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Fundamental noises in Advanced Virgo design

AdV Noise Curve with tech noises: Pin =125.0W

Optics & Interferometry: Squeezing

[ = o s
L T T T Quantum nalse
Low frequency: seismic noise ———— Gravity Gradients
Newtonian noise, suspension . thermal noise
thermal noise, residual technical Coating Brownlan ndlzse
v (=] Coating Therma-optic noise
noises, radiation pressure Subetrate Brownian noiss
- ‘\\ \ Seismic noise
19 =X ===-- Excess Gas
\‘ \i n Grand Total noise )
L WA OMC thermo-rafractive
= \\ o Alig it noise
I ¥ Magnetic noise
= \ N /] Reference AdV cure
~— ! L
= W\ / ]
™ 10T Y High frequency:
= —— 3 / shot noise
w L] LY
\ AY
AY N [T
A N =
X Y —
[N r""'__"“::b(_
i
A T~
TN Nl
10 Ll ¥ P
i -
5 1 =~
I s &
10" 10° 10° 10*
Frequency [Hz]




QM limits

AdV Noise Curve with tech noises: Pin =125.0W
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Optical quantum noises

AdV Noise Curve with tech noises: Pin =125.0W
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Mitigation of fundamental noises

o Classical approach: act on experimental parameters which determine
the scaling of fundamental noises, e.g.

e optical power (shot noise and radiation pressure noise)

arm length (shot noise, radiation pressure noise, all thermal noises),
mirror mass (radiation pressure noise, suspension thermal noise).

test mass temperature (all thermal noises)

materials for mirror substrate and coatings (mirror thermal noise) and
suspensions (suspension thermal noise)

@ Quantum approach: modify quantum properties of the system, e.g.
e inject squeezed states of light (shot noise, radiation pressure noise)
o already successfully implemented in GW detectors

e replace macroscopic test masses (mirrors) with quantum test masses
(ultracold atoms)

@ not yet implemented in GW detectors so far
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Optical quantum noise from a semiclassical model

@ Lght interacts with the detector in discrete quanta (photons)
@ Optical power for mean number N, of photons in a time interval T
N, hwy
T
@ Without correlations photons obey Poisson’s statistics
@ Photons number variance AN, = \/E — optical power fluctuations

v/ N~y hw|
AP=Y_"T1T"— /=P
T T

@ In GW detector such limit has two complementary aspects: shot noise
and radiation pressure noise

X — v
N b time time

o

Laser Stspsnesd Laser
mirror [} W
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it

X
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Shot noise: signal fluctuations at output port

@ In the absence of a GW, the output optical power is given by a
P=PFP. sinz(qbo), thus

Ty

(A'D)shot = |5in ¢0’ ?Pcirc

o The output power due to a GW is P = P, sin’[po + A¢p(t)], thus

(AP)GW ~ 2P e Sin(¢0) COS(¢0)A¢(1‘)

(AP)GW PcircT
SNR= ——"— =2 Ao¢(t)| cos
(AP)shot th ¢( )l ¢0‘

and finally
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@ For an interferometer with F-P arm cavities and power recycling
cavity, we have

4Fw;
A)rp = hol.
(Ad)ep = ho RN T (AIAL

@ The equivalent strain noise spectral density is deduced from SNR:

Sh(f) =T (%)2

Finally the shot noise spectral density is:

\/7 47rhALc[1 + (F/F,)2x
nsn 8L*F czrc
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Radiation pressure noise

@ A beam of photons back-reflected from a mirror applies a pressure on
the mirror itself.

@ If the number of photons fluctuates, the magnitude of radiation
pressure fluctuates too.

@ Back-reflection corresponds to a change 2p in the photon momentum.

@ Since the photon energy is |p|c, the force exerted by a beam with
power P on the mirror is F = 2P/c and its variance is AF = 2AP/c

hw; P
AF =2/ 2L0
c2T

Fiodor Sorrentino (INFN) Optics & Interferometry: Squeezing May 26, 2026 10 / 88



Radiation pressure noise

@ Such a stochastic force acts on a mNirror which is free to move in the
horizontal plane, thus F = Mx — F(f) = —M(27f)2%(f) and

AF
AR | = ——=
A8 = Hianry
@ The length change of an arm is AL = 2|Ax| and for the full
interferometer we must sum the two contributions

4 hew, P

AL),, =
(AL)w M@rf)2\ 2T
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Radiation pressure noise

@ For a simple Michelson interferometer the effect of a GW on the
single arm length is (AL)gw = hoL, and

hol , | T
SNR = — M(2nf —_—
4 ( ) hWLPcirc

@ In a Michelson interferometer with F-P arm cavities each photon
undergoes N = 2F reflections on average in the cavity band;

@ we finally obtain

mhol o [T+ (F/£,)2]
NR = 0 M(2rf
> g M(2rf) \/ heot Paire

. 16\/§f hPcirc
 MLrf)2\ 22 e[l + (F/6)?]

Sn.(f)
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Standard quantum limit

@ Total quantum noise: uncorrelated sum of SN and RPN:
Sn,an(f) = Snsn(f) + Sn,rp(f)

o The standard quantum limit (SQL) is the minimum value of S, gn(f).
@ SQL occurs at the frequency where shot noise equals radiation
pressure noise:

1 8h
V Ssqu(f) = A\ M

-22

10

S,
s
3

Quantum Noise

Strain [1/\Hz]

2
10 10 10
Frequency [Hz]
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Standard quantum limit - Michelson + FR arm cavities

2 Standard quantum limit
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Quantum theory of light in interferometric GW detectors

o Optical interferometers for GW detection usually operate at dark
fringe

@ Vacuum fluctuations enter the dark port of the interferometer

@ Quantum noise can be seen as vacuum fluctuations of the optical field

o Quantum mechanical formalism to describe vacuum fluctuations
e Tools for measuring quantum fluctuations
e Methods to generate and manipulate quantum states of light

(squeezing)

7} .
T (ii)
S Noise
® squeezing
E 3 e
2
Squeezed |' Rotator o
vacuum 2
b = A2 2
input o
=uo==nsl/]PBS 0 5 10

 Photo diode Time [ms]
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Quantum fluctuations of the EM field and expectation

values

@ In canonical quantization the e.m. field is expanded in terms of
creation 5:[, and annihilation 3,, operators of photons at frequency w.
@ In the case of interferometric GW detectors it is more convenient to
expand the electromagnetic field in terms of the sidebands photon
creation operator é\jdozl:ﬂ around the carrier laser frequency wo;
o these can be directly related to sidebands generated by the
gravitational wave.
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Expectation values

@ In this framework the quantum electric field operator E(x,y,z, t) for
a laser beam traveling in the "Z" direction can be written as

~ hwg . ~ ~
E(x,y,z) = u(x,y,z)4/ ?;)[Xl(z, t)coswot + Xo(z, t) sinwot]

where ¢q is the vacuum permittivity, the mode shape function
u(x,y,z) is normalized as [ dxdyu(x,y,z) =1 and the quadrature
operators Xj 2(z, t) can be written in the Fourier space as

A *dQ - : 5 .
Xia(z, t) = /0 o [X12(Q) exp(—iQt+kz)+X{ 5(Q) exp(iQt — kz))].
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Expectation values

@ The hermitian operators

A A
o dwg+Q T A _q

XI(Q) = \/§

é\WO'FQ - é\IJ()fQ

iv?2
coherently create a photon at the sideband —£ and annihilate a
photon at the sideband 4.

@ This so-called Two Photons formalism is particularly suitable for
dealing with two-photon systems as in the case of squeezed light

Xo(Q) =
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Expectation values

@ The two operators X;(Q) and )A(zT(Q) do not commute, namely
[%a(2), ()] = 2i6(2 - @)

which implies that X7 and X, cannot be estimated simultaneously
with infinite accuracy, as their variances AX1272 must fulfil the
uncertainty principle

AXZ(QAXZ(Q) > 1

@ In other words, the phase and amplitude fluctuations of the
electromagnetic field can never cancel out simultaneously without
contradicting quantum mechanics.
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Expectation values

o If the field amplitude is much larger than the fluctuations, one can
decompose the quadrature operator into a steady state operator Xj»
plus a time dependent fluctuation operator 6.X »(t) such that

< sl|)A(172|s/ >= Xi2 < sl|5)A(172(t)|sl >=0

where Xj o(t) is the average value of the quadrature amplitude and
|s/ > the state of light.

@ The quadrature fluctuations associated to 5)%172 are described by the
double side power spectral density

1 ~ o o ~
Sox,exs () = — < sl|6Xa(Q)IXF(Q) + 6Xp(X] ()51 >
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States of light

@ There are many ways to represent the quantum state |State > of
light.
@ The most popular is to specify the number n, of photons for each

mode at frequency w of the electromagnetic field. These are called
Fock states.

@ Due to the uncertainty principle, if the number of photons is exactly
known the phase of the electric field is completely undetermined.

@ Moreover, for the Fock states the expectation value of the electric
field vanishes:

< n,m, . |E(x,y,z,t)|n, n, .. >=< AlE(x,y,z,t)|A>=0

and this holds even in the classical limit 1 — oo.

@ For these reasons Fock states are inappropriate to describe a laser
field, which is actually used in experiments.
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Coherent states

o The coherent states |a >, where av = |a| exp[i¢] is a complex
number, are the most appropriate choice to describe the classical field
of a laser beam.

o for such states the expectation value of the electric field

<alE(x,y,z,t)|a >=

Fuw
= u(x,y,z)4/ C—O[\a\ cos ¢ cos(wt) + |a sin g sin(wt)]
€0
takes the same form of a classical field with amplitude |«|

2'Dlas
hw

o =

phase ¢ and power Pj.
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Coherent states

@ For coherent states the quantum fluctuation are equally distributed on
the two quadrature Xi »:

AX? =< a|dXE|a >=< al|dXZ|a >= AXZ =1

which shows that a coherent state satisfies the lower limit of the
uncertainty condition.

o Coherent states are minimum uncertainty states.

@ Due to the uncertainty principle, a quantum state cannot be
represented in the phase space (X1, X2) with a single point as for a
classical state, but rather with a probability distribution.
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Classical fields vs coherent states

A E(t) = Ejcos(wt + ) Q [P,Q] = i
Py coswt + (Q 4 sinwt >V(P)V(Q) 21
Qf------3 Quf------ »
Amplitud : | Fano factor F
: ! Fp= (0P =V(P)
! i
Phase | . p
. > P PA

Fiodor Sorrentino (INFN) Optics & Interferometry: Squeezing May 26, 2026



Coherent states

@ Coherent states are constructed by applying the unitary displacement
operator D(«,)
D(a,) = exp(adl, — a*4,)

to the Fock vacuum state |0 >, i.e. the state with zero photons.
|, >= ﬁ(aw)\o >

e Since the quantum operator D(c,) is unitary, the expectation values
can be calculated using the Fock vacuum state |0 >.

@ The operators )A(Lg transform as
)%172 — 5T(aw))%1,2§(aw)
@ This leads to the double side power spectral densities

Sox16% () = S5x,6%,(2) =1 Ssx;6x,(2) =0
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Squeezed states

@ Squeezed states are minimum uncertainty states with unbalanced
quadrature variance.

@ They can be generated from the vacuum sate |0 > as
.6, ¢ >= D()5(¢,0)/0 >

where §(£, 0) is the squeezing unitary operator
& L. oig2 1, 2igato
S(&£,0) = exp 556 4 — §§e E

@ The uncertainty area of a squeezed state appears as an ellipse rotated
by an angle 0, with a major axis variance enhanced by factor exp(¢)
and minor axis variance suppressed by factor exp(—¢) with respect to
the corresponding coherent state.
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Squeezed states

One can have :
V(P) <1
V(@) =1

“Noise
reduction”

or “Squeezing”

Fiodor Sorrentino (INFN)
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Squeezed states

@ As for the case of the coherent states, the expectation values of
quantum field and fluctuations can be estimated using the Fock
vacuum state after replacing the classical quadratures )A(Lg with the
squeezed quadratures

Sz §1%28
which using the Baker-Hausdorf theorem leads to expressions
AX? = exp(2£)Sin(0) 4 exp(—2€) Cos?(6)
AXZ = exp(2£) Cos®(8) 4 exp(—2¢)Sin?(6)
@ In the particular case § = 0 this formula reads
AX; = exp(=§) AXy = exp(+§)

where we see that the variance of the quadrature Xj is 'squeezed’ by
factor exp(—¢&) with respect the coherent state, while the quadrature
Xa is ‘antisqueezed’ by a factor exp(§).

@ The opposite occurs for a squeezing angle § = /2.
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Squeezed states

@ Squeezing factor r describes level of squeezing and anti-squeezing
@ Squeezing angle ¢sq, describes which quadrature is squeezed
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Squeezed states

@ In the general case, with an appropriate rotation of the quadrature
axis it is always possible to define a new set of quadratures Y75 for
which these conditions hold.

@ It is common use to define the squeezing factor of a quadrature in

decibels as
AXsq,

A)<coh

where AXs,, and AXcp, are the standard deviations of the squeezed
and the coherent state quadratures, respectively.

stqz =20 |0g10
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Comparison of coherent and squeezed states

1
AX,
ot
¢ (®)
Xy Xy
Coherent states Squeezed state
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Quantum states of light

t t =

/ Coherent state £ Intensity squeezing

A A Gaussian
states
y Squeezed Vacuum
acuum
. ﬁ (I‘H
A
I
Number state Non-Gaussian
N states
|
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Quantum states characterisation: balanced homodyne

detector

@ Detecting quantum states of light implies measuring the variance of a
given quadrature of the field.

@ The most common method to estimate the expectation value of the
electric field quadratures is the balanced homodyne detection

@ The vacuum electric field £(t) and a bright Local Oscillator (LO)
field ELO(t)

ELO — U(x,yyz)\/?{ [!al cos C+5)A<1LO] cos(wot)+ [’04 sin C+5)A<2LO]
€0

with power P, o, classical amplitude |a| = /2P0 /hwg and
selectable phase ¢, combine at a beamsplitter with 50% splitting

ratio, generating the two fields EpDLz(t) on the photodiodes:

L0 N
EPD1,2(t) — EL(t\)[ziE(t)

May 26, 2026 34/
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Quantum states characterisation: balanced homodyne

detector

o To leading order in X5 and 6)A(1LE and assuming || much higher

than the E(t) amplitude the power ISPDLQ impinging the detection
photodiodes is

R 1 N N - n
Ppp1o = Z{|o42 + 2|a|[(6XEC £ X1) cos ¢ + (6XE9 + Xy)sin¢]}
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Quantum states characterisation: balanced homodyne

detector

@ Therefore the induced differential photocurrent

Ipp2 — Ipp2 o |a|[cos ¢ - X1 +sin ¢ - Xo]

can be used as an estimator of the quadratures X; > amplitudes.

Local oscillator

a

subtraction

Local oscillator

Fiodor Sorrentino (INFN) Optics & Interferometry: Squeezing May 26, 2026
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Quantum states characterisation: balanced homodyne

detector

@ In particular Xj is obtained for the LO phase set to ( = 0 while X5 for

¢=m/2.

o the LO fluctuations §Xi 2 of the LO do not appear in the equation.

@ This remarkable result is valid only if the beam splitting ratio is
exactly 50:50 so that equation above holds.

- .
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Effect of losses

@ Any optical loss on the path of the squeezed light mixes the squeezed
vacuum with classical vacuum

@ We can model the optical loss as a beamsplitter

e A fraction /I — ) of the incoming squeezed light field Egy, is
reflected by the beamsplitter

@ At the same time, the |/ transmitted fraction combines with a
fraction /1 — 1) of the uncorrelated coherent vacuum field E.op
entering the beamsplitter from the unused port.

Esez \/ﬁ Esaz +
———— N ———————— >
+ \/Tn Ecoh
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Effect of losses

@ The output quadrature 5XT°t results

5 XlTSt — sqz + \/7 coh

@ The actual quadrature variance in presence of losses can then be
calculated with the previous expression and the use of displacement
operator.

@ The case of phase squeezing corresponds to (6 = 0) for which the
quadrature variances become:

AXEp =1+ nlexp(F2¢) — 1.

@ This shows that, in the presence of losses, the resulting field is not in
a minimum uncertainty state, i.e. AX1AX; > 1.

@ Moreover, the squeezed quadrature is more affected by losses than
the antisqueezed quadrature.
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Jitter of squeezing angle

@ The quadrature variance AX1272 depends on the squeezing angle 6.
@ In real experiments 6 fluctuates around an average value 6y due to
mechanical vibrations.

@ The actual value of AX1272 is the mean value averaged over the rapid
fluctuations of 6,(t).
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Jitter of squeezing angle

@ Expanding around the angle of phase squeezing 89 = 0 for small
fluctuations 6,(t) << 1, and combining equations on field
fluctuations one gets:

AXZ ~[1+n(e® —1)]02 + (1 — 02)[1 4+ n(e 2 —1)]

AXF m [L+n(e* = 1)](1 - 67) + 65[1 + (e > —1)]
where 62 is the mean value of 6,(t)2.
@ This shows that the jitter of squeezing angle has larger impact on the
quadrature with lower variance, i.e. AXi;
o the higher is the antisqueezing level €%, the higher is the squeezing
degradation
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Combined effect of optical losses and jitter of squeezing

angle

Measurable squeezing level versus overall optical losses and rms jitter of
the squeezing ellipse angle, for a given value of the original squeezing level

Optical losses

0.00 0.01 0.02 0.03 0.04 0.05
Squeezing Ellipse Angular Jitter [rad]
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Non ideal detector

Accuracy of squeezing level estimation with BHD is limited by technical
noise.

@ Unbalanced arms. Imperfect balance of the two HD arms produces
coupling of LO technical noise 5X1L7§ onto the output signal,

o optomechanical (non-ideal splitting ratio, angular jitter of laser beams,
light scattering)

o electronical (photodiodes with different quantum efficiency, unbalanced
electronics for the 2 channels) and

e in general more effective at low frequency

e quantified by the Common Mode Rejection CMMR: fraction of LO
power present in the differential signal output, ~ 80dB in the best
cases.

@ Electronic noise. Up to 30 dB clearance with respect the quantum
shot noise in the best case for audio band.

o Limited detection efficiency. Equivalent to optical losses. Main loss
source from anti-reflective coatings and quantum efficiency of
photodetectors. Up to 99.5 % in the best case at 1.06 pm; much
worse at 2 um
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Non ideal detector

Measured squeezing level vs input squeezing level
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Generation of non-classical states of light

Quantum sideband picture:
uncorrelated sidebands = coherent states

* L (O
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Generation of non-classical states of light

Squeezing in sideband picture:
amplitude correlated sidebands = phase-squeezed states
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Generation of non-classical states of light

Squeezing in sideband picture:
phase correlated sidebands = amplitude-squeezed states
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Generation of non-classical states of light

@ Generation of non-classical states of light requires photon correlations

@ This is generally possible in the presence of a system providing
nonlinear interactions with the optical field
@ Already demonstrated by various methods:

o Interaction with dilute atomic ensembles

Nonlinear interactions in optical fibers

Hybrid methods, e.g. atomic vapours confined in optical fibers
Current control in semiconductor lasers

Pondero-motive squeezing by opto-mechanical couplings
Parametric down-conversion in nonlinear crystals: best
performance so far
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Parametric down-conversion

@ A pump photon with frequency wp on a dielectric with a x®
second-order nonlinear susceptibility

@ generates two new photons; a signal photon of frequency ws and an
idler photon at frequency w;

@ wp = w; + ws for energy conservation.

@ idler and signal photons have same frequency and polarisation in
degenerate PDC.

E, =2hay

o %
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Parametric down-conversion

o x® non-linearity is usually weak: significant polarization of the
medium is required, a

o High values of the optical pump energy density (high power pulsed
lasers or crystal into an optical resonator).

o Phase matching for momentum conservation: k, = ks + k; by
temperature / wavelength tuning and/or periodically poling the
nonlinear crystal.

@ With type | phase matching, where signal and idler are degenerate
both in frequency and polarization, the time-dependent Hamiltonian
of the PDC process can be written as:

H = hwsa'a + hwpb'b + iy (55b" — 474 b)

where b is the pump field and 4 is the signal field.
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Parametric down-conversion

@ Assuming the pump to be a strong classical field, b and bt can be
approximated by the classical operators Be~'“rt and 3*e~'“rt;

@ in the interaction picture, the Hamiltonian of the parametric process
can be approximated as

A(t) = iy P[8*aze/(r—2w)t — gt 4T e~/(wpm2ws)t]
Considering that w, = 2ws this simplifies into
A(t) = iny® (5*a5 — patah).
@ The unitary evolution of the input signal under this Hamiltonian is
U= e—%lflt — oxP(pras—patal)

which has the same form of the squeezing operator
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Optical parametric oscillator

@ In an optical parametric oscillator (OPO) the PDC process takes
place inside a cavity,

@ so far the most efficient source of squeezed light.

@ signal and idler fields are usually simultaneously resonant, thus
enhancing the non-linear process.
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Optical parametric oscillator

@ Degenerate system: the optical parametric oscillation occurs only
above a threshold value of the pump optical power.

@ In an deal, lossless system, the produced squeezing at threshold would
be infinite.

@ With a bright beam seeding the signal and idler modes, the critical
point disappears, and the OPO becomes a squeezing, phase-sensitive
amplifier.
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Experimental setup for squeezed light generation

Essential diagram
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Experimental results - squeezed lig neration
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Quantum noise in a Michelson interferometer

@ Michelson interferometer with slight arm length asymmetry
AL << Lya ga for DC-readout.

o A GW would produce a thin modification x; << L of the two arm
lengths in counterphase to each other.
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Quantum noise in a Michelson interferometer

@ The electric field operator

~ hwg ~
Exy,2,8) = ulx . 2)y 2 (1)

for input laser field ELas and input vacuum field Evac can be written
in terms of Amplitude (‘A’) and Phase (‘P') quadratures.

En (z,t) = [\/2PLas/ huo+0X]A (2, t)] cos(wot)+0X . (2, t) sm(wot)]}

and
El (z,t) = 0X{,o(z, t) cos(wot) + 6 X1, (2, t) sin(wot)

where the amplitude quadrature is defined as the one in phase with
the input laser beam whose power and angular frequency are P;,s and
wo respectively.

Fiodor Sorrentino (INFN) Optics & Interferometry: Squeezing May 26, 2026 58 / 88



Quantum noise in a Michelson interferometer

@ Amplitude and the phase fluctuations are supposed to be dominated
by quantum fluctuations and thus are represented by the quadrature
operators 5)A(LA;S7V3C(1.“) and 5)%,is7vac(t)

@ The two input fields combine in the 50:50 beamsplitter generating the
two fields at the arms input

ENA EA( ) ELas( )\2EVac( )

which after reflection on the test masses return to the beamsplitter
input in the form

ERAea(t) = Exn ga(t — 27naea T 2%5/€)

where Tya Ea = Lyaea/c is the time required for light to cover the
unperturbed arm length. After recombination these two beams
produce the field EASP(t) at the output of the beamsplitter

out
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Quantum noise in a Michelson interferometer

e To leading order in xs/c and AL/c and 6X

EASP(t) — EI(\JI%(t) B Egzt(t) _

out \@ -

_ [1 /2;:5 ot~ 1)+ AL+ IRt~ 27) | %

x sin(wot) — XL (t — 27) cos(wot)

@ we assume wolya/c = nm

@ the dependence from the amplitude 5)?{}35 and phase 5)A(LPas
fluctuations of the input laser field have completely disappeared.

@ This is a direct consequence of having chosen the unperturbed length
almost equal for the two arms (AL/Lya << 1).
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Quantum noise in a Michelson interferometer

@ The detection photodiode measures the expectation value of the
power operator P(t) = eoc [ dxdy|EASP(x,y, z, t)[? of the ASP beam

out

o At leading order in 6X and xs and averaging over time the rapid
oscillations at frequency wg and 2wy we obtain

N P w2 AL 2hw
P(t) = 0T AL+ axg(t — ) + | 52— R, (t — 27)

c? PLas wo

@ This shows that phase fluctuations 6XVac of the vacuum field
generate a sensing noise called quantum shot noise competing with
the displacement signal xs contribution.
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Quantum noise in a Michelson interferometer

@ Mirrors are also subject to a displacement generated by radiation
pressure force F,GEEA which act on the mirrors.

@ To leading order on the quantum fluctuation operators:

BEE ca(t) = 20 / dxdy| Enaga(t — 7.3y, 2)|2 =

'Dlas{l + 275"‘)0
C

A7) 7 0%t - )|

las

for mirrors with equal mass M the displacement induced by the first
two terms in equation produce an undetectable mirror common
motion while the last term generate a differential displacement noise
which adds to the signal contribution.
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Quantum noise in a Michelson interferometer

@ The detected power in the Fourier space then becomes

i B [ SRS (@) + F(Q)”

where we have omitted the not relevant static term and

4wy P as

Ki = c2MQ?
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Quantum noise in a Michelson interferometer

e For a perfectly balanced interferometer (same arm length and mirror
mass) input laser quantum fluctuations 5)?143’5 do not contribute to
quantum noise which is entirely generated from vacuum fluctuations
6)A(\’/Dac (shot noise) and 6)A(éac (quantum radiation pressure noise)
entering from the dark port.

@ Using the relationship xs(2) = Lh(€2)/2 between gravitational wave
amplitude h and induced displacement xs the quantum noise
equivalent strain power spectral density becomes

2h 1
S ) = g o+

which takes the minimum value an%(Q) called Standard Quantum
Limit (SQL)

5S9L(Q) 4h 2

ot $2) = a2 = MsoL—mi

when KM,' =1.
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Quantum noise in a power recycled interferometer

@ Optimal scale factor requires an effective arm length of the order of
the GW wavelength, i.e. several hundred km for audio band GWs

@ This is achieved by incorporating Fabry-Pérot resonators in the
Michelson arms

@ The effective optical power sensed by test masses is enhanced by a
factor 4/ Ty where Ty is the input mirror power transmittivity.
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Quantum noise in a power recycled interferometer

@ A further optical resonator is realized by inserting a Power Recycling
Mirror (PRM) between the laser source and the beamsplitter, giving a
power enhancement 4/ Tpg at BS input.

@ Symmetric port back-reflected light does not contain any
gravitational wave induced signal or any quantum noise generator

@ Quantum noise power spectral density takes the form

4h 1 hoL 1
S ND=——=|K — = —==|K —
hnhn( ) ML2Q2 |: PR + KPR:| 2 |: PR + KPR:|

Kpp = 2%arm 8wo 2Pgs
QZ(QZ + ’Ygrm) MLc T[M
@ “Yarm is the half-width-half-maximum bandwidth of the arm cavity and
Pgs = 4Py s/ Tpr the enhanced power at the BS input.
@ The multiplicative factor "2" that appears in the equations derives
from the presence of two masses in each arm and therefore the mass
of the mirror M must be replaced by the reduced mass M /2.
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Quantum noise in a dual-recycled interferometer

e A Signal Recycling Mirror (SRM) at the AS port gives a frequency
dependent enhancement of the signal sidebands. item Depending on
the resonance frequency of the resulting Signal Recycling Cavity
(SRC), we can have two different operating regimes

e Tuned configuration the SRC is kept resonant with the interferometer
carrier frequency wg, broadening the arms cavity bandwidth.

o Detuned configuration carrier frequency is no longer resonant in the
SRC and at least one of the two signal sideband is resonant in the arm
cavity. Quadratures rotate of an angle related to the cavity detuning
A = wolsg/c|mod2r - SN and RPN generators become a combination
of 6X{..(t) and 6X{, (t) giving rise to a non vanishing cross
correlation spectral density that can be used to overcome the SQL in a
narrow frequency range.

@ The configuration with power and the signal recycling mirrors is called
Dual Recycling (DR) configuration Routinely used in GEO 600, LIGO
and Virgo
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Quantum noise in a dual-recycled interferometer

Expected quantum noise power spectral density for a lossless Dual
Recycled interferometer and homodyne readout with angle ¢:

S (Q)— (cos¢, sin{)TT (cos¢, sin¢)"
hnhn( )_ (COSC, sin C)SST(cosC, SihC)T

where the elements of the 2x2 matrix T and the vector s are

V2Kpr
hPR
SQL

51 = — tsr(1+ rsrezie)sin(A)

V2Kpr
hPR
SQL

S =— ter(—1 + rsre*©) cos(A)

. 1
Ti1 = Top = 2@ {(1 + r52,)<cos(2A) + 5 Ker sin(2A)> — 2rg cos(2@)]
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Quantum noise in a dual-recycled interferometer

Ti = —r2 - [sin(2A) + Kpgsin?(A)]e*©

Tor = r2 - [sin(2A) — Kpg cos?(A)]e*®

where

QL
© = L 1 arctan [ }
c ’Yarms

and rs, ts, respectively the amplitude reflectivity and transmissivity of the
SR recycling mirror.
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Frequency independent squeezing injection

@ Quantum shot and back-action noise are generated by a linear
combination of the vacuum field quadrature operators 5)%5;?.

@ By injecting into the dark port of the interferometer a vacuum
squeezed field in place of the coherent vacuum field we can modify
quantum noise in ITF.

@

Laser Input
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Frequency independent squeezing injection

@ In presence of squeezing the operators (5)A(\ZC and 5)A(\’j‘ac are formally
replaced with the new operators

oXb.. = 516X, .8 = 6XF, [cosh € —sinh &-cos 20]— 6 X{},. sinh &-sin 20

6X0, — §T6X{,. 5 = 0X{, [cosh E4-sinh &-cos 20]—d X[, sinh £-sin 20

leading to a modification of the back-action and shot noise value
which also become partially correlated for 6 # 0, /2.
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Frequency independent squeezing injection

@ Quantum noise PSD for a Michelson interferometer in the presence of
squeezing takes the form

2h
Sohn () = g2

1
[KM,- + ] [cosh 2€ + cos2(® + 6) sinh 2¢]
K
(Q) = cot_l[KM,-(Q)]
@ Similarly for a tuned dual recycled configuration by replacing mirror
mass M i by reduced mass M/2, and Ky; by Krpr
Ko — 2viTF 8wo 2Pgs
TDR Q2(QZ + ’YIZTF) MLc T/M
where the detector bandwidth ;7 is
= o [ M + Isr
YITF = oL g 1+ rore ¥ riqer

whith rg, , riy the amplitude reflectivity of the signal recycling and
the arm input mirror respectively.
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Experimental results - FIS injection

Apparatus for frequency-independent squeezed light injection in Virgo
during the O3 science run.
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Experimental results - FIS injection

Effect of frequency-independent squeezed light injection in Virgo during
the O3 science run. Black: no squeezing; red: phase squeezing (6 = 0);
blue: amplitude squeezing (6 = 7/2)

Strain noise spectral density (1/+/Hz)

3 4 5 6789 2 3 4 5 6789
100 1000

Fiodor Sorrentino (INFN) Optics & Interferometry: Squeezing May 26, 2026 74/



Frequency independent squeezing injection

@ So far the squeezing ellipse rotation angle 6 is constant over the
whole frequency band.

@ Angle should be about 6 ~ 0 to reduce shot noise by a factor
exp(—2¢&) at the cost of a RPN increase by a factor exp (2¢)

@ RPN is usually smaller than dominant low-frequency technical noises

@ The net effect is a detector sensitivity improvement at high frequency
where shot noise dominates, leaving unaffected the low frequency
sensitivity.

@ For 6 =~ 37 /4 the correlations between the shot and back action noise
induced by squeezed light allows to surpass the standard quantum
limit by a factor exp[—2£].

@ However this value of 8 would produces a reduction of the quantum
noise power spectral density only within a narrow band, and an
increase elsewhere
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Experimental results - sub-SQL noise

Effect of frequency-independent squeezed light injection in LIGO with
angle tuning during the O3 science run.
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Frequency-dependent squeezing injection

@ Let's assume a squeezing angle () with the following frequency
dependence
0(2) = arctan(Kni(2))
@ quantum noise for a Michelson interferometer takes the form

2h 1
St (Q) = — | Ky + — |7
) = g [+
which corresponds to a suppression of the standard quantum noise by
a factor e=% over the whole frequency band.
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Frequency-dependent squeezing injection

FREQUENCY DEPENDENT SQUEEZING:
e 2

N\ N

low frequency: 4 high frequency:

@ === (1) SQL, L=10km, m=10kg

a === (2) no squeezing

o == (3) phase squeezing (factor 10)

i oy frequency dependent squeezing (factor 10)

o L IZEQTI¥ZZ3IZEIan

= N - FSSFAFIH==3=ZFFFAR
| T COTITC - TTnN

Z
<

@

[=]

-

w

o

-

=2

=

3 ‘ Frequency [Hz] o o

\ N J\ J

Fiodor Sorrentino (INFN) Optics & Interferometry: Squeezing May 26, 2026 79 / 88



Frequency-dependent squeezing injection

Response in reflection [rad/m]

@ To generate requency dependent squeezed light we can e.g. couple a
FIS beam to a detuned Fabry-Perot (FP) cavity.

@ With a losseless linear cavity the reflected field acquire a frequency
dependent phase shift «(Q).

@ Fo — 1o 2R/
A A T e (R0 Le

where wg + Qg and Lg are the cavity resonant frequency and length,
and ri,, rour the input and output cavity mirrors amplitude reflectivity.

LaserInput  PRM

FDs PBS1

qu{ FC1 ]

Fs Lo
Signal frequency [Hz] [ _____-____PBNSZ_U{ Fe2 J
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Frequency-dependent squeezing injection

@ after reflection the sideband annihilation operators 4,,,+q becomes

aref

a (£
awoiﬂ = awOiQela( )

and the quadrature X; () change into )?{f{(Q) ;

XFeF(Q) = e [X1(Q) cos ap () — Xa(Q) sin ap(Q)]

XFeF(Q) = ™[ X3(Q) cos ap(Q) — X1(R) sin a,p(Q)]
where
a(Q) £ a(—Q)

apm(w) = 5
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Frequency-dependent squeezing injection

@ Apart from an irrelevant phase factor, this shows that the reflected
quadratures are rotated by the frequency dependent angle a,(2):

27chfc :|

(6% Q) = arctan | —————=
P( ) |:ry%c - Q%c + Q2

where ¢ is the half width half maximum power cavity linewidth.

o If the parameters of the filter cavity are set such that

4 [ Kui _ QsqL
ch_’ch—Q > = \/§

the condition above is fulfilled.

@ Therefore by injecting the FIS beam reflected from the FC into the

interferometer dark port a broadband quantum noise reduction
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Experimental results - FDS injection

Effect of frequency-dependent squeezed light injection in LIGO during the

04 science run.
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Open challenges in quantum optics for GW detection

@ understand and beat mode mismatch to interferometer

@ alternative architectures to avoid filter cavities (e.g. through EPR
entanglement)

@ Reach 10 FDS
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Matter-waves interferometry for GW detectors

@ Replacing classical test masses (macroscopic suspended mirrors) with
quantum test masses (ultracold atoms in free fall)

@ Laser splits and recombines the atomic matter wave, phase shift
proportional to spacetime area

@ Advantages: no thermal noise, no radiation pressure noise

o Disadvantages: much higher shot noise (small number of atoms),
much smaller bandwidth
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Matter-waves interferometry for GW detectors

Measurement scheme

measurement - ...'

t=2T / )

t=T
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Matter-waves interferometry for GW detectors

Projected sensitivity
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