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Quantum noise in interferometric
gravitational-wave detectors
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Quantum noise

e Main limiting noise of current and future GW detectors

L] LU BN A B B

AdVi rgb

T 11"[" T

—

S
-
[(e}

Strain [1/vHz]
5 o 9

-

S
N
w

L L LN | L L L4 v v v v T v v

_— gqmtym_fggymions S _ET_L : — :_ :_ --- Quantum noise

——eismic vi ons SR . - &=

== Newtonian Gravity 21} I I . 1 1| == =Seismic noise

=~ Suspension Thermal noise 10" p==Y========% - - ~ Gravity Gradients

=== Mirror Coating Brownian F€=-3=-'==3z-3CEL| ..
Mirror Coating Thermo-Optic S [ Suspension thermal noise
Mirror Substrate Brownian . A _:_ - _: - _: - :_ :_ = = = Total mirror thermal noise
Residual Gas -2 === Excess Gas

== Totalnosse —— ET-LF: Total noise

Strain [1/VHZ]

] SRR |

10°
Frequency [Hz]

"

[ i

I I I EFTEQ s - ¢
El L ¥ T

1

10° 1
10
Frequency [Hz]

¢ |ntrinsic limitation of the interferometric measurements



How does quantum mechanics affect GW detection”

e Quantum nature of the light used for the measurement

¢ [est mass quantization

PHYSICAL REVIEW D 67, 082001 (2003)

Noise in gravitational-wave detectors and other classical-force measurements is not influenced
by test-mass quantization

Vladimir B. Braginsky,' Mikhail L. Gorodetsky,' Farid Ya. Khalili,’ Andrey B. Matsko,’” Kip S. Thorne,’
and Sergey P. Vyutchanin'
'I’h,\'si('x Faculty, Moscow State University, Moscow, Russia
2l)cpurnm'm of Physics, Texas A&M University, College Station, Texas 77843-4242
3Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125
(Received 2 September 2001; published 7 April 2003)




Quantum noise: a semiclassical picture
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The standard quantum limit (SQL)

- == (1a) shot noise, P = 10 kW

‘== (1b) radiation pressure, P = 10 kW
=== (1¢) quantum noise, P = 10 kW

- == (2a) shot noise, P =1 MW

= = (2b) radiation pressure, P=1 MW

g - (2¢) quantum noise, P =1 MW
= — (3) SQL, L=10km, m=10kg
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It comes from Heisenberg
uncertainty principle

It is not a fundamental limit
for our measurements



Radiation pressure noise origin

* In the '80 Caves solves the controversy on the radiation
pressure effect

* |t proposes a new picture to explain quantum noise in
Interferometers

PHYSICAL REVIEW
LETTERS

VoLUME 45 14 JULY 1980 NUMBER 2

Quantum-Mechanical Radiation-Pressure Fluctuations in an Interferometer

Carlton M. Caves
W. K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125
(Received 29 January 1980)

The interferometers now being developed to detect gravitational vaves work by measur-
ing small changes in the positions of free masses. There has been a controversy whether
quantum-mechanical radiation-pressure fluctuations disturb this measurement. This
Letter resolves the controversy: They do.




Quantum representation: the quadrature picture

 Quantization of the EM field

X,) | E(t)z [Eo—i—El(t)] cosa)0t+Eg(t)sina)0t

 Laser (and vacuum) are
described by coherent

& states

* Amplitude and phase

fluctuations equally
distributed and uncorrelated

e Infrequency domain is described by two quantum operators
accounting for quantum fluctuation in each quadrature
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Quantum noise in GW interferometers

 |f the cavities are symmetric, only vacuum
fluctuations are responsible for qguantum

noise Mirror
e Standard quantum limit can be
circumvented introducing correlation
between vacuum fluctuations
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Squeezed states

* Non classical light state

* Noise in one quadrature is
reduced with respect to the
one of a coherent state

X1

Each state is characterized by:

Squeezing factor (magnitude of the squeezing)

Squeezing angle (orientation o1 uie ellipse)




Quantum noise reduction using squeezed light
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Quantum noise reduction using squeezed light

Michelson (1) (11)
interferometer
Bright
laser Signal
input 50/50 >

Squeezed Faraday

Photo current [rel. units]

?I?C:lltum g rotator Shot noise Squeezed noise
= P*- -A- z | 1 | 1 || 1 | 1 ]
- 0 5 10
0
QA Photo diode Time [ms] |Simulation by B. Hage,
Albert Einstein Institute

« Simulated output of Michelson interferometer where a signal is produced
by modulating the relative arm length

e With squeezing the shot noise is reduced and a sinusoidal signal is visible
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Quantum noise in GW interferometers

PHYSICAL REVIEW D 15 APRIL 1981

Quantum-mechanical noise in an interferometer

Carlton M. Caves
W. K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125

VOLUME 23, NUMBER 8 IV. CONCLUSION

The squeezed-state technique outlined in this
paper will not be easy to implement. A refuge
from criticism that the technique is difficult can
be found by retreating behind the position that the
entire task of detecting gravitational radiation is
exceedingly difficult. Difficult or not, the
squeezed-state technique might turn out at some
stage to be the only way to improve the sensitiv-
ity of interferometers designed to detect gravita-
tional waves. As interferometers are made
longer, their strain sensitivity will eventually
be limited by the photon-counting error for the
case of a storage time approximately equal to
the desired measurement time. Further im-
provements in sensitivity would then await an
increase in laser power or implementation of the
squeezed-state technique. Experimenters might
then be forced to learn how to very gently squeeze
the vacuum before it can contaminate the light
in their interferometers.



40 years of experimental developments

Experimentally achieved squeezing
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Noise Power below Quantum Noise [dB]

Goal: squeezing in the audio frequency bandwidth
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How to generate a squeezed state: non linear interaction

e Squeezing is produced inducing
correlation between quantum
fluctuations

* The most effective way to generate
correlation is a optical parametric
oscillator (OPQO)

 OPO uses non linear crystal to
create correlation between
quadratures

To inter- A BHD -
Squeezing ferometer
resonator 5 ﬁ =
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R. Schnabel- Physics Reports 684 (2017) 1-51
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Vacuum squeezed source

A =

A\ =\
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First applications to GW detectors

e Successfully tested also in GEO and initial LIGO

e Strongly limited by optical losses and phase noise
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LIGO Scientific Collaboration, J. Aasi et al., “
Nat Photon 7 no. 8, (Aug, 2013) 613-619.

H. Grote et al. “First Long-Term Application of Squeezed States of Light in a Gravitational-Wave Observatory”
Phys. Rev. Lett. 110, 181101 (2013)

, “Enhanced sensitivity of the LIGO gravitational wave detector by using squeezed states of light”,
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Optical losses degrades squeezing

® Measured squeezing as a function of the input squeezing foe

S. Chua et al.

different loss levels

Vsqz—m = ’7Vsqz—in + (1 —n)
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Class. Quantum Grav. 31 (2014)

18



Phase noise effect

® Measured squeezing as a function of the input squeezing for
different phase noise levels
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Optical losses and phase noise effect

® Measurable squeezing level in the presence of optical losses and
phase noise (squeezed quadrature fluctuations)
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Squeezed vacuum states of light for gravitational wave detectors
L. Barsotti, J. Harms and R. Schnabel
Reports on Progress in Physics, Volume 82, Number 1 (2018)



L1 Strain noise (1//Hz)

Squeezed source integrated in GW detectors

Operating in both LIGO and Virgo since the beginning of O3

—————
Reference (without squeezing)

= = Quantum noise model (without squeezing)
Quantum-enhanced sensitivity
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* About 3 dB of squeezing measured
e Between 25-40% of losses measured

* Detection rate improvement up to 50%
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Broadband quantum noise reduction”

* Phase squeezed noise reduces shot noise but increase radiation
pressure noise

e Effects already observed in O3

Detectorn noise, calibrated to
test mass displacement [m/+/Hz]
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Quantum Backaction on kg-Scale Mirrors: Observation of Radiation Pressure Noise in the Advanced Virgo Detector
PHYSICAL REVIEW LETTERS 125, 131101 (2020)
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Broadband quantum noise reduction

* Squeezing ellipse undergoes a rotation inside the interferometer

e Squeezing angle should change with the frequency for optimal
noise reduction
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Frequency dependent squeezing via filter cavity

* Reflect frequency independent
squeezing off a detuned Fabry-
Perot cavity

e Rotation frequency depends on
cavity linewidth

Interferometer
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* Optimal rotation frequency
between 40 and 70 Hz
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Sgueezing angle rotation already realized

@ MHz frequency (2005) @ kHz frequency (2016)

; 3, Ay = 30=43 Hy

—6=16.2+1.2°, Ay = -56 + 23 Hy|
B $=364+05 Ay= 49+ 11 Hy m
10 H——¢ = 67.3£0.2°, Ay = 401 + 12 Hz —
¢ = 915202, Ay=-97+17 Ha B
- - -Model

[[|===Overall sensitivity improvement |
1 1 1 1 1 16 T T s s o | | I |

42 13 14 15 -6 -17  -18 w 10° Frequency [H ot
Sideband frequency [MHz]

Noise Power [dBm]

Noise relative to coherent vacuum [dB|

X endi
PRL 116, 041102 (2016) PHYSICAL REVIEW LETTERS 29 JANUARY 3016

PHYSICAL REVIEW A 71, 013806 (2005)

Below 100 Hz (2020)

y 1 8
~——Homodyne angle: -2.2 + 0.2 deg, Cavity detuning: 42.6 + 0.5 Hz
Homodyne angle: 15.5 + 0.1 deg, Cavity detuning: 69.2 + 0.3 Hz
Homodyne angle: 27.7 + 0.1 deg, Cavity detuning: 62.2 + 0.4 Hz
—Homodyne angle: 39.4 + 0.1 deg, Cavity detuning: 60.4 + 0.5 Hz : | |

Homodyne angle: 60.1 + 0.2 deg, Cavity detuning: 67.9 + 0.5 Hz o/ v ' ' e ; "

Homodyne angle: 92.8 + 1.4 deg, Cavity detuning: 71.4 + 1.3 Hz

L

', 8 =24 Hz »=9° 6 =29 Hz Model

', 8 =20 Hz p=23° 6 =40 Hz Freq.-indep. squeezing in interferometer (modeled)

Noise relative to coherent vacuum [dB]

'
N

2°, 8 =29 Hz . ', freq.-indep. s \[inimum noise quadrature (modeled)

T -
10? 10°
Frequency [Hz|

A

Freauencv [Hz]
PHYSICAL REVIEW LETTERS 124, 171101 (2020) PHYSICAL REVIEW LETTERS 124, 171102 (2020)




Filter cavity implementation for O4

e Same squeezed vacuum source used in O3
* Length: ~300 m o

e Commissioning on-going

WE
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Squeezing for

—instein Telescope

Goal: 10 dB of broadband
guantum noise reduction

2 filter cavity fo ET-LF and
1 for ET-HF

Challenges

Squeezing source at
different wavelength
(e.g1550 nm)

Very low total optical losses

FC with narrow bandwidth

Alternative quantum noise
reduction schemes?
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Frequency dependent squeezing via EPR entanglement

® The main idea: inject a pair of EPR-
entangled beams from the ITF dark
port

® |f one of the beams is detuned from
the carrier, it will see the ITF as a
detuned cavity -> thus it will
experience frequency dependent
squeezing

® Measuring a fixed quadrature of the
detuned beam will allow to

conditionally squeeze the other beam

In a frequency dependent way
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detection gain |

nature
ARTICLES hvsi
PUBLISHED ONLINE: 15 MAY 2017 | DOI: 10.1038/NPHYS4118 p ySlCS

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” and Yanbei Chen'



Conclusions

® Quantum noise is an intrinsic limitation of the interferometric
measurement, originated by vacuum fluctuations

® Standard quantum limit can be circumvented by introducing
correlation between amplitude and phase vacuum
fluctuations

® Most effective strategy: squeezed vacuum injection

® After 40 year of developments squeezing is now a key
technology for present and future GW detectors

® Alternatives quantum noise reduction strategies?
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Some of the plots and pictures in the slides are taken from:

“A Basic Introduction to Quantum Noise and Quantum-Non-Demolition Techniques”, (Lecture form 1st VESF school) S.Hild

E.Schreiber PhD thesis
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How to generate a squeezed state

P(€) = €0 (YVE + xDE2?) o

Optical parametric

<ou — TOn <on i <o
A \VE ¢ Csqz,w T €2 T Cy4y

- amplification of a vacuum

.
: i state
tr cout
- - - - Cav
A 4 !

* The input field (vacuum
b Squeczing and pump) is transferred
INto a time-dependent
> £in = gin 4 gin dielectric polarization that
Ala g IS the source of the output
field

R. Schnabel- Physics Reports 684 (2017) 1-51
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How to measure a squeezed state

* Balanced Homodyne detector

(Squeezed)

signa

rinput

Noise Power

4

Squeezed (i)

a=a+da b= (8+ db)e™®

1 A . 1 .
¢ = —(a+b) d= —(a—->b
\/5( ) \/5( )
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Quantum Noise ‘
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Measurement
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Noise in gravitational-wave detectors and other classical-force measurements is not influenced
by test-mass quantization

Vladimir B. Braginsky,' Mikhail L. Gorodetsky,' Farid Ya. Khalili,! Andrey B. Matsko.” Kip S. Thorne
and Sergey P. Vyatchanin'

'Physics Faculty, Moscow State University, Moscow, Russia
2Department of Physics, Texas A&M University, College Station, Texas 77843-4242
3Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125
(Received 2 September 2001: published 7 April 2003)

It is shown that photon shot noise and radiation-pressure back-action noise are the sole forms of quantum
noise in interferometric gravitational wave detectors that operate near or below the standard quantum limit, if
one filters the interferometer output appropriately. No additional noise arises from the test masses’ initial
quantum state or from reduction of the test-mass state due to measurement of the interferometer output or from
the uncertainty principle associated with the test-mass state. Two features of interferometers are central to these
conclusions: (i) The interferometer output [the photon number flux A{¢) entering the final photodetector]
commutes with itself at different times in the Heisenberg picture, [.&f(l)ﬂ’(:')]=0 and thus can be regarded
as classical. (i) This number flux is linear to high accuracy in the test-mass initial position and momentum
operators x, and p . and those operators influence the measured photon flux A{¢) in manners that can easily
be removed by filtering. For example, in most interferometers x, and p, appear in AN(¢) only at the test masses’
~ 1 Hz pendular swinging frequency and their influence is removed when the output data are high-pass filtered
to get rid of noise below ~ 10 Hz. The test-mass operators x,, and p,, contained in the unfiltered output A{1)
make a nonzero contribution to the commutator [)V(t) JV(:')]. That contribution is precisely canceled by a
nonzero commutation of the photon shot noise and radiation-pressure noise, which also are contained in A{r).
This cancellation of commutators is responsible for the fact that it is possible to derive an interferometer’s
standard quantum limit from test-mass considerations, and independently from photon-noise considerations,
and get identically the same result. These conclusions are all true for a far wider class of measurements than
just gravitational-wave interferometers. To elucidate them, this paper presents a series of idealized thought
experiments that are free from the complexities of real measuring systems.



Optical losses degrades squeezing

e Nalve model
) [a,aT) =1

b= /na 3,6 ) =n£1

N Squeezing deteriorated

b= Mma+ 1 — na, because of its

recombination with non
sgqueezed vacuum
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EPR : Pros and cons with respect to filter cavity
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L1 Strain noise (1/V/Hz)

Application to 2G detectors: results

Reference (without squeezing)
= = Quantum noise model (without squeezing)
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Shot noise derivation

Pin
Pout = T(Rl + R5)(1 4 C cos ¢)
L] - Contrast C = 21172
' B Ry + Ry
| B
Pin .
N Pout — 7[1 + CCOS(¢sta) — CSln(¢sta)¢gw]

Pu ., .

gj; 5Pgw — 70 Sln(¢sta)¢gw

-3 2 -1 0 1 2 3
Am Length Difference (cm) x 10°

P. Saulson “Fundamentals Of Interferometric Gravitational Wave Detectors ”
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What is the minimum phase change we can measure?

* Arrival time of photon: poissonian process
NNe=N =
P(N) = c=1/N

* Average number of impinging photons

v 77Pout5T 5P A / hw
N = e shot — 775T

e Ratio between the power change due to GW and shot noise

0FPgw \/ nPinoT C'sin ¢
5Pshot - hw \/(1 + C' cos (D)

Yegw

e [tis maximized close to the dark fringe
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What is the minimum phase change we can measure?

* Minimum detectable phase change
0P, oW — 0L, shot

v

5¢min —

hw
nPinéT

* Shot noise amplitude spectral density

A=1064nm, L = 3km, P, =20W
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Radiation pressure noise

e Variable force induced by power fluctuation acting on the mirrors

_wp

SmhP
: F(H) =175

0F

* Corresponding displacement spectrum of each test mass

2
, F(f) 1 |2mhP —
(f) = M (27 f)? B M (27 f)? cA hrp(f) Lm(f)

* TJotal qguantum noise
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