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Gravitational-waves (GWSs)

e Predicted by Einstein (1916): GR equations do have a wave solution!
A GW can be seen as a space-time strain h = AL/ L
® Inthe Transverse-Traceless (TT) gauge:
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Gravitational-waves (GWSs)

® Predicted by Einstein (1916): GR equations do have a wave solution!
® AGW can be seen as a space-time strain h = AL/ L
® Inthe Transverse-Traceless (TT) gauge:

LG r x -1 °

TT . 3/ . _ 4

iy (%) = C4ﬂ/dXT” (t ¢ e ’X) Be O N
e

HUGE suppression factor: h < 10! on Earth amplitude oc r!

e with no sources (masses):
00 0 O

] T 3
cos [w(t — z/c]] ¢ o 3 ™ - 2
Credits: Krdlak, Patil - Universe 2017, 3(3), 59

travels at ¢

2 transverse polarizations: h, and h
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Gravity at its strongest regime

GW sources
® GWs are (almost) not perturbed by matter Modeled Unmodeled

® Generated in very strong regime (remind " , Stochastic

the suppression factor!) background

/1N

Continuous

t

Astrophysics Fundamental physics %
® source study Cosmology e Neutron Star EOS g
e multi-messenger e  BHpopulation IC—E

observations ° Hotension
e Primordial GW

See next talk by F. Attadio...
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GW spectrum

Sources

Big Bang - ’ ’ . Credits: Bailes et al. - Nature ReV. Phys. 3 344-366 (2021)

-

£ -
(Super-)massive black hole inspiral and merger - %
| “* . . .
Compact binary inspiral and merger AS Wlth e.m

a lsun § observations,
. - © | ' different wavelength

Extreme-mass-
ratio inspirals

Pulsars, supernovae

— | regimes require very
different
Wave i approaches!

frequency

Radio pulsar timing arrays

Detectors
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State-of-the-art of GW detections

® A better sensitivity improves our astrophysical reach
: o : irgo LIGO
e Figure of merit: Binary Neutron Star Horizon , ) . = Harford

(today ~55-60 Mpc for Virgo)

02000 Masses in the Stellar Graveyard And the observations?
90 events in the past

observing runs (01, 02, 03)
OA4a started on May 24th,
2023 with LIGO detectors
O4b started yesterday!

82 event candidates at April

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

: am*"gwg i

50 223 - 9
iéo9 ¢3¢ ¢ ¢
Pod 4 4! (e
® | ¢°

) !
1 l—l ’ 11th, 2024

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Credits: Bailes ef al. - Nature Rev. Phys. 3, 344-366 (2021) Check out the public alerts web page and keep counting!
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Earth-based interferometers

® Dual-recycled Michelson interferometer (ITF) with km-long

— Fabry-Perot (FP) arm cavities
ETM
e Test masses (mirrors) are displaced by the passage of a GW
input e Differential measurement of GW amplitude
e
Cleaner 47TL
A¢p =wrAt ~ —hy
AL
e Broad frequency and angular response, with some blind
—y—TM spots: antenna pattern
poo T:;Ia:: 2'): ITM ETM . Interferometric Antenna Response
Leser PRM | AR R 'fi
i & an | ' 2
| Filtering cavity | 1
SRM L -
.............. @f ad 154
Output - Squeezed s : g "“ ‘
Mode Cleaner K light source s ,;. ‘ °
Photodiode

Credits: Virgo Coll. '
Polarisation + Polarisation x Arbitrary Polarisation

GW detectors and Virgo Young@INFN 2024 8



Earth-based interferometers

® Dual-recycled Michelson interferometer (ITF) with km-long

— Fabry-Perot (FP) arm cavities
| ETM

e Test masses (mirrors) are displaced by the passage of a GW

input e Differential measurement of GW amplitude
Cleanir 47TL
A¢p =wrAt ~ —hy
AL

e Broad frequency and angular response, with some blind
spots: antenna pattern

Faraday ETM Interferometric Antenna Response
Isolator

Central ITF IT™

100W

Laser o)
PRM " ‘
os 1
¢ D. S ﬂ il
| Filtering cavit o4
SRM 2 ey o]
| i 05
' 0.8 |
:‘ -1
s -+
.............. Eizf . 154
{ 2 al
Output = Squeezed i e, ‘
Mode Cleaner K light source . = a
Photodiode

Credits: Virgo Coll. '
Polarisation + Polarisation x Arbitrary Polarisation
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Earth-based interferometers

® Dual-recycled Michelson interferometer (ITF) with km-long

Fabry-Perot (FP) arm cavities
ETM

FP arms e Test masses (mirrors) are displaced by the passage of a GW
Mede (L=3km) e Differential measurement of GW amplitude
Cleaner T
Central ITF
——

4L
Ap = wi At ~ ==,
AL
e Broad frequency and angular response, with some blind
spots: antenna pattern

Faraday ETM Interferometric Antenna Response
Isolator

IT™M

100W

Laser

PRM 1 5
1
os
¢ o D. PR ﬂ «i]
| Filtering cavit o4
SRM s gy o]
| i 05
i 05
i -1
H -y
.............. Eizf ad 154
i 2l |
Output - Squeezed ' B 1: ‘
Mode Cleaner K light source > a
Photodiode

Credits: Virgo Coll. '
Polarisation + Polarisation x Arbitrary Polarisation
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Why Fabry-Perot (FP) arms?

% _ Approximations!
. . Michelson ITF
Q\\&‘ ® GW much longer than ITF
9 q q P
< ® Dbest directional sensitivity
wst | |ws < O ® no modulation sidebands in the laser
s b ls A~ (Lx+Ly) h e equal ITF arms length
I E AL
0 Differe ntial measurement \ Linear Fabry-Pérot resonator |
. ‘_':2- 1:(] \ / \ —_ reflecte(; i
Z ; : o N WK\ A
Michelson ITF with FP arms oo L =y —
g . ] — ~—
FP gain FP cut-off 5l LT —— \j
Power  s— ‘;‘ 0 L
g | om 2 1 ). & ]
Mirror cam selter Fabry-Perot A¢(CU) 2 _(L + L ) h F\ —— reflected
E n ﬂ v y 2 - —150 —100 —50 0 50 100 1;0 -
laser L /: Rjg:;'ngu [I )\L 4 \/1 + (UJ/ wp) J o [deg]
mewions § F = 460 \)wp ~ 27 - 50Hz
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Sensitivity curve

ASD of (independent and stationary!) —— Quantum noise
. R e S O R : Tiiiiiiliinir| = Gravity Gradients
noise sources: -

Suspension thermal noise
| e Coating Brownian noise

| = = = Coating Thermo—optic noise

1 T/2 . 2 """ : 1= = = Substrate Brownian noise
N(f) = 2 hm T ) n<t)e_127rft dt’ : . Seismic noise
T—o0 T —T/2 10 \ | = = = Excess Gas
\ | == OMC thermo-refractive

: : Alignment noise

AR e S | = = = Magnetic noise
= = Sum of the plotted noises

: : : : : — Reference AdV curve

“Fundamental” noise sources:

Strain [1VHZ]

® Seismic noise
e Thermal noise AN T
e Quantumnoise pee

...but there are many other noises :( S

Reducing their contribute is the main effort 10’ 10 10° 10°
. . . Frequency [Hz]
of eXperImental phySICIStS in GW! Credits: Virgo Coll. - Class. Quant. Grav. 32 024001 (2015)
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Seismic and environmental noise (<10 Hz)

Relevant at low frequencies (micro-earthquakes, wind,
sea activity...)
e Inverted pendulum + chain of pendulums with low proper

frequency (0.6 Hz) to make a “cascade filter”: Superattenuator
e Heavier end test masses

Seismic noise @Virgo site

104 24

42 kg
now

displacement [m Hz ~"/?)
3

10'
frequency [Hz]
Credits: Virgo Coll. - Jour. of Low Frequency Noise
. R Vibration and Active Control 30(1):63-79 (2011
Credits: M. Perciballi

GW detectors and Virgo
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Thermal noise (<300 Hz)

i i , .
e Any dissipation at non-zero temperature brings Thermal noise of mirrors’ pendulum motion
1.x107% . . . :
vibrational noise (Fluctuation-Dissipation Theorem)
e Relevant to ALL precision measurements! 1x107%
=l .
w if w<w 1102
Sx((,L)) ~Y 5 . 0 Xz[w][m_z] b-
w™ if w> wy iz

1.x10°28 | Viscous dissipation

Internal dissipation

1.x10°%
U.Iljﬁ Elt1 Ui5 1 5 10
v(HzZ)
Steel plate | Many sources... ...and solutions!
o e e  Suspensions e  monolithic suspensions

e  better quality of materials

e lower optical power
density (larger beams)

e cryogenics!! (KAGRA,

@ osoom o : not from thermal one ET...)

(active field of R&D)

e  Bulk of the mirrors
e  Coatings: very good from
optical point of view,
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Quantum noise (>300 Hz)

® Macroscopic manifestation of the discreteness of

laser light LoaQuantum Noise in gravitational-wave detectors
e Originated by vacuum field entering the dark port --- Standard Quantum Limit
20 —— Conventional
of the ITF 1077 5 —— Phase Squeezing - 10 dB
q q ~ Frequency Dependent Squeezing - 10 dB
e 2 contributions T 1021
o back-action: Radiation-Pressure Noise (RPN) p
. . — 10_22- ~~~~~~
o detection: Shot Noise (SN) SR
e They meet at the Standard Quantum Limit (SQL), ﬁ 107 5
lowest frequency of quantum noise wa o e

|h2 I 1 e 102 10°
Sp(w) = SQQL (IC(w) —|—) Frequency [HZz]

Standard Quantum ITF optomechanical
Limit (SQL) coupling
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Quantum noise (>300 Hz)

® Macroscopic manifestation of the discreteness of

laser light LonQuantum Noise in gravitational-wave detectors
e Originated by vacuum field entering the dark port 1 ~—- Standad Quantum Limit
10-20 ] —— Converjtional
of the ITF —— Phase $queezing - 10 dB
° 2 contributions 'E' —— Frequefcy Dependent Squeezing - 10 dB
I 10—21_
o back-action: Radiation-Pressure Noise (RPN) E
— 10722 T~~~ _
o detection: Shot Noise (SN) = | T
e They meet at the Standard Quantum Limit (SQL), Wy 1072
. = Radiatio =~
lowest frequency of quantum noise A N s S
pressure [ e~
—25 I\ J
h%QL 1 10 10! 162 103
Sp(w) = > \K@) + K(w) Frequency [HZ]
w
Standard Quantum ITF optomechanical
Limit (SQL) coupling

GW detectors and Virgo Young@INFN 2024 14



Quantum noise (>300 Hz)

® Macroscopic manifestation of the discreteness of

laser light LonQuantum Noise in gravitational-wave detectors
e Originated by vacuum field entering the dark port 1 ~—- Standafd Quantum Limit M
10-20 ] —— Converjtional
of the ITF —— Phase $queezing - 10 dB
° 2 contributions 'E' —— Frequefcy Dependent Squeezing - 10 dB
I 10—21_
o back-action: Radiation-Pressure Noise (RPN) E
— 10722 T~~~ _
o detection: Shot Noise (SN) = | T
e They meet at the Standard Quantum Limit (SQL), Wy 1072
. = Radiatio -
lowest frequency of quantum noise o=l " Shot TT---_
pressure | T e
-25 I\, A\ : J
h%QL 1 10 10! 162 103
Sp(w) = > \K@) + K(w) Frequency [HZ]
w
Standard Quantum ITF optomechanical
Limit (SQL) coupling
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Quantum noise (>300 Hz)

® Macroscopic manifestation of the discreteness of
laser light
e Originated by vacuum field entering the dark port
of the ITF
e 2 contributions
o back-action: Radiation-Pressure Noise (RPN)
o detection: Shot Noise (SN)
e They meet at the Standard Quantum Limit (SQL),
lowest frequency of quantum noise

S1) = L2 (0 +ew))

Standard Quantum ITF optomechanical
Limit (SQL) coupling

GW detectors and Virgo

Young@INFN 2024

Quantum Noise in gravitational-wave detectors

10—19 7 N
SES StandaGQuantum Limit A
—— Converjtional
10720 - .
—— Phase $queezing - 10 dB
'E' —— Frequefcy Dependent Squeezing - 10 dB
I 10—21_
>
~~
— L
[a— 10—22 {7~~~
= | T4
U.)c 10—23 _
= Radiatio ~—
-24 | “~\~
10 pressure | ~ T TTY=~___
10-25 N\ : N\ : J
10! 107 103
Frequency [HZ]

\]
Standard Quantum Limit (SQL)
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Quantum noise reduction with squeezing

Power spectrum of Quantum Noise:

Quantum Noise in gravitational-wave detectors

‘h%’QL\ 1 10719
Sh((,U) = + ,C(UJ) === Standard Quantum Limit
2 ]C(w) 10-20 —— Conventional
Standard Quantum  ITF optomechanical _ Ehase Sq“eDeZ'”g : 1°tdSB o lods
. . requency Dependent Squeezing -
Limit (SQL) coupling 'f 10-21 ]
] =
S~
— -
— 107224 T~~o_
R
‘.;)C 1023 4
> S~o
044 T~
1072

10! 1(I)2 1|03
Frequency [HZ]

Output I - Sqt
Mode Cleaner 4 tight source

Photodiode
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Quantum noise reduction with squeezing

Power spectrum of Quantum Noise:

Sh(w) :@ lC(lw) +[IC(w)] [6_2T]

Cleaner

(1]

Faraday
Isolator

ST

Output |
Mode Cleaner

Photodiode

100W

Laser

GW detectors and Virgo

Suppression with
freq.-dependent squeezing

& Squeezed
4 light source

Young@INFN

Quantum Noise in gravitational-wave detectors

10—19

10—20 4

10-21 4

1022 4

10—23 -

VSp(v) [1/VHZ]

10—24 i

I
~~\
~

=== Standard Quantum Limit

Conventional

Phase Squeezing - 10 dB

Frequency Dependent Squeezing - 10 dB

S~
~
~
S~
~

10—25

10!

102
Frequency [HZ]

Provided a specific tuning of the squeezing angle,
Frequency-Dependent Squeezed light reduces QN along
the whole detection band!

2024
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Squeezing ellipse can be rotated in a

frequency-dependent manner with a detuned

linear cavity (Filter Cavity)
e  Central rotation angle @ ~50 Hz implies
0  Longcavity L=285m
o  High finesse F=10000

®  Round-trip losses in AdV+ FC: 50-90 ppm
Virgo Coll. - Phys. Rev. Lett. 131 041403 (2023)

Input
Mode
Cleaner

L——1) v
- K
5
s /U
[} g |
f= /
c / i
3 54
O—0O—O0 " - -

il

Minitower SQB2

Cavity vacuum
tube L=285m,
not in scale

suspende bench

Minitower SQB1
In vacuum
suspended bench

In air squeezer
bench

=
100w oser 1) (im
o H]\ |
P -
| g covey

A Squeezed
L light source

Output
Mode Cleaner

Photodiode

GW detectors and Virgo
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041403

Squeezing ellipse can be rotated in a
frequency-dependent manner with a detuned
linear cavity (Filter Cavity)

e  Central rotation angle @ ~50 Hz implies

0  Longcavity L=285m
o  High finesse F=10000
®  Round-trip losses in AdV+ FC: 50-90 ppm

Virgo Coll. - Phys. Rev. Lett. 131 041403 (2023

Input
Mode
Cleaner

Faraday

100W Isolator

#-fh---1)

| Filtering cavity

............ @.,.f

- Squeezed

Output
| light source

Mode Cleaner
Photodiode

GW detectors and Virgo

S |
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Cavity vacuum
tube | =285m_

zangos;
2

0d'Z8053

SQB2

u D FCEB_GPD
FILTER CAVITY (285 m)

[ Y OS——

. IR aligment to Filter Cavity
1R aligment to Interferometer

B Lo aisnment to Homodyne

wed9 §374

1304

wey 8:

FCEB_IRPD FCEB

5081 GFI

ESOB1_GQPD2

ESQB1.GQPD1

ESQB1_GPD1

=== SQB1_HWP2

ESQBL M4

——
£50B)_GEOM

.§ HO_For_Com
3 “ h
SQB1_M31 - LO_M4.
: HD_M2_fl
sqB1.M32 SQB1 i. <§> J>
— 10 Beom g o o
— Subcarer Beam Y
EE | © ® —
Credits: Di Pace - Phys. Scr. 96 124054
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To wrap up...

1. GWs are “ripples of space-time” caused by strong acceleration of huge masses

2. They can be revealed on the Earth with long-baseline Michelson interferometers, such as
LIGO, VIRGO and KAGRA

3. The most important noise sources are seismic, thermal and quantum noise. Higher laser
power, heavier mirrors, low-dispersion materials and squeezing of light are the main measures
to counter them

4. Frequency-dependent squeezing of light can be implemented through an external detuned
cavity coupled to the main interferometer

5. Improving the sensitivity of GW detectors allow to build up a consistent catalog of
observations and make new physics!

GW detectors and Virgo Young@INFN 2024 17
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GW interaction with the detector

e Michelson ITF only, and GW much longer than the ITF
® GW distorts space-time metric, affecting the propagation time in [

the arms
2 (L 1 9 (P 1

t, ~ = 1+-h.|d t, o~ = 1—=h.)d
C/O(+2+)x C/o( 2*)"”

® Phase shift at the output dark port

j049d-Aiqe4

47TL Power
A¢ — (.ULAt ~Y — h_|_ Recycling X
)\ Mirror Beam Splitter —
I ﬂ Fabry-Perot
Typlcal values: E U , I H
laser 0 Signa —
e FParmlength L = 3km LS Reawg
(4 km for LIGO, 3 km for KAGRA) IIGEECEE o
e GWstrain h ~ 1074
20
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Power Recycling

e The ITF is always kept close to dark
fringe condition, i.e. destructive
interference at the output (dark) port

j049d-Aiqe4

® Power is almost entirely reflected back
towards the laser source

Power
Recycling
Mirror Beam Splitter
” Fabry-Perot
E [—
laser . Slgna?l
Recycling
Vacuum  : Mirror
fluctuations

GW detectors and Virgo Young@INFN 2024 21



Power Recycling

GW detectors and Virgo Young@INFN 2024

The ITF is always kept close to dark
fringe condition, i.e. destructive
interference at the output (dark) port

j049d-Aiqe4

Power is almost entirely reflected back
towards the laser source

Power Recycling Mirror (PRM) avoids Recycling
this waste of power and increases the [
circulating power in the ITF, thus the E

Beam Splitter

H Fabry-Perot |]
Signal

Recycling
Mirror

sensitivity

Vacuum -
fluctuations :

21



Power Recycling

e The ITF is always kept close to dark
fringe condition, i.e. destructive
interference at the output (dark) port

j049d-Aiqe4

towards the laser source

e Power Recycling Mirror (PRM) avoids |Recycling

Mirror Beam Splitter

this waste of power and increases the - Fabry-Perot
circulating power in the ITF, thus the E_I_” A _ . JF_[II
e | — =4 = 0 Sgna
Sen5|t|V|ty aser - Recycling
Vacuum : Mirror

® |t creates another cavity, with the ITF (ST

|
I
|
|
!
e Power is almost entirely reflected back I
|
|
|
I
|

as equivalent end mirror t
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Signal Recycling

® Name is not so intuitive...

® FP cavities reduce the bandwidth

[l j049d-Aiqe4 [l

Power
Recycling
Mirror

Beam Splitter

=

H Fabry-Perot I]

A
laser j. Signal
9 - Recycling
C t Vacuum . Mirror
/')/ ~ it fluctuations .
4L -
211 50 Hz

GW detectors and Virgo

Young@INFN 2024
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Signal Recycling

® Name is not so intuitive...

® FP cavities reduce the bandwidth

® You want something to keep the optical
power high, while recovering a better
bandwidth: the Signal Recycling Mirror
(SRM)!

® Asthe PRM, it adds an optical cavity
which closes with the ITF itself

Ct%n N Ct2n 1-|—7“SR
TEUL 75R_4L1—7“SR
27T 50 Hz ‘ 21T 430 Hz

GW detectors and Virgo Young@INFN 2024
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Power

Recycling
Mirror Beam Splitter
|=| Fabry-Perot ﬂ-
U 4 j Slgnal |

Recycllng

Vacuuml error

fluctuations :




Squeezed states of light

Sine (or phase) quadrature
Shot Noise

Cosine (or amplitude) quadrature
Radiation Pressure Noise

R A

6m

Vacuum state:

0)

E(t)

n " L L '
0 n 2n 3n 4n 5n
a)ot

Credits: Danilishin. Khalili - arXiv:1203.1706 (2012)

E(t)

Reduced variance!

Squeezed vacuum state: v
S O AV=e'2 | o0 l l l l
(©)l0) e Ll

¢ = Tew Squeezing parameter ¢+ Tl ;)_( ;;:/2 X T T T T

r[dB] = 201log;y(e")  Squeezing factor
23
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Squeezing in O3 and O4

O4: Commissioning of a Freq.-Dependent Squeezing

03: Freq.-Independent Squeezing apparatus with Filter Cavity
®  Phase-squeezed light 3.2 dB
e 5.6 dB at high frequencies and 2 dB around FC resonance

e BNSrange improved by 5-8 %

° Performances in the ITF similar to O3 due to ITF

e  Detection rate increased by 16 - 26 % configuration
51\ R S 10
_ 4-\@.5 dB Anti-SQZ . ‘
g ’ SQZ ——————— =/~ + JrAAPA i&jl‘?‘t"hm"}*"“ Vi i i kil
= ' B |- L N : |

5= | 32 dB SQZ g "5 W i A

8 < 3 A= TR A

€ 8 402 | | o | i il I8 4 B ) *.

E“(;)‘ 4t i - [ \\\ | M

53 ] + o H 4050 P H H L 2 i - AN

c (O] 4 % \‘~ 4/ b 1 %

ER i na— H (I Lot — g SN R

2 T 7 H T i J i 3 S 7 !

o
= 2 \N e O O O | { -4 7 T
o W Ly "l"P‘,,h‘
-6
20 30 40 60 80 100 e uen2:0[HZ]300 400 600 800 1k 2k 3k 20 50 100 200 500
q y Frequency (Hz)
its: Virg .- Phys. . . ( )
Credits: Virgo Coll. - Phys. Rev. Left. 123 231108 (2019 === ¢up = 87.72+/-0.89 deg, Aws = 43.89+/-0.48 Hz === ¢up = 31.57+/-0.10 deg, Awr = 50.56+/-0.19 Hz

=== ¢up = 75.51+/-0.39 deg, Awr = 46.82+/-0.26 Hz === ¢up = 10.95+/-0.09 deg, Awr = 50.19+/-0.20 Hz
=== ¢np = 49.54+/-0.23 deg, Awr = 48.23+/-0.26 Hz === ¢up = 1.46+/-0.18 deg, Aws = 55.31+/-0.39 Hz

Credits: Virgo Coll. - Phys. Rev. Lett. 131 041403 (2023
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Squeezing in O3 and O4

O4: Commissioning of a Freq.-Dependent Squeezing

03: Freq.-Independent Squeezing apparatus with Filter Cavity

®  Phase-squeezed light 3.2 dB
e 5.6 dB at high frequencies and 2 dB around FC resonance

e BNSrange improved by 5-8 %

° Performances in the ITF similar to O3 due to ITF

e  Detection rate increased by 16 - 26 % configuration
5 e 10
_ 4-\@.5 dB Anti-SQZ . "
¥ : s l\wil o b s
I | NesSQz = AG _\ paU AR
s= | 3pdBsQz g “w
o = — rr =
%% I - i B , 52-\
5o ° "‘ H WA ‘ g o
2'0 AJ | ol 4 | g__z =’ 12| [ o a
RPN degraded(*) " i | i
Y ~ SN improved AN A b S L o

2'0 30 40 'so 80 100 200 300 400 600 800 1k 2 3k
Frequency [Hz]

. . jwency (Hz)
Credits.: irgo Coll. - Phys. Row Lell 123 231108 12019 ——- $up = 87.72+/-0.89 deg, Awy. = 43.89+/-0.48 Hz === ¢pp = 31.57+/-0.10 deg, Awy = 50.56+/-0.19 Hz
——= ¢up = 75.51+/-0.39 deg, Awy. = 46.82+/-026 Hz  ——- ¢pp = 10.95+/-0.09 deg, Awr. = 50.19+/-0.20 Hz
(*) Covered by other Iow-freq. noise sources === ¢np = 49.54+/-0.23 deg, Awr = 48.23+/-0.26 Hz —== ¢up = 1.46+/-0.18 deg, Aws = 55.31+/-0.39 Hz

Credits: Virgo Coll. - Phys. Rev. Lett. 131 041403 (2023
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A novel approach: EPR squeezing
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