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Gravitational-waves (GW) in GR

Consequence of general relativity
Oscillatory small perturbbation of the metric
Speed of light

2 transverse polarizations

Produced by acceleration of the mass quadrupole
moment
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Detectors and projects
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Why GW with (ground-based)
detectors science?¢

Masses in the Stellar Graveyard

New objects, new
populations

Same objects
observed in a new
way
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Alerts for
electromagnetic "
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Why GW with (ground-based

detectors science®e

100 T T T T T T T T
107~ o
10°F GWISIZ}.%,4
N S W T e S TS Of - 10-4 i GW150914 |
' 10'5 - Double Binary Pulsar -
.5 (Shapiro Delay)
=g | |
. & u
—~ 107 o
i 8 Double Binary Pulsar
§ 107~ LAGEOS (Orbital Decay) —
< 10°F . ’
all 5 Cassini 0.06
—m o 1 Lunar Laser Ranging
e
10_ 12 . 0.05
10 7| Perihelion Precession of Mercu

NeW b!! 10° 10° 10°® 1077(I>=l(11/176/1
cosmological S oo
measurements

T
= Joint BBH+GW170817 Counterpart
Joint BBH

GW170817 Counterpart

Prior (Uniform)

Planck

SHOES

)
(=]
'S
(=}

o St

80 100 120 140

o (km s™! Mpc™!)

; \GO
1% 1072 \(\“\a\\/ ‘
= NS-NS EOS HB
uay Oor1 exireme stares o S
] 10723,
C
©
— AdvancedLIGO
t —24 NS-NS
U): 10 merger
7 1 Telescope
. 500 1000 5000
10*
i — GWTC3 f(Hz)
m. : : i - GWTC-2

Populations of
compact objects




Detections so far by LIGO-Virgo-KAGRA

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars

01+02+03 = 90, O4a* = 81, Total = 171

%0004,
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GW detectors



Inferferometers

=N

Sensitivity needed h ~ 102! @ ~ 100 Hz (~1018 m for 3 km arms)

Challenges:

- Seismic noise ~ 10 m

- Wavelength of the light ~ 104 m

- Brownian motion of the atoms of the mirrors
- Other environmental and technical noises



Suspensions

Credit: Virgo

7335 mm

3 Filter




applied optics

Mirrors used in the LIGO interferometers for
first detection of gravitational waves

L. PiNnaRD,"* C. MicHEL," B. SassoLas,' L. BaLzarini,'? J. DecALLAIx,' V. Doriaug,' R. FLaminio,®
D. Forest,' M. GRANATA,' B. LAGRANGE,' N. STRANIERO," J. TEILLON,' AND G. CaGNoLI'?

'Laboratoire des Matériaux Avancés—CNRS/IN2P3, F-69622 Villeurbanne, France
2Université Claude Bernard Lyon 1, F-69622 Villeurbanne, France

3National Astronomical Observatory of Japan, 181-8588 Tokyo, Japan
*Corresponding author: I.pinard@Ima.in2p3.fr




Interferometer progress in the last 40 years
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Figure modified by E.Capocasa from R.Adhikari, Gravitational Radiation
Detection with Laser Interferometry, arXiv:1305.5188, 2013
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Advanced Virgo sensitivity curve
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Ground based GW detectors:
the big picture

Current infrastructures New infrastructures
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Infro: Gravitational-wave observatory network

operational

* planned
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KAGRA

Japanese "2.5" Generation

detector

- Undeground
- Cryogenic
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Ihe perod 2030-2040
New Virgo/LIGO upgrades under study
A# and Virgo_nEXT

Reach the limit of the infrastructures with 2G detectors
Continue the science program

Ultimate goal ~ x2 with respect to AdVanced Virgo+ and Advanced
LIGO+

Testbench for 3G detectors technologies
Technologies

« Better coatings

« Higher laser powers

« Higher squeezing level

« Reduce technical noises at low frequency
 Reduce Newtonian noise



« EU

e 10 km

Einstein Telescope (ET) and
Cosmic Explorer (CE) projects

« Triangular shape (3
detectors)

« Underground
« Xilophone (hot and cold)

« US

e -2 L-shaped

o 20-40 km

« Surface

« Room temperature
(initially)

Credit: Eddie Anaya, California State
University Fullerton
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Gain one order of magnitude In
sensitivity and enlarge the bandwidth
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ET sclence

» Black-hole mergers in the entire Universe and

Black-holes evolution

before the first galaxies
* Intermediate-mass black-holes

Nature of gravitation
* Nature of black-holes
* Processin the primordial Universe
« Signs of qguantum gravity (i.e. échos)

Cosmology Nature of dark eneregy
* An alternative cosmology
« Test of modified gravity theories with new
observables

Nature of matter at the smaller scales
« Study of nuclear matter

Physics of Supernovae

Multi-messenger astrophysics
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https://arxiv.org/pdf/1912.02622

ET science case
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https://arxiv.org/pdf/1912.02622

The ET technologies and challenges

« Extrapolation of current or planned
technologies for Virgo and LIGO

— Squeezing (non classical states of light)
— High-power lasers

— Large mirrors

— New mirror’s coatings

— Thermal compensation techniques

— Seismic suspension systems

« Technologies not tested in Virgo and LIGO
— Cryogenics (also in KAGRA)
— New cryogenic materials
— New laser wavelengths

21



GW detectors and PROBES



GW EU-Usa-Japan collaborations

« Strong pressure on the Virgo scientists working on the
instrument to start the O4 data taking (March 2024)

« Among the main collaborations with USA and Japan:

Squeezing/quantum technologies

calibration

Suspensions, cryogenics (cryogenic payload),
sensors, squeezing



GW EU-Usa-Japan collaborations

PHYSICAL REVIEW D 106, 102003 (2022)

Demonstration of length control for a filter cavity
with coherent control sidebands

Naoki Aritomi®,">" Yuhang Zhao 3 Eleonora Capocasa 4 Matteo Leonardi®,' Marc Eisenmann,' Michael Page,’
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Squeezing

Cryogenic payload
control

Preliminary tests of the suspension ant actuators were performed in Perugia
In 2023 we moved most of the system to ICRR
In the first phase we worked on the control in air

Finally we moved the suspension into the vacuum chamber of the cryostat

Suspended substrate in Perugia

Suspended substrate at ICRR

Credit H.Vocca 24



Which is the fundamental
imitation of this measurement ¢

Suspended
mirror

Light

Laser Vacuum (Ze ro- Detection

point) fluctuations

PHYSICAL REVIEW
LETTERS

VoLume 45 14 JULY 1980 NumBER 2

Quantum-Mechanical Radiation-Pressure Fluctuations in an Interferometer

Carlton M. Caves
W. K. Kellogg Radiation Labovatory, California Iustitute of Technology, Pasadena, California 91125
(Received 29 Jan 1980)

The i now being to detect ional vaves work by measur-
ing small changes in the positions of free masses. There has been a controversy whether
ia ions disturb this . This

a ra 2
Letter resolves the controversy: They do.

PACS numbers: 04.80.+z, 06.20.Dk, 07.60.Ly




Squeezing
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Frequency dependent squeezing via filter cavity

- Reflect frequency independent squeezing off a detuned Fabry-Perot
cavity
- Rotation frequency depends on cavity line-width
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Filter cavity recently implemented in Virgo
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Conclusions

LIGO-Virgo-KAGRA O4b data taking will start soon for
Virgo, lot of science expected (see Barbara Patricelli
talk)

Next upgrades A# and Virgo_nEXT (2030-2040) at study,
as bridge with 3@ detectors (Einstein Telescope, Cosmic

explorer)

39 generation detector program (> 2035) start to be
solid

Huge collaboration program EU-Japan-US about
detector physics in view of 3@ generation

Central role of PROBES for exchange of scientists and
students



