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GW: a long history...
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The effect of GW on free-falling masses

OL < h-L

|

GW amplitude
h~ 1041

1

The distance between two free-falling masses separated by a km
will change by §L ~ 107 18km













Gravitational wave interferometers




Virgo Collaboration

e ~770 members, ~450 authors, 131 institutions from 15 countries

* 34 Groups: e
- 32 full members ke B @
- 2 in the first year (L2| Toulouse, KU Leuven) @ £
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* 9 countries represented in the VSC
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GW DATA ANALYSIS

Buried in the detector’s data

GW SIGNAL NOISE

| et

We need to and
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Fabry-Perot cavity for “longer arms”: the presence of the
optical cavities increases the number of round trip of the
light, therefore enhancing the gain of the instrument

w €

Input and output mode cleaner to reject the laser high-
order modes

Power Recycling mirror to recover the power reflected

IMC
from the arms and increase the optical power (PR)

Power

Recycling

Signal ) ) .
ERecl:?/clinq Signal Recycling mirror to reshape the detector frequency
response

OMC

Enhance the signal :



Advanced Virgo Noise Curve: Pin =125.0 W
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ground motion: 7 O

108 m thermal vibrations: laser
(101° x bigger) 10+ m wavelength:

: | (106 x bigger) 10 m
C*f — \ (102 x bigger)

gravitational
wave: 10¥m

Credits: S. Fairhurst
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Reducing seismic noise:

* Choose a good location

* Superattenuator to reduce seismic vibration:
reduces mirrors seismic vibration by a factor 1012

Strain spectral amplitude (Hz) .

— Sismico

10 100
Frequenza (Hz)

1000

10000

Suspension wire

Standard filters

Filter 7
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Reducing seismic noise:
e Ultra high vacuum:
7000 m3 @ pressure of 10° mbar

The biggest ultra-high-vacuum system in Europe
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Quantum noise

Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Thermo-optic noise

Substrate Brownian noise
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Reducing thermal noise:

 Beam size as large as possible

* Coating techniques to reduce the losses

* SiO, monolithic suspensions 400 um

* Mirrors of 42 kg in weight to reduce the effect of the
radiation pressure

e SiO, mirrors with a residual roughness < 0.5 nm

Test mass mirrors

.

A 2
= l\\ \ .

Beam splitter mirror
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Reducing quantum noise:

* Increased finesse of arm cavity
* High power laser
* Squeezing technique

Shot noise: photon counting noise

Radiation pressure noise: Photons
fluctuations translate in radiation
pressure fluctuations, giving rise to
random motion of the mirrors

Photodiode

Suspended
MIrror gt

R R S

P = Power
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Gravitational wave events

16%322‘3822  O1 02 == O3 = O4 05
80 100 100-140 160-190 240-325  Advanced LIGO and Advanced Virgo have
LIGO T 5 B = “i completed the third observing run and are
150-260 being upgraded toward LIGO A+ and AdV+
Virgo e 5 operations (04: 2023-2024 — 05: 2026-2028)
o7 * Further upgrades are being planned for post-
KAGRA | 05

G2002127-v12 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

-~ oo @& &

90 GW Coalescence 1 multimessenger Mass range
detections of black holes event (GW + EM 1.2 =107 Mo 40 Mpc — 8 Gpc
reported and neutron stars observation) (stellar) (z— 1.14)

Distance range
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Gravitational-Wave Transient Catalog

Detections from 2015-2020 of compact binaries with black holes & neutron stars

Frequency (Hz)

T N - . i -
ime (5) Sudarshan Ghonge | Karan Jani K@é&g @ Gegrgia & VANDERBILT
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Masses In the Stellar Graveyard
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern




How we detect
transient signals:
modelled search

Matched-filter

Data \ '/—Ten'wplate

5D df

Noise power spectral density

Credits to E. Cuoco et al.
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Third generation interferometer requirements

3d generation GW observatory. Sensitivity aims at least

\ one order of magnitude better with respect to the

J].ﬂ.u.n. nominal sensitivity of advanced detectors in all the
detection frequency band

Precision measurement and a new discovery project.
A wide frequency band observatory

Special focus on massive (or intermediate mass) black
holes. Extraordinary sensitivity at low frequency (few Hz)

High reliability. High observation duty cycle

Lifetime of several decades. Capable to host the
evolution of the detectors, without limiting their
sensitivity
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Wide frequency range Xylophone (multi-
Massive black holes (LF focus) interferometer)
Localisation capability Design
(more) Uniform sky coverage Underground
Polarisation disentanglement Cryogenic
High Reliability (high duty Triangular shape
cycle) Multi-detector
High SNR design

Longer arms

= 1064 nm beam

— |_’15;’ m L"_Hl'l




Einstein Telescope science

ET will be a new discovery machine: ET will explore almost the entire Universe listening the gravitational waves
emitted by black hole, back to the dark ages after the Big Bang

ET will be a precision measurement observatory: ET will detect, with high SNR, hundreds of thousands
coalescences of binary systems of Neutron Stars per year, revealing the most intimate structure of the nuclear
matter in their nuclei

Detection horizon for black-hole binaries

: £ Years after the Big Bang . : -
400 thousand I 0.1 billion 1 billion l billion I 8 billion 13.8 billion

I | | | N
I +
The Big Ban ¢ Ny ] . @ . 1 =
Sle | .~ EinsteinTeléscope - g ‘ =
4 - . \ . [%2]
' 2 t - v 17 secondlgenerationy ge!
| g3 * 7, | e | ' ]
33 N " PR - y ul
The Dark}\ge .?,' g T~ p : T . + % Present day Tg
2 —
o] ?: N o » * / _ Qo
I ‘e 4 L 1 &° ol ko)
1 GBI L Su LN | 1 o)
Fullv ionited % | : . Reionization Eull ioriad | g1 @ ’ W e g
u y onize it + 0 > -= ul y onize B O

1000 o 10 I I 1

Credit: ALMA collaboration | 1+Redshift | I
z=100 7=) GW190521:

7=0.82
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Einstein Telescope science

ET will be a new discovery machine: ET will explore almost the entire Universe listening the gravitational waves

emitted by black hole, back to the dark ages after the Big Bang

ET will be a precision measurement observatory: ET will detect, with high SNR, hundreds of thousands

coalescences of binary systems of Neutron Stars per year, revealing the most intimate structure of the nuclear
matter in their nuclei

Redshili

10 100 1000
Total source-frame mass [ M;]

._!
g
=
=
&

Best 109 of sources

— 'J]'-l_i mal source

100

Frequency [Hz]

[ O

Below 10 Hz the main noise
source are due to seismic
noise and Newtonian noise

We need to find a place
characterized by a low
environmental noise
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Where we are

Ly AT The region under analysis is the Sos

<

Enattos former mine, close to the town
i of Lula (Sardinia, Italy); but the
characterization studies regards also
other town like Bitti and Onani.

T mm

e

g o
L e
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[F'S 5 n I 7| IGEA SpA
C Fondo per lo Sviluppo ; u lS S ‘ : p I N N
3 INTERVENTI GEO AMBIENTALI -
JNIVERSITA DEGLI STUDI DI SASSARI

REGIONE AUTONOMA DE SARDIGNA e la Coesione . . A
REGIONE AUTONOMA DELLA SARDEGNA Istituto Nazionale di Fisica Nucleare

* Located in Sardinia (ltaly) close to Lula (Nuoro)

ki * Very low noise infrastructures, designed to host low seismic noise
| experiments, cryogenic payloads, low frequency and cryogenic
sensor development (as confirmed by already published data)

* Large area on surface available for experiments (~200 m?).
Additional facilities will be added in the forthcoming months.

* Several underground stations available for site monitoring. Small
~underground area available for experiments. Plan to realize a large
underground lab (250 m?), feasibility study completed.

Credits to L. Naticchioni, A. Allocca, D. Rozza™ = =
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Einstein Telescope

ET-LF 300 K
low-power, cryogenic ET-HF:

low-frequency detector High power laser

High circulating light power
Thermal compensation

Large test masses

New coatings

Frequency dependent squeezing

ET-LF:

Cryogeni
Laser YOBEIIES
1064nm  SRM Seismic suspensions
Silicon (Sapphire) test masses
Large test masses
Squeezer N i
w in
\_ ew coatings
New laser wavelength

Squeezer - ' PD

Silicon, Laser beam 1064nm Frequency dependent squeezing, Filter
cryogenic squeezed light beam cavities

Fused Silica,
room temperature

[( Optical element, [( Optical element, Laser beam 1550nm
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P2 Borehole vertical
P2 (-264m) : 2021/10/01- 2021/03/20

Sardinia Site
Long-term measurements
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Characterization of the Bitti and
Onani corners:

Surface and underground seismic . Sachs 0 e
and environmental measurements S
SarGrav surface lab = ~ "L
SOEO (surface) e Qrm“n?t)}\‘% e

—

SarGrav surface la

SOE2 / SENA
*
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&
SOE1, SOE2, SOE3

P o
5
(-84m, -111m, -160m) ‘i ..Sos Enattos Minej~* 4

4 broadband seismometers, 3 short-period seismometers, 2
magnetometers, 1 microphone+microbarometer and 1 tiltmeter
distributed over underground and surface stations

Credits to L. Naticchioni
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What can we learn?

* Seismic noise analysis due to Ocean and Mediterranean sea
* Local noise sources: weather, rain, wind...

* Anthropic noise

05-07
SOE2Z [5Hz,20HZ]

= End of Christmas holidays
- | ockdown (I)
= Lockdown (II)
Phase 2 (I)
—— Phase 2 (ll)

Wl“ 'MIMII} i ”M m l'l H || “} ’l “ « " lHl L M W
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Vehicle speed...

Vehicle Tracking close to the site

40.45

40.448

40.446

40.444

40.442

40.44

40.438
9.455 9.46

Time evolution of azimuth compatible with a vehicle
traveling at 60 km/h southward along road SP73.

DISTANCE (km)

Largest signal amplitude is NOT associated when the
vehicle is closest to the array, but when it traverses
bridge B2

o

Credits to L. Naticchioni




Bitti and Onani corners

E3Xm

C3°X
D3¢ .

c3 gﬁ
TIES. Y

Onani Corner

B3 ! =] e

£ ‘A3‘.

5% : area for boreholes
AN e, PG g and surface arrays
Lula Corner ‘z'xaoé-*‘ ; J7 : proposed locations

Sos Enattos \ Blttl Corner f ~ for ET main caverns




Bitti and Onani corners

Bitti corner,
borehole area

Onani corner,

borehole area

\ | Oct 7, 2020
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SarGrav area



arGrav control room




The first experiment hosted: ARCHIMEDES

Experimental Goal: measurement of the interaction between vacuum
fluctuations with gravity weighting a Casimir multi-cavity while
changing the reflectivity of its layers. A change in the reflectivity
corresponds into a variation of the internal vacuum state energy.

Apparatus: high sensitivity balance working in cryogenic

conditions (~90 °K).




Credits to L. Errico
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The first experiment hosted: ARCHIMEDES

Eur. Phys. J. Plus  (2021) 136:1069 THE EUROPEAN
https://doi.org/10.1140/epjp/s13360-021-01993-w PHYSICAL JOURNAL PLUS

—Tiltmeter @Virgo
—Tiltmeter @ Sos-Enattos
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editsto L. Errico

T —

Credits to L. Pesenti
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ET - suspensions

Sar-Grav may host ET technology prototypes
to test them in the ET expected noise conditions.

platform

L. Naticchioni et al., Characterization of the Sos Enattos site for the Einstein Telescope, JPCS 1468, 2020,

https: //doi.org/10.1088/1742-6596 /1468/1,/012242

* M. Di Giovanni et al., A seismological study of the Sos Enattos Area — the Sardinia Candidate Site for the Einstein Telescope,
SRL, 2020, hitps://doi.org/10.1785/0220200186

* A. Allocca et al., Seismic glitchness at Sos Enattos site: impact on intermediate black hole binaries detection efficiency, EPJP,

2021, https://doi.org/10.1140/epjp/s13360-021-01450-8

* Others in preparation...
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https://doi.org/10.1088/1742-6596/1468/1/012242
https://doi.org/10.1785/0220200186
https://doi.org/10.1140/epjp/s13360-021-01450-8

Thanks for the attentioni!!




