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» Current observations:
e LIGO, Virgo, KAGRA
e PulsarTiming Array

» Future observatories:
e PulsarTiming Array: IPTA, SKA
e LISA

e Einstein Telescope, Cosmic Explorer

~ Others projects:
e Space-based GW projects
e Moon based GW projects
e Atom Interferometry
e High frequency
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GW spectrum
Stochastic background(s)

~ Confusion of astrophysical sources

» Istorder transition from Early Universe:

e "bubbles" collisions — GWs
(wavelength depending on the size of
the Universe at the time of the transition)

e Main components in models :
Bubble collisions

Kinetic energy of the turbulent
motions and magnetic fields
sustained by the MHD turbulence.

e Caprinietal. 2010, Robert Pol et al.
2022, ...

> Cosmic strings

>

Today 14 billion years
Life on earth '\ . o
Acceleration \

Dark energy dominate&\"
Solar system forms

Star formation peak

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created — D, He, Li

Nuclear fusion begins

Quark—-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking
Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down
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Massive binaries

Extreme mass
ratio inspirals GW150914
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Credit: Caltech/MIT/LIGO Lab

Ground based Observatories
LIGO, Virgo, KAGRA
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End mirror

> Improved Michelson interferometers:

e Fabry-Perot cavities to increase the optical path

Input
Mode
Cleaner

e Recycling of the power

e Signal recycling

Input mirror

e Quantum noise reduction _ peanspitisr |
L i |
~ Other key technologies: = o | / o i
e Vacuum (~10 000 m3 at 10°mbar) e -
e |solation TR
e Mirrors (surface accurate within 5 atoms) o | ;
» \Where? - Credit: Virgo collaboration
Gy Y A LS ~ ot S

e 2 LIGOsin US
e Virgoin Italy

* Kagrain Japan

Gravitational Wave Observatories

.
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- LIGO and Virgo restarted in [l o fh T

June LIGO ]

Moc See text

> Sensitivity (horizon for an NS Virgo L
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Credit: LVK collaboration

01+02+03 = 90, O4a* = 81, 04b* = 105, O4c* = 16, Total = 292

> DeteCth n * O4a, 04b, and O4c entries are preliminary candidates found online.

e 01+02: 11 events

e 03a: 55 events

e 03b: 98 events

e 04a: 81(92Total - 11 Retracted)
e 04b:105(114 Total - 9 Retracted)
e 04c: 19 (14 Total - 5 Retracted)

Ol 02 03a03b O4a / 04b O4c

~ Type of sources:
 Mainly stellar mass BH binaries
e Few neutron star (NS) binaries and NS-BH

0
1 1 . 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
> O u tSta n d I n g d ete Ctl O n S . LIGO-G2302098(5¢0987b1), updated on 30 March, 2025 Ti me (Days) Credit: LIGO-Virgo-KAGRA Collaboration

e FirstBBH: GW150914

e First NS-NS (multimessenger): GW170817 FILLING THE MASS «<—> GAP

. ng hes t mass (> ,l 0 O M o ) GW,l 9 O 42 6 with observations of compact binaries from gravitational waves
GW190425 : O
o First NS-BH: GW200105 Erimary) O 0529 TR
(prlmary) primary
» Last public result: GW230529 with a component in the T L o
[z) GW190814
Mass g d p? (secondary)
Mass of compact object (M) 1 2 3 4 5 6

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

9 Gravitatio Credit: S, Galaudage, OCA UJ
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Pulsar Timing Array
EPTA. NANOGrav, PPTA, CPTA
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Pulsar timing

» Precise timing of arrival time of pulses => Time Of Arrival (TOA)
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Pulsar timing

» Precise timing of arrival time of pulses => Time Of Arrival (TOA)
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Pulsar timing

» Precise timing of arrival time of pulses => Time Of Arrival (TOA)

Receiver (GHz
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Pulsar timing

» Precise timing of arrival time of pulses => Time Of Arrival (TOA)

Coherent dedispersion
Receiver (GHz
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Pulsar timing

» Precise timing of arrival time of pulses => Time Of Arrival (TOA)

Coherent dedispersion

R_ecei_ve Gz (GPU)
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Pulsar timing

» Precise timing of arrival time of pulses => Time Of Arrival (TOA)

ey e ' Reference clock |ntegmied pulse
¥ Wl Y AN
e A

Coherent dedispersion

| Recei_ve " (GPU)
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Pulsar timing
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Pulsar timing

> TOAs are not perfectly reqular due to many effects:
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Pulsar timing

> TOAs are not perfectly reqular due to many effects:
e Pulsar itself:
- period,
- evolution of the period,

- sky position
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Pulsar timing

> TOAs are not perfectly reqular due to many effects:
e Pulsar itself:
- period,
- evolution of the period,

- sky position
e Pulsarenvironnement:
Dinary system,

proper motion

12 Gravitafional Waves - A. Petiteau - EPS HEP - Marseille - 11 July 2025 €22 irfuJ



Pulsar timing

> TOAs are not perfectly reqular due to many effects:
e Pulsar itself:
- period,
- evolution of the period,

- sky position
e Pulsarenvironnement:
Dinary system,

proper motion

e Beam propagation: interstellar medium
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Pulsar timing

> TOAs are not perfectly reqular due to many effects:
e Pulsar itself:
- period,
evolution of the period,

- sky position
e Pulsarenvironnement:
Dinary system,

proper motion

e Beam propagation: interstellar medium

e Earth position (ephemerides of the Solar System) 0-3.

/! e ya
/ —— L7
/ iy

/ /' l/
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Pulsar timing

> TOAs are not perfectly reqular due to many effects:
e Pulsar itself:
- period,
evolution of the period,

- sky position
e Pulsarenvironnement:
Dinary system,

proper motion

e Beam propagation: interstellar medium

+ Earth posiion ephemerides ofthe SolarSystem) ~ **@

e Gravitational waves ... / -
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Pulsar timing

> TOAs are not perfectly reqular due to many effects:
e Pulsar itself:
- period,
evolution of the period,

- sky position
e Pulsarenvironnement:
Dinary system,

proper motion
e Beam propagation: interstellar medium
e Earth position (ephemerides of the Solar System)

e Gravitational waves ...

> Modelling of each pulsars

12 Gravitational Waves - A. Petitea



— Radio signal

t

n+

Time
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~ When gravitational waves (GWs) are passing between pulsar and Earth, they will
slightly modified the arrival time of pulses, i.e. the TOA

— Radio signal
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~ When gravitational waves (GWs) are passing between pulsar and Earth, they will
slightly modified the arrival time of pulses, i.e. the TOA

> We have a model for the TOA

— Radio signal
—— Model

tn+
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13

When gravitational waves (GWs) are passing between pulsar and Earth, they will
slightly modified the arrival time of pulses, i.e. the TOA

We have a model for the TOA
If GWs => deviation from the model

=> GWs observed in the residuals = data - model
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Pulsar timing and GWs

> GWSs => correlated fluctuations in TOAs of multiple pulsars

Observed & emitted pulsar spin frequency

\ \ Su(t) _ A A, Ak,

Z, t/ _ l‘a5 t, v P o
5tGW(ta):J W —w J\v( " 0 2<1+na.k>

t Lo t Lo
7

Emission & reception times of pulses

B

Pulsar & GW source sky location

GW characteristic strain

© D. Champion
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> Foran isotropic GW background, characteristic spatial correlation: Hellings-
Down curve: specific relation between correlation of 2 pulsar and their angular

separation => signature of GW Background

3 X7l :

c
B
©
®
=
o
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20 40 60 80 100 120 140 160 180
Angle between pulsars (deg)
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» Supermassive black hole binaries v

e Ex: chirp mass = 10?Ms,,, 1000 years before merger i e

A

A

o Very massive: masses > 107 Mgy,

e (lose: distance z<2,
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e Quasi-monochromatic P

e Large number of sources: L ey
" _ ol : ; ‘
.. <O Nicole Rager Full 10716 7
- | nd VI d ual Sources gy © Mikel Fl(;)l)_(; & Alberto Sesana Frequency (Hz)

- "Stochastic” background built from large number of non-resolved sources

© Binétruy et al.
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» Supermassive black hole binaries ,
e Ex: chirp mass = 109 Mgy, , 1000 years before merger e
e \ery massive: masses > 107 Mgy,

e (lose: distance z<2,
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e Quasi-monochromatic e
e Large number of sources: -
.. ;4’% Nicole Rager Fuller T |
- | nd VI d u a | SO u rCeS © Mikel Fl((JJIX;J & Alberto Sesana Frequency (Hz)

- "Stochastic” background built from large number of non-resolved sources

» Stochastic background from cosmological origin:

© Binétruy et al.
e First order phase transition (QCD)
e Cosmicstrings

e Primordial GWs
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PTA collaborations

» 3 "historical" collaborations:

e EPTA(Europe):
Nancay RT(FR),
Effelsberg RT(G),
Jodrell Bank Obs. (UK),
Westerbork Synthesis RT(NL),
Sardinia RT(1).

e PPTA(Australia)
Parkes radiotelescope
e NANOGrav (USA):
- Arecibo

Green Bank
CHIME

> Recent collaborations:
e |nPTA: GMRT, ORT(Inde)
e CPTA: FAST, ... (Chine)
e APT (African PulsarTiming): MeerKAT

» Worldwide collaboration: International PTA

17 - Marseille -



» Results from the 3 "historical" PTA collaborations

~ The origin of the signal is still to be understood. ~ hitps://arxiv.org/abs/2309.00693

NANOGrav

e PPTA
— joint

-13.5
-14.0
-14.5
-15.0

—15.5

https://arxiv.org/abs/2306.16214 |8

60 80 100 120 140 160 180
Angular separation (deg)

18

- DR2full Binned ORF


https://arxiv.org/abs/2309.00693
https://arxiv.org/abs/2306.16214

Massive binaries

Extreme mass
ratio inspirals GW150914
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Pulsar Timing Array
IPTA, SKA
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> 121 combined pulsars with a time span of ~ 25 years

> Data from

e EPTA(DR2) EPTA LOW-F (LOFAR + NenuFar)

NANOG

nPTAD
MPTAD
CHIME

rav 15-Year

PPTA DR3;

R1
R2 (MeerKAT)

DR

e CPTADR1?
> Status:

e Combination almost done

e Data analysis complex and heavy — results expected in 2026

» We should be able to confirm and characterise the detection

21
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PTA with SKA

~ > 100 pulsars with very high timing precision
~ First science data of SKA in 2028 r
» First SKA PTA results expected mid-2030s F

> Large improvement in sensitivity:

e |f SMBHBs, understand the population (seed,
evolution, merger history, ...)— synergy with LISA

e |f cosmological origins, measure the spectrum in
details to understand "physics"

e |findividual sources, measure the waveform
=> test GR? understand environment of SMBHSB, ...

2 Gravitafional Waves - A. Petiteau - EPS HEP - Marseille - 11 July 2025 €22 irfuJ
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Credit: ESA

LISA
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» Laser Interferometer Space Antenna

» 3 spacecrafts on heliocentric orbits separated by 2.5 millions km

> Goal: detect strains of 10-21 by monitoring arm length changes at the few
picometre level

-
o~
i
'_f

2.5 millions km
| siIc3 B
. Py,
\ /

N

O
3//% —__-:'::‘.5:'}_- -
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Mission design

> Measurement points must be shielded from fluctuating non-
gravitational influences:

e the spacecraft protects test-masses (TMs) from external forces and always
adjusts itself on it using micro-thrusters

e Readout:

- interferometric (sensitive axis)

- capacitive sensing

T

Gravitational Waves - A. Petiteau - EPS HEP - Marseille - 11t July 2025 €2 irfu
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Mission design

» Several steps towards the required precision of measurement

VT N\ ’ \* g N\ i
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Mission design

» Several steps towards the required precision of measurement

Ve .
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Mission design

» Several steps towards the required precision of measurement

Wy

......
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Mission design

» Several steps towards the required precision of measurement

Wy

MOSA: Moving -
Optical Sub-Assembly N L
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Mission design

» Several steps towards the required precision of measurement
= . =

‘KY}‘C' 4

-

Inter-spacecra ft
Interferometr (ISI)

MOSA: Moving
Optical Sub-Assembly

Constellation “._
Acquisition %
~ | | Censor (CAS) &

Fibre Switching Unit (FSU)




» Several steps towards the required precision of measurement
e e 4 .‘ Ve e

-y

~  (TM2-SC2) + (SC2—-3C3) + (SC3—-TM3)

H. Halloin ~ ; T™-TM

S/C -S/C
(L/c~83s;Av~x8 m/s)

MOSA: Moving
Optical Sub-Assembly

\

1

~- = \
- 1Z2s
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- \\.‘,
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Fibre Switching Unit (FSU)



Gravitational wave sources

emitting between 0.02mHz
and 1 Hz

27

Gravitational Waves - A. Petiteau - EPS HEP - Marseille - 11t July 2025

cea irfu
A



\ ‘\- | a %
‘Survey" type observatory

Gravitational wave sources

emitting between 0.02mHz
and 1 Hz
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Data

Phasemeters (carrier,

ST sidebands, distance)
R  —
+ DFACS* & CMD**

" .+ Diagnostics

>y Auxiliary EIES

‘Survey" type observatory

Gravitational wave sources

emitting between 0.02mHz
and 1 Hz

* Drag-Free Attitude Control System
** Charge Management Device
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Data

Phasemeters (carrier, -,

sidebands, distance)
.

+ DFACS* & CMD**
+ Diagnostics

+ Auxiliary channels

‘Survey" type observator

Gravitational wave sources

emitting between 0.02mHz
and 1 Hz

* Drag-Free Attitude Control System
** Charge Management Device
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Data

Phasemeters (carrier,

Y0 04 5 1 _—_—— W . .
L il sidebands, distance)
— , ;
. -+ DFACS* & CMD**
Ny

'Survey" type observatory

Calibrations corrections
+ Resynchronisation (clock)
+ Time-Delay Interferometry
reduction of laser noise

Gravitational wave sources

emitting between 0.02mHz
and 1 Hz

3 TDI channels with 2 “ ~independents”

* Drag-Free Attitude Control System
** Charge Management Device
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Data

Phasemeters (carrier,

L sidebands, distance)
.+ DFACS* & CMD**

..+ Diagnostics

~—+ Auxiliary channels

‘Survey* type observatory

Calibrations corrections
+ Resynchronisation (clock)
+ Time-Delay Interferometry
reduction of laser noise

Gravitational wave sources
emitting between 0.02mHz 3 TDI channels with 2 “~independents”

and 1 Hz Data Analysis of GWs

Catalogs of GWs sources

* Drag-Free Attitude Control System
** Charge Management Device
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Data

Phasemeters (carrier,

sidebands, distance)

~ + DFACS* & CMD**
" .+ Diagnostics

)

+ Auxiliary channels

‘Survey* type observatory

Calibrations corrections
+ Resynchronisation (clock)
+ Time-Delay Interferometry
reduction of laser noise

Gravitational wave sources

emitting between 0.02mHz
and 1 Hz

3 TDI channels with 2 “ ~independents”

. Data Analysis of GWs

Catalogs of GWs sources

* Drag-Free Attitude Control System .
** Charge Management Device
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Data

Mission Operation Center
(ESA)

Science Operation Center

(ESA)
DDPC:
Distributed NASA
Data Processing Ground
Center (ESA >egment
Member States)

Calibrations corrections
+ Resynchronisation (clock)

4=

3 TDI channels with 2 “ ~independents”

. Data Analysis of GWs

Catalogs of GWs sources
. with their waveform
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Timeline and status

: Launch
MiR Adoi""“ GTC Commiisioning
- Phase B1 Phase B2/C/D Phase E
Scope, 1¢t - : - . : e :
* definition Definition Cetailled definition, production, integration, tests, validation Transfer Operations
2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

> 1993: first proposal ESA/NASA

> 20/06/2017: LISA mission approved by ESA Science Program Committee (SPC) after the success of
LISAPathfinder and GW detection by LIGO-Virgo.

» 25/01/2024: success of the Mission Adoption Review and adoption by the SPC: design is fully
validated and we have the ressource to build the instrument

> End 2024: industrial prime chosen; on-going co-engineering phase — official signature in June
> 2025 -2035: building phase: multiple MOSAs (6 flight models + test models) + 3 spacecrafts

> Launch 2035
1.5 years of transfer, 4.5 years nominal mission, 6.5 years extension

v
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» Contributions to the instrument and ground segment (data analysis)
LISA - An international mission led by ESA esa

PMS-PCU —

PMS, PAAM FMs

QPR, IDS-MCU, PAAM EM

QPR, BAM
oB ‘
E S

GRS-FEE

TEL, LAS, CMD

IDS AIVT, OTS

SDS

. ,
~ < ~ 'vd
N
GRSH; MCU, FEE-PCU; - R
‘ v .’

Hardware contributions FEE-SAU-DB

Contributions as per MLA, MoU

- 17
D-SCI Town Hall| 28 May 2024
— == ] 4+ == I ] E = ] = 5= = "W g ™™ )} 2= 4 = — == == ™= [ > THE EUROPEAN SPACE AGENCY
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Timeline and status
Building already started
ZIFO

(demonstration
bench for high

stability

interferometry)

Test-Mass
Simulato

Telescope

30 Gravitational Waves - A. Petiteau - EPS HEP Mursellle ll'hJuly 2025




GW sources in the mHz band

~ Binaries: large range of masses and mass ratios:

e SuperMassive BH Binaries (SMBHB) n
e Extreme Mass Ratio Inspiral (EMRI) 106
e Stellar mass BH Binaries (sBHB) EMRI
» Double White Dwarfs (WD-WD) 2
=
e Double Neutron Stars (NS-NS) £ 10 ¥
=
e Intermediate Mass Ratio Inspiral (IMRI) 2
e |ntermediate Mass BH Binaries (IMBHB) é
| E 102
» Stochastic backgrounds: = 0
[
e Firstorder phase transitions (EW), COSMic
string networks, ... ]
> Bursts: cosmic strings, ... g
J ] 10 10 10¢
» Unknown? Mass ratio
31 Gravitational Waves - A. Petiteau - EPS HEP - Marseille - 11t July 2025 €2a irfu
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Galactic 10 — permane 10000 —

binaries 500 nt 30000
detectables
+

background

Galactic Binaries

Verification Binaries

== N\assive BH Binaries
Stellar Mass BH Binaries
— _ Multiband Sources
—— EMRIs

10_15§

[

T
i
D
]

Verification 7 - permane 20 (today)
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- .Trace the origin, growth and merger history of massive black holes across =

v

v

> .: Search for GW bursts and unforeseen sources.

Science Objectives

- Study the formation and evolution of compact binary stars in the Milky Wa .
Galaxy. | As’rrophysus

cosmic ages.

. Probe the properties and immediate environments of black holes in the local

Universe using EMRIs and IMRIs. | Fundumen’r)ul

| physics |

Understand the astrophysics of stellar origin black holes.

Explore the fundamental nature of gravity and black holes.

Probe the rate of expansion of the Universe.

Understand stochastic GW backgrounds and theirimplications for the early

Universe and TeV-scale particle physics.
| Cosmology|

f
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- LISA Definition Study Report (Redbook) Gesa

e written by the LISA Science Study Team with
the support of the LISA Consortium

LISA

Laser Interferometer Space Antenna

e submitted and validated at adoption

~ Content:
e Science of LISA
e |nstrument
 Data processing

 QOrganisation

» Available at :
o arXiv:2402.075/1

e www.cosmos.esa.int/web/lisa/lisa-redbook
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https://arxiv.org/abs/2402.07571
http://www.cosmos.esa.int/web/lisa/lisa-redbook
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* Crédit: Einstein Telésfope

3rd generation ground based
observatories
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~ Improve sensitivity in the band of ground based obs. RS

—ET
-~ Science: o lowbeuengnsiity
e Binary BH coalescences up to cosmological distances _§ v
e Extend the region of Black Holes masses
e Coalescence of Binary NS (early warning) E
e Accurate tests of General Relativity Mpdiansoures T 0 mprovembnt
 New astrophysical sources (core collapse supernovae, et 100 1000

Frequency [Hz]

isolated rotating NS, etc.)
e Stochastic backgrounds from cosmological origin

Bl population
ET

- A+
Binary )
Neutron = LIGO A+
5 Voyager
St ar € Cosmic Explorer
2 102 Einstein Telescope
I\/Iergers 10 100 1000 10000

Total source-frame mass / M,

- EPS HEP - Marseille - 11t July 2025
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> Design:
e longerarms(z 10 km) o e o
e Underground — e e

J -

e "Xylophone" (HF-LF) JPEE———

s e BTSSR e A BRSSP (o S e S B s e
P g T, D -

e Cryogenic
e Quantum technology
e High laser powerin arms

=

=,
N
W

=

=
N
E-Y

Strain noise [1/v/Hz|

» Still 2 big questions:
e Which shape? Triangle or2 L? G

e Where? EMR, Sardinia, (+Lausitz) = sl
10t 102

L] L]
> Tl m el | ne y 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 | 2038 2039 2040 204 Frequency [Hz|
* truct tunne starting ‘
Dr L + | | 'y“ ar ] ' ’ ‘ ¢

-

o
N
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Crédit: Einstein Telescope
R&D

planning planning

tunneling permit
construction
preprod. vacuum 1

| vacuum 2

vacuum 3
preproduction det1 | commisioning | full . .
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> Design:

e 7 L-shape Interferometers:
- 40km
- 20 km

e Same technology as Advanced LIGO

Crédit: Cosmic Explorer

Horizon Study, Cosmic Explorer, 2021
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GW spectrum: current + future + ?
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Crédit: Sesana .etlul.,;uARES white paper, VoYuQéZOS'O""'. 'if‘ . S

Others space based GW projects
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~ Proposal submitted at Voyage2050
(ESA call for science themes for L4,
L5 & L6, 2040-2060):

» 0.01-10 Hz = decihertz band:
e IMBH, IMRI, stellar BBHs

e BNS early-warning

Sedda etal. 2020, gr-qc:1908.11375v3

=
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7
S
@
g™
o]
Q
«~
=
=
@)

> On-going study in the LISA
Consortium - Voyage 2050:

\\DO-Optimal / (

* Science N
e Technical feasibility
Frequencl; [Hz]
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» Proposal submitted at Voyage2050

(ESA call for science themes for L4,
L5 & L6, 2040-2060): 4 . | The dres detection landscape

Sesana et al. 2021, Exp. Astro. 51:1333-1383

~1000 inspiralling SMBHBs
out to z~10

Hundreds of merging SMBHBs
out to z~20

> 1 O'é —_ 1 0'2 HZ _) //tHZ band i ‘ SgrA™+0.05M g 10° yr from coal

~100k Galactic WD binaries

> On-going study in the LISA
Consortium - Voyage 2050:

e o
SgrA"+10M 4 102 yr from coal \ .Y TTRIN R e

o SC' e n Ce ~100 Galactic BHBs \\

Galactic binaries GWB X

e
Cosmological MBHB GWB \

a)
T
=
=
E-‘
©
3
.S
Ao
-
O
-~
3
©
S
S
e
3

10°M 5 +10*M, IMRI @z=7 X

e Technical
Thili 10'M 4, +10°M , IMRI @2=7 \ e
feasibility Sl OF

10’'M 5 +10°Mg, IMRI @z=1 \

3x10°Mg+10M g EMRI @z=1 \

10-¢ 10-°* 10" 10¢ 10° 10+ 10° 0.01

> Arm Of 1 AU frequency [Hz]
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» Proposal submitted at Voyage2050

(ESA call for science themes for L4,
L5 & L6, 2040-2060): 4 . | The dres detection landscape

Sesana etal. 2021, Exp. Astro. 51:1333-1383

~1000 inspiralling SMBHBs
out to z~10

Hundreds of merging SMBHBs
out to z~20

> 1 O'é —_ 1 0'2 HZ _) //t HZ ba nd “ SgrA™+0.05M g 10° yr from coal

~100k Galactic WD binaries

> On-going study in the LISA
Consortium - Voyage 2050:

istic amplitude

SgrA™+10Mg 10? yr from coal \

o SC' e n Ce - ~100 Galactic BHBs
1

Galactic binaries GWB

o Te Ch n I Ca | 056 | w Cosmological MBHB GWB
108M 5 +10°M 5 IMRI @z=7
f . bo | .-t

10’M 5 +10°M IMRI @z=7 \

10’'M 5 +10°Mg, IMRI @z=1 \

3x10°Mg+10M g EMRI @z=1 \
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~ LISA of 1 AU in the earth orbital plane

~ Study for the orbits of the 3 spacecrafts:
Martens, Khan & Bayle 2023, gr-qc:2304.08287v2

~ Ongoing study of the scientific performances and feasibility (again in the
context of Voyage2050)

LISA
— LISAmax
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> Principle:

e Binary systems act as high-quality resonators

o Efficient transfer of energy and momentum between
the orbitand GW

e Leading to potentially detectable orbital perturbations.
> Design:
e Few passive spacecrafts in eccentric orbits around Earth
e Precise spacecraft orbits measurements with Laser Ranging

» Science:

e (ravitational waves in the pHz regime
e Ultra-light Dark Matter

> Status:
e Project submitted to the on-going call for
mission F3 at ESA
> References:
e https://arxiv.org/abs/2504.16988
e https://arxiv.org/abs/2504.15334 . " Gonmio Sirings
 https://arxiv.org/abs/2506.11802 T

44 .. 109

Frequency [Hz]


https://arxiv.org/abs/2504.15334
https://arxiv.org/abs/2506.11802
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Moon based GW projects

Gravitational Waves - A. Petiteau - EPS HEP - Marseille - 11t July 2025

irfu
A



Array improves cleaning of data from
seismic background noise

y .
4

]

» Lunar Gravitational Wave Antenna Power beaming as

possible power source

* Array of seismometers on the Moon using the Moon as a resonant
bar ("Weber" bar) @ D
LGWA © J. Harms'

LUNAR GRAVITATIONAL
WAVE ANTENNA

J Appl Phys 131, 244501, 2023

~ Science case: GW and multi-messenger observations

e Studying astrophysical explosions

e Exploring black-hole populations and their role for structure
formation in our Universe

e Hubble constant measurement

e Enabling the next level of high-precision waveform measurements

Moon's rotation

"\, Soundcheck |
[ _J‘ Wi ] —— LGWA-Nb
. W.’ﬂ. | 1019 —— LGWA-Si
, Wiy = — ET
= & ] 3= _a 1020 — CE
: o
‘g § 10-21
@
E O
LGWA Workshop hitps://  [ERCEE I vaeer £ 10-22
indico.ict.inaf.it /event/2782/ {0 e 5

10—23

30 + 30 M., 3Mpc
1.4+ 1.4 M-, 13kpc
w— ()6 + 1.4 M., 12kpc

46 1022 — yr x | : 10—1 100
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https://indico.ict.inaf.it/event/2782/
https://indico.ict.inaf.it/event/2782/
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\4

Laser Interferometer Lunar Antenna
e 3landers placed in triangular shape (few km)
e Payload: mirrors, lasers, seismic isolation

2 different ways to detect GW:
e Space-time induced between free falling masses
e Vibration of the Moon induced by passing GW

Sub-Hertz frequencies

GW sources:

e Weeks-ahead early-warning system for
observing binary neutron star mergers,

* Type la supernovae progenitors,

o Survey of intermediate-mass BHs to Dark Ages

Strain

o
2
o
G
2
G
<
—
<
o~

. FREE FALL LASER . SEISMIC LASER LOVEB

FREE FALL LASER l SEISNIC LASER REFLECTOR SUN RADIATION
REFLECTOR with POIKTING MONITOR SENSOR

—

LILA meeting hitps://www.vanderbilt.edu/lunarlabs/lila/

LIGO 10%

{now) \®

GW Frequency [H7] Observable Universe


https://www.vanderbilt.edu/lunarlabs/lila/
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Credit: MIGA, Nature 14064 (2018)

Atom interferometry
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MIGA

> Principle:

Crédit: MIGA

e Use cold atoms to measure the gravity gradient

e 3 atom interferometers on 150m horizontal arms, each
one measuring the local acceleration

— difference = local gravity gradient
e Reference laser beam in vacuum common to all
interferometers

~ Prototype with limited sensitivity

> Science:
e Earth gravity field
e Prototype for future GW observatories
in the band 0.1-10 Hz
> Status:

e On-going building in Laboratoire Souterrain
Bas Bruit in Provence Alpes Cote d'Azur

o
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Crédit: 0. Buchmueller

A\

Observatory and Network

"Interference between wave-packets of laser-cooled atoms to search
Al O Atom Interferometer

for gravitational waves and dark matter"

v

Vertical atom interferometer with several versions increasing in
length developed in UK m

i

> 10m prototype currently under construction at the University of
Oxford
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AEDGE

~ Atomic Experiment for Dark

Abou El-Neaj et al. 2029, gr-qc:1908.00802

Matter and Gravity
Exploration
oot ot olltes o *
Earth orbit Wm_ﬁ“‘ ,] e
e Separation 4400 km sl -
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> Development
on ground:
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Credit: DESY

Ultra-high frequency projects
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~ GW at frequency > kHz ; instruments used to search for axions

» |deas for detectors:
e High-energy pulsed laser
e Transverse static magnetic field

Credit: Servant et al. 2023
o ?es O n a nt b a rS O r m a g n ets - S ' :]:Al'mlqArmnqﬂTmrﬁﬂﬂrmHnrrmlnrr-rnlnrlmm—rng

ARCADE

~ Hypothetical GW sources :
® cosmicstring,

e First order phase
transition at 1070 GeV,

e Primordial BHs
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~ Workshop on the topicin 2023: https://indico.cern.ch/event/1257532/overview
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https://indico.cern.ch/event/1257532/overview

Conclusion

~ Since the first direct detection of gravitational waves in 2015, there are a lot of new results:
e Athigh frequency (10-1000 Hz), LVK detected ~300 binaries with many outstanding events

e Atvery low frequency, strong evidence for GW signal from 3 PTA collaborations

>~ Many more results in the next decades from decided projects:
e ~2026:IPTA
e ~2032: SKAPTA
e ~2037:LISA
e ~ 2040 : Einstein Telescope & Cosmic Explorer

> Many more ideas:
e Advanced interferometer in space,
e Atoms interferometry,
e Resonant artificial binaries,

e Ultrahigh frequency

~ Observation of Universe with GW is a new field growing very quickly with a very bright future and
many connexion with others fields !
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~ Examples:
e J1909-3744.

J1909-3744 prefit (rms=0.629 usec, 2503 toas)

o
1

residual (usec)

NRT.BON.1400
NRT.BON.1600
NRT.BON.2000

NRT.NUPP|.1202

NRT.NUPPI.1420 NRT.NUPPI.1790 NRT.NUPPI.1962
NRT.NUPPI.1548 NRT.NUPP|.1918 4+ NRTNUPPI.2090

NRT.NUPPI.1676 + NRTNUPPI.2046 + NRTNUPPI.2218

NRT.NUPPI.1662

NRTNUPPI. 2346
+ NATNUPPI 2411
NATNUPPI 2667

2006

2008 2010

2012 2014 2016 2018 2020
date (years)

Gravitational Waves - A. Petiteau - EPS HEP

FO

F1

DM

DM1

DM2

PMRA

PMDEC

PX

PB

Al

PBDOT

XDOT

TASC

EPS1

EPS2

M2

JUMP1

JUMP2

JUMP3

JUMP4

JUMP6

prefit

5.01691 +/- 5.01691

-0.658641 +/- -0.658641
339.316 +/- 339.316
-1.6148e-15 +/--1.6148e-15
10.3906 +/- 10.3906
-0.000250904 +/- -0.000250904
1.48176e-05 +/- 1.48176e-05
-9.52683 +/--9.52683
-35.8098 +/- -35.8098

1.0623 +/- 1.0623

0.997779 +/-0.997779
1.53345 +/- 1.53345

1.89799 +/- 1.89799
5.1216e-13 +/- 5.1216e-13
-1.17023e-15 +/- -1.17023e-15
53114 +/-53114

4.93407e-09 +/- 4.93407e-09
-1.37334e-07 +/- -1.37334e-07
0.218395 +/- 0.218395
-8.5495e-05 +/- -8.5495e-05
-8.49454e-05 +/- -8.49454e-05
-8.34176e-05 +/- -8.34176e-05
-7.4828e-07 +/- -7.4828e-07

2.58546e-07 +/- 2.58546e-07




> Free spectrum Posterior for GWB parameters

@
n
=
o
o
—
o
o

Frequency (Hz)

—— DR2full HD DR2new HD

~ GWB parameters (DRZnew):
e logarithmic amplitude: log,q A = — 13.9410-23

DR2new: Monopole
DR2full: Monopole
[—1 DR2new: Dipole

—0.48 ©~~I DR2full: Dipole
[—1 DR2new: HD
o SpeCtral indeX: Y = 2711-(1)%2 M ©==1 DR2full: HD
> No dipole and no monopole
) Gravitational Waves - A. Petiteau - EPS HEP - Marseille - 11t July 2025  €ea irfu
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https://arxiv.org/abs/2306.16214

~ Spatial correlation: overlap reduction function

e Binned

-15
-15

-16
60 80 100 120 140 160 180
Angular separation (deg)

— DR2full Binned ORF

e Optimal statistic

Correlation coeefficient

"0 20 40 60 80 100 120 140 160 180
Angular separation (deq)

—— HD % DR2full DR2new
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https://arxiv.org/abs/2306.16214

» Successful demonstration of the ability to shield from fluctuating
non-gravitational influences

LISA Pathfinder
Requirements

o February 2017

1079 10— 10~
Frequency |[Hz|

M. Armano et al. PRL 120, 061101 (2018) Gravitational Waves - A. Pefiteau - EPS HEP - Marseille - 11t July 2025 €22 irfuJ



Timeline and status
> DDPCin place and active

> Release of the first common dataset in December 2025

"Customers"

MLA Steering
Committee LISA Science

Community

Consortium

PO 5 =
DDPC Project Office §
SysTeam SciExp
DDPC System Team DDPC Science Experts Group

CU-LO1 CU-L2A CU-L2D CU-L3C CU-SIM CU-WAV
LO-L1 L2 Alerts L2 Deep Analysis L3 Catalogue Simulation Waveforms
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> Main sources for multimessenger:

e Continuous: galacticinteracting binaries

* Transient:
- Massive Black Hole Binaries
- Bursts (cosmic string, tidal disruption?, ...)
- Unknown

~ Low Latency Alerts Pipeline: automatic near-real time analysis during the
8h/day of communication,
to release an alertin <1 h:

e New events

 Update parameters (sky _
nosition) of detected eventJgimss o | e R
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