250206dm: UppeLleﬂsimm_SLLO_M

39428. LIGONirgo/KAGRA S250206dm: Up

39378. LIGO/Virgo/KAGRA SZSQZQ&dm.J.i

20948 'Icnnlkgommmmmmmmm
event 1D: 5250206dm i imi

50% area: 38 deg®
90% area: 547 deg®
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| | : N i
gh ah gh Irgo/KAGRA $250206dm: Spectroscopic Classification of AT2025bay and AT2025baz with Keck I/LRIS
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First BNS detection: GW170817

wFirst binary neutronstar merger(BNS detectionin 2017 GW170817§§§

wMulti-messenger Astronomyith GW170817

508 LlGO = Vil'gO Fermi/GBM

0
0

SALT

counts/s (arb. scale)
normalized F,

2000

400 600 1000

t-t; (s) wavelength (nm)
event also observed across tB® spectrum: o
| | ] !
I short gammaray burstGRB150101B G
I associatedkilonova: bright electromagnetic radiation L —
I MM publication: https://arxiv.org/pdf/1710.05833 ke .
Spueal, . - o
EETTAC ST 17 Comat S T, SGRD SO ESEYLT M, 50T U S |\!| TR NN I
A Many results: M Lnnpm n
. . . Radi \ [ —
I confirmsthe production of heavy elements througkprocess e o w1 W
nucleosynthesis iIBNS mergers . LIGO \0" o |
. G |
i Link between BNS an@BRBs ool Cha
i Hubble constantsee next slide) | =3
I Speed of GWsee next slide) ; Fég"»;’,"’ 77 :
. . 1 2h h YJK, 9d -ray
i Constrainton EOS of NS Ny - "[ [ormo-zss - _
INTEGRAL
I Testsof GR S ]
-30° .30° =
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Hubble constant and speed of GW

GW170817the first and only bright standard siren
Hubble constant measurement:

The identification of an EM counterpaaid host galaxy yielded the first
cosmological measurements with GW standard sirens

A GW signal => luminositlistarce
A Host galaxy identified by EM observationsredshift measurement

Hy =697 g km s' IMpc' !

Joeed of GW:
A Sringent constraints on the speed of GW:
b 8l0F M& ¢/c-1 <7x10P M¢ 40

counts/s (arb. scale)

=>rules out several modified
gravity models
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Bventsin the & Yass gape

A GW230529 https://arxiv.org/abs/2404.04248
I most probably a NSBH coalescence -
i .1 YlIaa Yo a ¥xclukled byistadard étavdvaiution 3 | LS8

FILLING THE MASS <—> GAP

with observations of compact binaries from gravitational waves

——
GW190425 - : ‘
(primary) r L GW230529 GW2001 15
(primary) (primary)

i 2

GW230529 | o

(secondary)

vy GW190814
' {secondary)

Mass of compact object (M,) 1 2 3 4

Includes components of compact binary mergers detected with a False Alarm Rate (FAR) of less than 0.25 per year

i Formationhypothesis:
A BHformsafter supernovae by accretionof mass
A BH formed byprevious NSNS coalescencéripple system)
A Primordial BH
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Qaw(f)

Rates and population studies

A Sudy based on GWTC3catalog: 90coalescences

A Publication: https://arxiv.org/pdf/2111.03634

I Mergerrates for BBH, BNS
I Bvolution of BBH rates with redshift

Forecast of astrophysical GW background

BBH differential merger rate

10 10 [

0 BBI
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10~8 =3 NSBH
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Other searches

A Cmtinouswaves pulsars): no detectionupper limits
A Burst (Supernovae, ...) : no detectioupper limits
A Stochastic background: upper limits

A Example okvent follow upby LVK: the SN202&f event
i Type ll upernovaein M101 galaxy (6.7Mpdiscovered byitagaki
=> |Improvedupper limits on emitted GW energy

T T I T T I
I Paper _
_L 10 SN 2023ixf 7 = 0.001 s _
E - SN 2023ixf 7 = 0.01 s 107
N SN 2023ixf 7 =0.1s
1E SN 2023ixf 7 =15
= ) 54
= - —— Constraints from O3 CCSNe 10
3 O - —— Most stringent constraints o0
w 0.1k 2 @
=, F 107
=
s -
= s o @)
=102k P
ol 1052
103 -
2 10°!
10~ 5
t===k 1 I I L i e s = 1()')“
100 1000
22
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https://arxiv.org/pdf/2410.16565

Ground detectors: Pulsar Timing Arrays




Pulsar Timing Array: detection principle

Mean pulse profila

PTA detection principle:

Reference clock

Eotation axis TOA
A Monitor the distance between the earth and the pulsars using T V.
very stable pulsars T
A Earth and pulsars test masses o o </L esope
A Use correlation between pulsars ™" | o ©" [ 777 A e T
N 1o hedm S " and on-line folding
PSR 2 GWB RN GWB | GWB
GW
N
PSR3 | GWB | GWB RN GWB
—
o PSR4 | GWB | GWB | GWB RN
SEngitivity: b cwal

A Observationtimes: T~weekst2 mMnQa 2F &SI NA&A
A Timing uncertaintiesdt ~100ns
Y Sensitivity h=dt/ T~ 1016

Ve

Y Fequencyband ~ 1T~[10° ¢ 10°] Hz
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o Po Do Do To I»

PTA: detectors

NanoGrav (US)
EPTA (Europe)
INPTA(India)
PPTA (Austral)a
SAPTAAfrica)
CPTA (China)

25



PTl <15W evidence

A Consistent results from BPTA, NANOGrav, PHA (une 2023)c arXiv
i recently confirmed byeerKAT- arxXiv

Measured spectrum and amplitude

gazie et al 2024

-5 — . . =130
_ joint posterior median :
9 o —13.5- So A2F7Y
0 q Q : o A°f
5 70T p :
_g \\\* g’; _14.0'
o —7- \\L ¢ —14.5- \
Q ~ g — EPTA+INPTA
o i = —15.071 —— NANOGrav
z 5 _15.5] — PPTA
o - joint

-9 S - -16.0 : . T T

1079 1078 1 2 3 4 5 6

frequency (Hz)

A Physical interpretation: arxiv:2306.16227

I Comparisonto Super massive BinaBjack Holes population models
I CGonstraint on the cosmology of primordial Universe
I Constrainton Ultra Light Dark Matter density

spectral index, yup

Spatial correlation of the signal

25 pulsars
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https://arxiv.org/abs/2309.00693
https://arxiv.org/pdf/2412.01153

Futur detectors

A Ground based laser interferometers
A Space interferometer
A Pulsar timing arrays

A Longer term: other space projects and atomic interferometers

Radio pulsar timing arrays Space-based interferometers Terrestrial interferometers

Detectors

27



Ground basedbser interferometers

A Upgrades of existing 2G detectors (LIGO, Virgo, KAGRA):

O5: increase range by a factor ~2
Virgo nEXT and A# : push the infrastructures to their limits , increasing range by another factor 2

A Third generation detectors (3G):
Einstein Telescope ar@msi®® E LJt 2 NBENJ dzy RSNJ LINB&J NF GA2y =X

Current infrastructures

02

w

a

l.j

[ \ New infrastructures
Updated == O1 02 == 03 = 04 05
2025-01-26
80 100 100-140 150-160+ 240-325
LIGO e e e .""-pc ’ dud LIGO upgrade A#
Cosmic Explorer
! .'\jgc 4,&500 5&:? See text . . .
Virgo ] Virgo_nEXT Einstein Telescope
0.7 1-3 =10 25-128
Mpc Mpc Mpc Mpc
KAGRA | | _ KAGRA upgrade
G2002127-v28 20|15 2016 20I17 20|18 20I19 20|20 2(:21 2022 20I23 20|24 ZOIZS 2026 20I2? 2(:28 2{;29 20|30
203008 s

Advanced Virgo+
Advanced LIGO+

NJj

28




3G detectors

A EHnstein Telescope:

I Xylophone principle: 2 different detectors (low frequency / high frequency

I New technologies for low frequendeteaor (cryogeny, different wavelength)
I 10km arms

A Cosmic Explorer:
I 40kmand 20km long arms
I Sametechnology as 2Qwith further improvements
I Foresee upgrades with net@chnologes

~ 10—23_
T
™
T
Y
810—241
k=
<
o
)
Cosmic Einstein
10254 Explorer Telescope
10 100 1000

Frequency / Hz 29



Reach of ground based interferometers

2Gdetectors (VK)

A Expecthundreds of CBC signaiell localized(areasmaller than 100
the field of view of the Vera Rub{@bservatory Redshift

Hhigh chances of mulkmessenger observations
A Hubble constant within a few percent

3Gdetectors

At their ultimate sensitivities, ET and CE will beble to observe all
stellar massBBH and most of BNS mergers ithe Universe

A high precision, high statistics era (I8BH / 16 BNS / year)

A Multi-messengesstronomy : expect 10-100detections per year with
BM counterpart
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Soace detector: UA

Laser Interferometer Space Antenndd)
A 3 space craft separated by 2.5million km
A Goal: monitor the arm length aticometerlevel

=> h~1021

1- 5 millions km
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LISA detector

[ L {dkt€xaon principle

A Test masses (TM) are protected from external forces by spacecraft
A Spacecraft positioadjustement with respect to TM :capacitive sensing
A Interferometric sensing

Las

Measurement 5/C to test mass
— —

A Time delay interferometry:

Test mass

Measurement 5/C to test mass
—_— —

I 6 channels
=> build 2 thdependent measurements

Y cancelation of laser noise . _
Y Extractionof GW signal Y AW ; i

B

- I
— s
e

|
S/C to S/C measurement —
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LISAQ sensitivity

A Test mass shieldingperformances validaed
by the LISA Pathfinder mission

A LISA sensitivityrhitations:

10—13 -

10 14

Amplitude Spectral Density (;"L\/H_)

— April 2016

o m— Februar v 2017
=== LPF requirement
—— LISA requirernent
1018 q LISA monitoring range
T T T LI A B A | T T L N L
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T Testmass acceleration
i Interferometey 2 A & S

A USAred book (arXiv)
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A location
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https://arxiv.org/abs/2402.07571

| L {stidnee

A Galactiowhite dwarf binaries: 5 . 1400
i multi- messenger studies 107" 107M, 2 Senor i £ e -
A Sellar mass BH binaries : Elowi i = EH;ZA:;R; i
i multi-wavelength observations 2 \ — Y
I multi-messenger? éc’ 10‘”-; 800
A Bxtreme massratio inspirals & 10 600

i properties of MBH environment

A (Super)Massive BH coalescences#i !
‘a 1020 '
I possibility of BM signals £ — Queeratay

i typical skylocalisation ~deg? 1021 - Tota

®
400

Str.

Galactic Foreground

10t 103107 10-1 100
. . . Frequency [Hz]
GR tests in different regimes

H, measurement to few percent

structure formation

< K < <

34
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LISAQtimeline

MFR Adup]iun Launch

Commissionin
Voo by

Phase A Phase BI Phase B2/C/D Phase E

Scope, 1¢
definition

Definition Detailled definition, production, integration, tests, validation L Transfer I Operations

2022 224 2026 2028 2030 2032 2034 2036 2038 2042

A Design validated

A Ressourceallocated tobuild the instrument

A Launch: 2035

A Time for transfer: 1.5 years

A Operation: 4.5 yearsominal + 6.5years of extension
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Pulsar timing arrays

Future

A Combine and jointly analyzedata under the IPTA
umbrella

A More sensitivedetedors coming up:
I MeerKAT, FAST already taking data
i KA> 2029

A Soonreach S level?
A Threat: crowded radio spectrum from human activities

Sources
A uper-massive BHJVIBEH)
A Sochastic background

Stience
A Multi-messenger observationsof SVIBBHs

A Formation of large structures

A Rate of galaxy mergers

A GRtests & cosmologyof primordial Universe

36



Longer term

DEAGO

A Concept:

I laser interferometer in space
I Intermediatebetween LISA and ground based (QHz band)

Drag-free
spacecraft

Fig. 1. Orbit of DECIGO. Four clusters of Fig. 2. Conceptual design of DECIGO. One
DECIGO are put in the heliocentric orbit: two cluster of DECIGO consists of three drag-free
at the same position and the other two at spacecraft. FP cavities are used to measure
different positions. a change in the arm length.

Atomic interferometes
A In the developmentproof of concept phase
A Frst prototypes ~10m scale being prototyped
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Conclusion

A Regular GW detections by 2G detectors
I Now ~280mergers(mostly BBH)
I O4 run will continue until Oct 2025
I Alert system including early alerts
i Only2y S GoNRIKG &A NBY fesultsshaviiepoteRrial of Ddltvmessengerobservations
I Next: long break to allow consequent upgrade of detectors for O5 run

~ o Ve ~ s

i Hgha Gl GAadA0&8 SELISOGSR | FGSNI dzLJANI RSa 6HnonQa o

A GWevidence by PTAs
I Hrst constraints frornHzGW observation
I Multi-messenger observations expected for the future

A LISAspace mission entered the constructiphase, 3Gdetedors in the design phaseperationiy’ H & n 5
Y Manydifferent sources
Y High statistics, high preision era
Y Many potential multimessenger, mukwavelength observations
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SPARE SLIDES
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