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Quantum Noise
In GW detectors




Noise in GW Interforemeters

Low Frequency slvanced Virgo (AdV) Sen5|t|V|ty

Quantum noise
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oating Brownian noise
oating Thermo—optic noise
SWbstrate Brownian noise
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Interferometer Quantum Noise

Quantum Noise: In the dark ITF port
beats with the classical ITF laser state

GWs O hgw

Test mass

Optical transfer
function

Input
noise

ITF optomechanical response

(depend on the specific optical configuration)

couples input amplitude and phase quadratures with output phase quadrature

amplitude quadrature (b1) b 2
phase quadrature(b2)
of the out optical state

What we measure is the b2 variance

) detector response
(al) amplitude quadrature to the gravitational-

(a2) phase quadrature wave strain h(e
(Q Gravitational Wave frequency) of the input vacuum optical state )
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Interferometer Quantum Noise
ITF OUPLING FUNCTION, K(Q), frequency dependent: in the device

band the quadratures noise is frequency dependently ‘weighed’

Q, Gravitational
Wave frequency

(Q/y<<1) \
- o 107 \ 4 v )
X
M“"me . \ l sme
57 1022 Quantum No/ o

Laser susD?:::;:q ' Shot Noise - /rv 52—/\/.{_(} i

[] “ B ~ 1/\/1_{; ~ ~ Photodiode
" LR e R 1~ /

Radiation Pressure Noise '°~ vV70/?" 1S e  © Shot Noise:
At low frequency dominates the at high frequency dominates
effect of the input amplitude the effect of the input
quadrature noise phase quadrature noise
The light amplitude fluctuations The fluctuation of the Numbe_r of impinging phqton
transfer a fluctuating momentum to the mirror In the time units, determines

a phase fluctuation on the output signal
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Interferometer Yuantum Noise

. Pl@ T An useful alternative ‘view’:
=10 out phase quadrature variance is ‘squeezed’ and
B 5t rotated inside the ITF band with different squeezing
0 — factor and angle:
Savueszing angle | frequency dependent ponderomotive squeezing
/\,!, ® = of the input coherent vacuum
e Frequency, I]r{I]; _g
. Frequency Dependent Squeezing (FDS) injection:
. — 35’{3“1?522‘52 Injection of
Z — %9 RIGHT SQUEEZING vacuum
g 1o @ THE RIGHT FREQUENCY
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Frequency Independent Vacuum Squeezed injection
(Current used Vacuum Squeezing sources (OPQO) produce FIS in its band>>ITFpand)

Anti-squeezed Amplitude
quadrature Variance

Radiation
Pressure

i

1022

Noise

102

Squeezed phase
quadrature Variance
10! 102 e Reduction

Frequency (Hz)
The Squeezing Factor can be increased until the antisqueezing at low

freiuenc‘ remains below the other low frequency noise
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GW detector ﬁ
T 1023

—— No squeezing
—— 10dB FD 5QX
— S0QL

-] -

Filter -
Cavity

Squeezer v

Sidebands Squeezing angle rotation inside
the cavity bandwidth

—l

QNR reduction in the full GWD bandwidth Ay
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Quantum States
Interaction with the Optical Devices
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Quantum Interaction with Optical Devices

not phase sensitive devices mechanical & optoelecronical phase sensitive devices
{Ex:Beam Splitter  devices Ex: detuned cavity

losses

A 1 quantum efficency

b(8s) = \/7a(0s) + VT — v

Optical frequency
v

squeezing factor reduction squeezing angle jitter squeezing angle rotation
- ISQZ Ievellfor different Iossels L=( 1%?% = _Squeezmg angle fluctuation ( s 0 =+ 100 mrad)
| _@Antisqueezing level quctuatlon _g ﬂ \ SQZ angle (rad)
10} ' —0.
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- Squeezing level fluctuation - rms

9S (7 ra;

=» Optical losses during the propagation (mode mismatchs absorption ...) can be described
as the effect of a beam splitter with reduced quantum efficiency (BS transmittivity, n=1-L<1)

=» Technical noise (photodetector dark noise, scattered light, mechanical vibration..) gives effects similar to the
SQUEEZING ANGLE jitter (quadratures fluctuations)
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Quantum Interaction with the Optical Devices

Effect of the losses on the

15 ———out-state-quadrature-variance

L=0

L=0.1
L=0.2
L=0.3

Optical Losses

Vbl ) (dB)
Total effective losses| %)

1 1 i i
5 10 15 20 25 30 35 ]
Milliradians RMS quadrature fluctuations

Vale ) (dB)

evel and
osses reduction to avoid to spoil it
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Quantum Noise Reduction System
In AdV+
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FIS in AdV O3

Motivation

— Improve the sensitivity at high frequencies for O3
- Afundamental step towards the Frequency Dependent Squeezing

Martina De Laurentis 14



FIS in AdV O3 results

Pump Power 6.75 mW
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Motivation

— Improve the sensitivity in all ITF frequency band for the next scientific run

(O4) by injection of 7 dB of Frequency Dependent Squeezing

10-21 AdV+ Phase-l
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FIS vs FDS systems

Auto
Alignment

Auto
Alignment

Suspended and In Vacuum

Grounded and In Air
A
FDS

| ¥
SQZ Vac _| Matching
Optics

Auto
Alignment
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FDS vs FIS systems

AdV+ FDS
optical Layout

”##]E:}n 4 =¥2 | || Suspended and In Vacuum
IM_FC ... [

L B & &
Input Mirror Filter Cavity (IMFC) End Mirror Filter Cavity (EMFC)

AdV 03 FIS
optical Layout

P’
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Wl | == p .

Suspended sQueezing Bench 2 (SQB2) & ESQB112

((12))) Advanced Virgo
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Suspended sQueezing Bench 1 (SQB1) & External Squeezing Bench 1




FDS system for Advanced Virg

Dec 2020 Mar 2021 Jun 2021 Oct 2021 Nov 2021 Feb 2022 Jun 2022
. ] L
Infrastructure  FC mirrors  FC locked ~ FC locked FDS measurement FDS measurement FDS
work suspended on Green on IR @ Detuning ~ 300 Hz @ ~ 40 Hz measurement
completed @ ~25Hz

North Arm and FC tubes




AdV-+ Quantum Noise Reduction System
Commissioning




FDS commissioning RESULTS

o = 14.06+/-0.55 deg, Awr = 264.64+/-0.49 Hz, R? = 0.85

o= 44.12+/-0.19 deg, Awr = 262.17+/-0.35 Hz: Ri= 0:92 De m O n Strated S QZ rotati O n

o= 65.12+/0.12 deg, Aty = 261.66+/-0.38 Hz, R? = 0.96 . .

1o = 78.32+4/-0.14 deg, Awy, = 265.734/-0.48 Hz, A2 = 0.95 I n th e Wh O I e I T F ban dWI dth

o = 84.804/-0.12 deg, Awr. = 265.18+/-0.55 Hz, R? = 0.96

o= 90.77+/-0.13 deg, Auy: = 261.45+/0.54 Hz, R = 0.97 W 7
up to below 40 H
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FDS commissioning RESULTS

System Characterization

SQZ alignment ~0.1%
On FC

FC Round Trip 80 +/- 10 ppm
Losses . .
We can assure 4 dB reduction in ITF QN
SQZ/FC beams 1.5 +/-0.5 %
MisMatch p, e == LN S —
R R L LT Produced SQz
bropagation Losses
SQZ/LO Mis-Match 2.0 +/-0.5 % o Filter Cavity Losses: 80 ppm i
=——Mismatch: SQZ/FC: 0.02 - SQZ/LO: 0.02
= —FC Length fluctuation RMS: 1x1072 m
S o =—All mechanisms
cC 40 +/-10 mrad 2
Phase Noise : 6 - 1
Residual 60 -/+ 10 mrad gl A |
Phase Noise o e, T
10 - _
-120 I ‘ I“‘H‘l ‘ ‘ “Hw‘z ‘ ‘ “““‘3
10 10 10 10

Frequency [Hz]



FDS commissioning Next Step

Injection Iin ITF

Auto
Alignment

Auto
Alignment




FDS commissioning CONCLUSION

* Estimated Losses Budget
* Max produced SQZ =12 dB;

. =

We can assure 4 dB reduction in ITF QN H\

[O4-high technical noises|

/, 3dB FDS - 78 Mpc © er o
' 3dB FDS - 87 Mpc gt A
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., no SQZ -63Mpc| | Ptk LT R
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, N0 SQZ - 79 Mpc

— NEXT step: injection in ITF
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States of Light and vacuum fluctuation

Minimum Uncertaintv States

1
.ﬂ.XlﬂXz — Z

.4

, Vacuum Squeezed A bright beam has

the same quadrature fluctuations
of theps~cuum

@ Light as 'sensitive' element
Bright Coherent % —
I I its intrinsic quantum fluctuations
determines the final sensitivity

AXl Xl
Squeezed States

(b)

certainty Principle

=.Bright Amplitude
the quantum fluctuations on
ature and 'use' that quadrature

as sens... ..cment
Squeezed States




Squeezing Measurement: Homod

Spectrum Analyzer

S

[ TTET

= 70 Groan power 70 mw
E ° s 10 s SO
Homodyne Detector _ T -
Vaccum N = C)Vi_(£)) o a2V b, 2
Biscuamcoarimeh I i_ hf[ ) (€2) Lf @LJJ[ )
state B
oOPO a(wp + Q) i (£2) x aorobyg, , (52) :@ (b1(£2) cos dro + iba(f2) sin¢ro)
------- E / d-quadrature of the field b(2)
aro(wo)e™H Local Oscillator amplitude
SHG Coherent
Bright

— classic state

(1 (i)

Noise
squeezing

n g n -
[‘—7’”” ¢ro(t) Signal seen
on Oscilloscope

Photo current [rel. units)

Time [ms]



Hioh Power Recycling
'gh-power for increasing input .,
laser =
— i —
m— HAS “
Signal Recycling for improving ..., ——

caencitivityv (‘3 +ar the OR rllh\
SO ITTOILIVILY I\ﬂll_\_‘l | o) B AW NI J IlJIIIl

Output Matching Telescope
to focalize the output beam

Fabry-Perot N S
cavities for 04(6\
enhancing the arm

length

FIS system to reduce the

HF Quantum Noise Reduction

Carmer+30MHz

on Photodqge%oi -
v =

Output mode

cleaner for filtering
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Quantum noise relative to vacuum [dB]

(e)

,‘LVL b

100 1k
Fourier frequency [Hz]

stand alone in-air squeé at can provide up
to 14dB of squeezing for downstream
application at very low pump powers.

12dB measured with diagnostic homodyne
detector introducing additional loss, therefore

MP@elivdredtiin Cascina on January
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FDS vs FIS system

Auto
Alignment

Auto

( Alignment




FDS vs FIS system

SQZ phase
Control

Auto
Alignment
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