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Gravitational waves (GWs) are very small perturbations of the space time,
so small that their effect on the test masses of a GW interferometric
detector can be even confused with the effect of vacuum fluctuations!
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https://link.springer.com/article/10.12942/lrr-2012-5
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C. M Caves. Physical Review D, 23(8):1693, 1981
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Towards the definition of sqyueezed states of light

Electro-magnetic field in terms of quadrature operators

E, = Epsin(kz) (X coswt +Y sin wt)

<\

Amplitude quadrature Phase quadrature
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Nonlinear processes Higher order polarization effects in media

P(E(t)) = eo(X'VE(t) + XD E(t)? + XxPE)® +..)
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Squeezed states in audio-frequency band

VOLUME 55, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NOVEMBER 1985

Observation of Squeezed States Generated by Four-Wave Mixing in an Optical Cavity

198%5: Suueezing in RADIO-FREQUENCY band

R. E. Slusher
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

L. W. Hollberg
AT&T Bell Laboratories, Holmdel, New Jersey 07733
and

B. Yurke, J. C. Mertz, and J. F. Valley(“)

AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 27 August 1985)

NOT ENOUGH FOR A GW DETECTOR..
New Journal of Physics

The open-access journal for physi
Quantum engineering of squeezed states for o ,
quantum communication and metrology 2007- Squeezing in AUDIO-FREQUENCY band 5'
%..

H Vahlbruch', S Chelkowski, K Danzmann and R Schnabel
Max-Planck-Institut filr Gravitationsphysik (Albert-Einstein-Institut) and
Leibniz Umiversitiit Hannover, Callinstr 38 30167 Hannover, Genany
E-mail: henning.vahlbruch@aei.mpg.de

New Journal of Physics 9 (2007) 371
Received 29 August 2007
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How does it mean squeezing in audio-frequency band?
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Frequency-independent Squeezing (FIS)
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Need for a Frequency-Dependent Squeezing (FDS)

Advanced Virgo Noise Curve: Pm =1250W
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Frequency independent
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> 2009:first demonstration in MHz region - cavity length 1=0.5m

Chelkowski et al. Phys. Rev. A 71 (Jan, 2009] 013806

> 2019:first demonstration in kHz region - cavitylength 1=2m
Oelker et al. Phys. Rev. Lett. 116 (Jan, 2016) 041102

» 2020:first demonstratior’helow 100 Hz - cavity length 1=300 m
Zhao, Yuhang, et al. "Frequency-Dependent SqueezeMacuum-s pe-fof Broadhand Quantum Noise Reduction in Advanced

Gravitational-Wave Detectors.” PIIJ/SIL'ﬂIﬁﬂI/IﬂWlﬁII&I’SIM 11 2020] 1101

Frequency of interest for Gravitational Wave detectors

Need for hundred meter long cavity > less squeezing degradation induced by cavity losses 3

T. Isogai, J. Miller, P. Kwee, L. Barsotti, and M. Evans, “Loss in long-storage-time optical cavities", Opt. Express 21 no. 24, (Dec, 2013) 30114{30125}
E. Capocasa et al. “Estimation of losses in a 300 m filter cavity and quantum noise reduction in the KAGRAgravitational-wave detector", Phys. Rev. D 93 (Apr, 2016) 082004.
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Fliter cavity in Advanced Virgo Plus

Parallel to the ITF North Arm

CAVITY MIRRORS

diameter d=13 cm;

radius of curvature RoC= 958
round-trip losses 1< 40 ppm

AdV+ required squeezing angle rotation: 20-30 Hz

<=

e lengthl=285m;
o finesse F=11000 (@1064 nm)
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Advanced Virgo Plus (AdV+): FDS overall conceptual design
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Adv+ FDS vacuum system
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AdV+: in-air external squeezing hench (EQB1)

EQB1 OVERVIEW
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AdV+: In-vacuum suspended squeezing henches
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What we want to do In ET
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Other squeezing activities in ET

Subgroups

‘Phase noise (Valeria Sequino: valeria.seguino@na.inin.it)
‘PYGWINC

-EPR SOUEEZING (Mateusz Bawaj: mateusz.bawaj@unipd.it)
*SQZ source 1550 nm

*SQZ source 1064 nm

*Global design

Filter Cavity 1064 nm

*Filter Cavity 1550 hm £
2um R&D |
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https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/PhaseNoise
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https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/PyGWINC
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/EPRsqueezing
mailto:mateusz.bawaj@unipg.it
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https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/GlobalDesign
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/FilterCavity1064
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/FilterCavity1550
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Need for a Frequency-Dependent Squeezing (FDS)

Advanced Virgo Noise Curve: Pin =125.0W
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MOPA laser
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Input + BS End
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Upper plate
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Cylindrical
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Main optical bench
Michelson ITF with two
Fabry-Pérot cavities
finesse=23000 L.=35cm
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SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited

Proposal for gravitational-wave detection beyond the
standard quantum limit through EPR entanglement

Yigiu Ma,! Haixing Miao? Belinda Heyun Pang.! Matthew Evans
Chunnong Zhao,? Jan Harms,#® Roman Schnabel 7 and Yanbei Chen!
ecretical Astrophyscs 950.17, Cabfornia Institwte of Technology, Pasadena, CA 91125, USA
St of Physics and Astronemy, Uversity of Hirmingham, Birmingham, B15 2717, Urital Kingdorn
fassachuseits Institute of Technology, Comridge, Massachuseits 02139, USA
“School of Piyacs, Unversuy of Western tustraba, Western ustraba 6008, Australia
Unsversitis degh Studs di Urbino “Caslo Bo”, 1-61029 Urbana, lialy
CINFN, Sezione ds Firene, Frmee 5009 Ty
ettt for Lertant wnd Zonian o Opiche. Qunientchnce,
i by Vo Chma 112 Sorst oty v
(Dated: March 15, 2017)

This is a supplementary material for the paper: “Proposal for Gravitational-Wave Detection
Beyond the Standard Quanium Limit wsing EPR Entanglement”. The purpse of this material is
40 preoen: the details about (1) the derivasion of the sensitivity formula; (2) the choice of system.
parameters; (3) the effect of loss;

1. DERIVATION OF THE SENSITIVITY FORMULA

First, for cach audio-sideband frequency ©, the field inpist-autpat relations of the squezer (the pumped OPA) can
be written as

i+ 00) = pudinlln + 80) vy + A= ). Bluo+ A+ 0) = pbia(un + A+ + vl (o — 0 m
alfw — ) = wah (w0 — @)+ obulwo + A+ Q) B(wo + A —0) = pbhlwo + A - Q) + e am(w + Q),
where & and b describo the generated signal and idler filds near wp and wp 4 A, respectively. The fields dng, by
Fepresent the vacuum felds cntering nto the squecses. The sheomenslosical confiieat s and » ace dterined by
the 3} nonlincarity cocfieicnt of the erystal and strength[1]. Ficld tion requires
them to satisfy the rolation [uf? — |2 — 1. Since the phase of 4 and v can be absorbed into the dehnitionof cosion
and annihilation operators, we can parametrise them as 4 — coshr and v — sinhr. where r & usually denoted to be
the squeczing degree of the OPA. In the so-called two-photon formalism where s define:

sy ) il —0)
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the reltions in Eq (1) then can be represented in another form (in the following, ay.a(f2) and by2(%) will be simply
written as d1,2 and b a):

Gy by = e (b + i), 1 — B — 6" (lhng — bina)s @
an by — e "(@ien + biea), @2 — by — £ (itin2 — bia) (%)

(the i1 3, bras 2 are defined in the same way as Eq. (2)). EPR-type commutation relation [ay — by,ag + by] = 0 allows
the existence of the state in which the fluctuations of quadrature combinations (is — f1)/vZ and (s + ba)/v/2 are
sl ek (b o v Thesloee by is correlated with a; while by is correlatod with —d, and s o
0 — iy 080 — i) corelatos with 8, — b, coa0 1 b sin. Using Homadyne dooction scheme, &g and by can be
m..m When we do conditioning by procesing thee measurement. resulta, we assurme the measurement result of
by s filtcred with a 6l i factor g and then signal field quadrature

@, leads to:
s — gho = (a1 — gb1) cosd — (a2 + gba) sin. 6]
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for our proposed scheme.
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i you are interested in contributing...

Please contact us:

harbara.garaventa@ge.inf.it

valeria.sequino@na.infn.it
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