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Quantum Noise??
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Wave-Particle Duality
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Gravitational Wave Detector

Photon counting
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Photoelectric Effect
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Wave-Particle Duality
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Schrodinger’s Cat

Q.
KL N <Dead>
\ or
. 1 -
I <Alive>
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Bell’s Inequality

o I =
Alice Y7 = V2 Bob

[ Entangled Pair Source ] ﬁ

Measurement Measurement
axis a axis b ‘
A re -

Measure spin along Measure spin along
the chosen axis a the chosen axis b
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Bell’s Inequality

|(AogBo) + (AgB1) + (A1 By) — (A1B1)| < 2

All deterministic local hidden-variable assighments

Case AO Al B() Bl A()Bo AoBl AlBo —A131 S
1 +1 +1 +1 +1 +1 +1 +1 -1 $2
2 +1 +1 +1 - +1 =3 ¥1 #1 +2
3 +1 +1 <1 +1 « 2 i -1 =
4 +1 1 -1 ] - = -1 +1 =
5 # =i +1 1| +1 +1 -1 +1 2
6 +1 = +1 =f | -z = =] 1 =2
7 +1 -1 -1 +1 | -1 +1 +1 1| 42
8 +1 -1 -1 -4 | = -1 +1 -1 -2
9 -1 +1 +1 +1 | -1 -1 +1 ~1 =7
10 =1 1 +1 1 =i i +1 +1 +2
11 -1 +1 -1 +1 +1 -1 -1 -1 -2
12 -1 | # -1 -1 | #1 +1 -1 +1 +2
13 -1 -1 +1 #1 | -1 -1 -1 +1 -2
14 = <1 +1 ol i +1 <4 =l =2
15 -1 -1 -1 1 | +1 -1 +1 +1 | +2
16 |




Bell’s Inequality

o I =
Alice Y7 = V2 Bob

[ Entangled Pair Source ] ﬁ

Measurement Measurement
axis a axis b ‘
A re -

Measure spin along Measure spin along
the chosen axis a the chosen axis b
Result: =1 | Result: + 1

__________________________________________

(AiBr =B B=_A.B1)[ < 2 CHSH inequality
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Schrodinger’s Cat

Tell Schrédinger
| survived

S

A_.—: s

Whether Schrédinger’s cat is
alive or dead
is not predetermined.
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Schrddinger Equation

(1) = HIW (1)

Wave Eq Measure
(Hamiltonian)

0 h?
For particle iﬁa‘l’(r, t) = —%Vg‘lf(r, t) +V(r)¥(r,t)

Kinetic + Potential
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Schrddinger Equation

0 R* _,
FeU(r,t) = ——— V2 v
ih Yy (r,t) 5 U(r,t)+ V(r)¥(r,t)

Kinetic + Potential

Coordinate(by symmetry)

* Legendre
* Bessel
e Hermite
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67% M )

e

Path Integral

On the way from the Library
(building #27) to the dorm...

L

—

Don’t worry! If we do the path
integral, the probability of finding
the book is 1, so we’ll be able to
find the book.

%«

x

o L

@H 1:09




Wave Equation

Y = + Yo

B° = |y + %) = 1]’ + [1a)? + 2 Re(¢ieh,)
\— —

interference term
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Quantum Harmonics Oscillator
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Quantum Harmonics Oscillator

YL (x)
| ww

| o

E, ' . s (x)

| v

yr (x)
=
-

hw/2 '

Each state has an associated probability
However, we cannot know in advance which state will be realized
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Light(Electromagnetic Wave)
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Photo Detector

Amplitude of electricfield
x Number of photon

Measuring the intensity of light Biased Detector
= Counting the number of photon 350 - 1100 nm
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Photoelectric Effect
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Wave-Particle Duality
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Gravitational Wave Detector

Photon counting
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Standard Quantum Limit of GW Detector

Shot noise |

h [1/JHz]

n i i I 1 i i i P | i i
107 10° 10 10? 10°
f [Hz]

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise
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Shot Noise
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Shot Noise of Interferometer

FE = hv
Photon energy
Laser power(W) = the number of photon(n) / time(s)

nhy = /s .

>
000
o0 0

ton
t

T

P

Shot noise
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Shot Noise of Interferometer

E = hv
Photon energy

Laser power(W) = the number of photon(n) / time(s)

nhy = /s _ .
o0 o @ O o

o0 ® o0 o
o0 O ® O

photon photon
t ; t,

T T

Shot noise
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Shot Noise of Interferometer

Photon Counting Statistics

Probability [rel. units]

0.012 f |
0.010
0.008 |
0.006 -
0.004 |
0.002 |

0.000 L

= (N

) =N =|af’ =10000

1 1
Relative shot-noise ~ — ~
[ \/]V V PLaserJ

9600

9800 10000 10200 10400

Photon number N

Albert-Einstein-Institut Roman Schnabel, 17 / June/ 2013

h =6.62607015x10734 J-Hz™"

YONSEI UNIVERSITY




Shot Noise of Interferometer

Low intensity

Signal to Noise ratio =

YONSEI UNIVERSITY




Shot Noise of Interferometer

1 Shot noise

Signal

(AN

Low intensity High intensity

Signal to Noise ratio =
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Shot Noise of Interferometer

1 Shot noise

Signal

(AN

n

Low intensity High intensity

N
Signal to Noise ratio = —

VN

If Shot noise is relatively larger than other noise(Thermal, Electric.. etc)
We say that it has shot noise limit sensitivity
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Shot Noise
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Shot Noise of Interferometer

1 Shot noise

Signal

(AN

n

Low intensity High intensity

N = =
Signal to Noise ratio = — N=100, SNR =10

VN N=10000, SNR =100

If Shot noise is relatively larger than other noise(Thermal, Electric.. etc)
We say that it has shot noise limit sensitivity
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Standard Quantum Limit of GW Detector

Shot noise |

h [1/JHz]

n i i I 1 i i i P | i i
107 10° 10 10? 10°
f [Hz]

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise
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Radiation Pressure Noise

BeCu blades

Sapphire blade springs

Platform
stage

Sapphire
Sapphire fibres Nail
- heads

Length 350 mm

Marionette

Bottom IM =—>

. 23 kg
S_apphlre 2 \ Recoil Mass Sapphire test
fibers A mass mirror

Sapphire Mirro
Sapphire ear
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Radiation Pressure Noise

BeCu blades

Sapphire blade springs

Platform
stage

Sapphire
Nail
heads

Sapphire fibres

-—-__,...-—-.______‘

Length 350 mm

Marionette

Test mass

Bottom IM =—>

23 kg
Sapphire test
mass mirror

Sapphire
fibers

[,_,; %

Sapphire Mirror \\_
- i -
L Sapphire ear

« Stored energy is very high (750 kW)

« Desired sensitivity is very high (10721~ 107%%)
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Standard Quantum Limit of GW Detector

Radiation pressure noise
- Photon pressure fluctuation at mirror

-> Intensity noise

h [1/JHz]

Shot noise
- Photon number fluctuation at PD

-> Phase noise

28 | Bgg I il i
10
107 10° 10 10? 10°
f [Hz]

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise
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LIGO Sensitivity

O3 LLO
mmm Total
== Quantum Vacuum
Seismic
Newtonian

== Suspension Thermal
=== Coating Thermal

m== 1 Substrate Brownian
Substrate Thermo-Elastic
Residual Gas

Shot noise

10°
Frequency [Hz]

Appl. Phys. Lett. 122, 110502 (2023)
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Standard Quantum Limit of GW Detector

Shot noise |

h [1/JHz]

n i i I 1 i i i P | i i
107 10° 10 10? 10°
f [Hz]

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise
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LIGO Sensitivity

O3 LLO
mmm Total
== Quantum Vacuum
Seismic
Newtonian

== Suspension Thermal
=== Coating Thermal

m== 1 Substrate Brownian
Substrate Thermo-Elastic
Residual Gas

Shot noise

10°
Frequency [Hz]

Appl. Phys. Lett. 122, 110502 (2023)
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Classical Electromagnetic Wave
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Quantum Noise of Coherent Light

E()

Heurs M. 2018 Gravitational wave detection u
sing laser interferometry beyond the standard
quantum limit.Phil. Trans. R. Soc. A 376: 20170
289.
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Phase and Amplitude Quadrature

(@) Shot noise

( phase \

quadrature

AzAp > %

Uncertainty principle

>

amplitude

\ AX, quadratuy

Radiation pressure noise

Heurs M. 2018 Gravitational wave detection u
sing laser interferometry beyond the standard
quantum limit.Phil. Trans. R. Soc. A 376: 20170
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Phase and Amplitude Quadrature

(@) i
eal Space Phase Space
( phase \ N . B
quadrature o T T Y
AX,
amplitude
\ quadratury
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Gravitational Wave Detector

Living Reviews in Relativity volume 22, Article number: 2 (2019)

YONSEI UNIVERSITY




Bright Port and Dark Port

Bright Dark
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Gravitational Wave Detector

port2 2 ] B
port1 B cosy —— |
po rt3 7 X\ /T 7™
“YNN VNN V7
Z \ / \
—»'b

\ \ \/ /-
IOOrt"*Dark port . \W

Living Reviews in Relativity volume 22, Article number: 2 (2019)
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Quantum Noise of Gravitational Wave Detector

2 | ‘[ =
71N 8 7T
port2 05 — /\ / \ f// 7
port1 | rt1 \ N N/
port3 -0 \>/\/
Vacuum N _-zln -3:::/2 i -n‘/z 0 m"2 ;L 3rlf2 sz_
port4 * field
I e
—»J/>
[Q.
|
e 4

Living Reviews in Relativity volume 22, Article number: 2 (2019)
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Quantum Vacuum Fluctuation

Vacuum #
empty

Vacuum

Transmission medium

Average energy = zeropoint energy
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Quantum Vacuum Fluctuation

JOURNAL ARTICLE
Evidence for vacuum birefringence from the first
optical-polarimetry measurement of the isolated
neutron star RX J1856.5-3754 @

R. P. Mignani ™, V. Testa ™, D. Gonzalez Caniulef ™, R. Taverna, R. Turolla, S. Zane, K. Wu

Monthly Notices of the Royal Astronomical Society, Volume 465, Issue 1, 11 February 2017,
Pages 492-500, https://doi.org/10.1093/mnras/stw2798
Published: 02 November2016  Article history v

Vacuum #
empty

Transmission medium
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Quantum Noise of Gravitational Wave Detector

2 | ‘[ =
71N 8 7T
port2 05 — /\ / \ f// 7
port1 | rt1 \ N N/
port3 -0 \>/\/
Vacuum N _-zln -3:::/2 i -n‘/z 0 m"2 ;L 3rlf2 sz_
port4 * field
I e
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|
e 4

Living Reviews in Relativity volume 22, Article number: 2 (2019)
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Quantum Noise of Gravitational Wave Detector
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Squeezed Light

(a)

(b)

[

phase
quadrature

>

4

amplitude amplitude
quadratuy quadratuy

phase
quadrature

Heurs M. 2018 Gravitational wave detection u
sing laser interferometry beyond the standard
quantum limit.Phil. Trans. R. Soc. A 376: 20170

289.
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Non Linear Crystal

—| =

Non-linear crystal

oAl [

linear optics Non linear optics
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Parametric Down Conversion

Momentum Conservation

Spontaneous
Parametric
Downconversion Every filed which are participated in
| Koump Non-linear conversion process,
il s (signa ;
Pump (signal) _ Must obey energy, momentum conservation.

- Energy conservation

Nonlinear i (idler) Qpump

x{2) crystal

Ppump = Ps +
J S Lundeen
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Parametric Down Conversion

Momentum Conservation

Spontaneous
Parametric
Downconversion Every filed which are participated in
- _ Koump Non-linear conversion process,
Pump s (signal) _ Must obey energy, momentum conservation.
it Energy conservation .
Even for vacuum field!!
Nonlinear i (idler) Qpump
x{2) crystal

Ppump = 05 T O

J S Lundeen
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Parametric Down Conversion

P(E) = €0 (XVE + xDE2)

out _ ¢out out out
A / S - 8 s + 52[, + 8411
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N\
[\ gout
| \ 789z,

Nonline &

: ryéfél/ L
f v 1 f’; \ “" \:
C r / \l’ . gé) ut
LV

A7 Squeezing

\)

Y| Y

- vacuum

- field
e =g+ 6
Als go classical E field

_>en
#1 i R. Schnabel / Physics Reports 684 (2017)
— 1-51
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Parametric Down Conversion

out _ ¢out out out
g =§ + E5 + EY

sqz,V

N gout

sqz,V

Nonline A f &R Spontaneous Momentum Conservation
ar Parametric Kg Ki
cr \ Downconversion
_ E3" Kpump
Squeezing B _/'S (signal)
uLn.p Energy conservation

; . : Nonlinear i (idler)
=&+ &, x@ crystal

Ppump = Ps T ¢

R. Schnabel / Physics Reports 684 (2017) Phase matChlng COﬂdItIOn

1-51
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Parametric Down Conversion

P(E) = €0 (XVE + xDE2)

out _ ¢out out out
i f E = g2 -ES +EL

sqz,V
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Nonline £
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Y| Y

State of vacuum is changed during

_— vacuum .
conversion process

< field : s
o £ gin | gin due to phase matching condition

= Ala gn classical E field

N g

R. Schnabel / Physics Reports 684 (2017)
1-51
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Phase Matching Condition

TR0 22 B4
ZHgtor2H

e

4
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Squeezed Vacuum

Electric field E(t) [a.u.]

Woa viddic (b b

' 0 T 2 3 4 . 0 m 2 778 im

Figure 1.6: Simulation of electric field in time for (a) vacuum state and for (b)

squeezed vacuum.
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Squeezed Vacuum

squeezed vacum state
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Gravitational Wave Detector

(@) )
( phase \( phase \
quadrature quadrature
A
port2 o { p— C
port1 | A% = | WAL | -
7 port3 :
3 sorta ¥ Squeezed vacuum | WA A qudraure)
field
B je—
2O (i)
</,/ :
E
B
[gl —[}-ﬂ squeezed light 2
: 5
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- Livii 0 . 10 2019)
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Squeezed Vacuum

squeezed vacum state
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Squeezed Vacuum Injection

squeezed vacum state

0 T 2n 3n 4w S5m 671
Wt

squeezed vacum state
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Gravitational Wave Detector

(@) )
( phase \( phase \
quadrature quadrature
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port2 o { p— C
port1 | A% = | WAL | -
7 port3 :
3 sorta ¥ Squeezed vacuum | WA A qudraure)
field
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B
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- Livii 0 . 10 2019)
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Quantum Noise Enhancement of LIGO

i

If:lI
L
[

Strain Sensitivity h [1/ Hz]
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Frequency Independent squeezing

1072, Lo S S T )
[ — Quantum noise no squeezing ]
— Quantum noise freq independent squeezing !
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—
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>
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17}
c
()
07!
c
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Optical and noise studies for Advanced Virgo and filter cavities for quantum noise
reduction
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Squeezed Light

(a)

(b)

[

phase
quadrature

>

4

amplitude amplitude
quadratuy quadratuy

phase
quadrature

Heurs M. 2018 Gravitational wave detection u
sing laser interferometry beyond the standard
quantum limit.Phil. Trans. R. Soc. A 376: 20170

289.
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Frequency Independent Squeezing
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Optical and noise studies for Advanced Virgo and filter cavities for quantum noise
reduction
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Frequency Dependent Squeezing(FDS)
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Optical and noise studies for Advanced Virgo and filter cavities for quantum noise
reduction
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Frequency Dependent Squeezing(Filter Cavity)
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LIGO Sensitivity

Strain noise [1/Hz?]

O3 LLO
=== Total
== Quantum Vacuum
= Seismic
= Newtonian

== Suspension Thermal
=== Coating Thermal

m== 1 Substrate Brownian
Substrate Thermo-Elastic
Residual Gas

10°
Frequency [Hz]

Appl. Phys. Lett. 122, 110502 (2023)
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Side Band Figure

carrier
Laser frequency

W W WetWy  Gravitational wave frequency
Signal Signal
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Frequency Dependent Squeezing(Filter Cavity)

I EM)(¢) :/E(w)e_i“"tz—z
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Side Band Figure

carrier
Laser frequency

W W WetWy  Gravitational wave frequency
Signal Signal
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Frequency Dependent Squeezing(Filter Cavity)
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Frequency Dependent Squeezing(Filter Cavity)
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Fabry-perot cavity

=/

Coherent Laser g, splitter FP-Cavity

Number of round trip > 250
4 km x 250 ~ 1000 km
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Free Spectral Range of Cavity

FSR : FSR

— Reflected ||
—— Circulating
— Transmitted

0 20 40 60 80
Frequency [kHz]
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Detuned cavity

ﬁ S- I - t Stefan Hild et al, “Detuned arm cavities”, 3rd GEO
; Imple PICtUre imyation workshop, Hannover, June 2007

=H . A SB C +SB
* less carrier light in cavity => less

GW sidebands are produced.
+ Since one GW sideband is
resonant, it gets enhanced.

= 200 Hz,«—

Islsion curve

tuned armcavity

=> Smaller GW signal

C:
* optical power is restored in the armcavity
cavity by larger PR-gain. 200Hz detuned
* Same amount of GW sidebands e
are produced.
» Since one GW sideband is ——
resonant, it gets enhanced. 200Hz detuned

&

Overall we win GW signal. increased input

power

Freq
>

=> Larger GW signal
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Frequency dependent squeezing

I Phase of return field for Filter cavity
E Reflection from FC
A

+ Transmission from inside FC

Filter Cavity (e)
l[g_t?%ﬁﬂ_ _____ _” § & squeezed vacum state




Detuned cavity

ﬁ S- I - t Stefan Hild et al, “Detuned arm cavities”, 3rd GEO
; Imple PICtUre imyation workshop, Hannover, June 2007

=H . A SB C +SB
* less carrier light in cavity => less

GW sidebands are produced.
+ Since one GW sideband is
resonant, it gets enhanced.

= 200 Hz,«—

Islsion curve

tuned armcavity

=> Smaller GW signal

C:
* optical power is restored in the armcavity
cavity by larger PR-gain. 200Hz detuned
* Same amount of GW sidebands e
are produced.
» Since one GW sideband is ——
resonant, it gets enhanced. 200Hz detuned

&

Overall we win GW signal. increased input

power

Freq
>

=> Larger GW signal
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Squeeze angle rotation
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Frequency Dependent Squeezing(FDS)
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Optical and noise studies for Advanced Virgo and filter cavities for quantum noise
reduction
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Filter Cavity of GWD

BeCu blades
Sapphire blade springs
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Frequency dependent squeezing - KAGRA

PHYSICAL REVIEW LETTERS 124, 171101 (2020)
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FDS using Filter Cavity
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Future generation GW detector: Einstein Telescope (ET)

Target: 105 to 10° events/year

* Configuration: 2L or
Equilateral triangle

* Arm cavities 10 km long
e Underground (300 m)
* Cooled mirrors (10 K)

Expected detectable sources:

Merging BH throughout the whole
universe and reconstruct BH demography
Investigate primeval universe and
connections with particle physics

Candidate sites are: Sardinia,
Euregio Meuse-Rhine, Lausitz

Quantum Noise limited in all frequency band

ET Design Sensitivity Curve -

N(

10721

AdVirgo design:
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ET design report update 2020 ("long ESFRI document"), ET-0007A4-20

Science Case for the Einstein Telescope, https://doi.org/10.1088/1475-7516/2020/03/050

Required FC for ideal
QN suppression:

o.=5 km for ET-LF (x2)
eL.=1 km for ET-HF

— 9 FCs in triangle conf. each
few km-long and underground!

— More compact setups will
reduce infrastructure impact
and costs!

Important to develop more compact
Quantum Noise Reduction Techniques
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Einstein-Podolsky-Rosen paradox
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EPR squeezing for gravitational wave detector
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EPR squeezing for gravitational wave detector
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nature LETTERS
photomc S https://doi.org/10.1038/541566-019-0582-4

== Generation and control of frequency-dependent
squeezing via Einstein-Podolsky-Rosen
entanglement

Min Jet Yap©@*, Paul Altin, Terry G. McRae, Bram J. J. Slagmolen, Robert L. Ward and
David E. McClelland
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Generation and control of frequency-dependent
squeezing via Einstein-Podolsky-Rosen
entanglement

Min Jet Yap©*, Paul Altin, Terry G. McRae, Bram J. J. Slagmolen, Robert L. Ward and
David E. McClelland ©
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Fig. 2 | Noise spectrum for different test cavity detuning. a, Frequency spacing diagram of the signal (red) and idler (blue) fields with respect to test
cavity resonances for d,, =684 =7, (left), 4,,=0, §4=7.. (middle) and 4., = —J,4= 0.5y, (right). The grey trace shows the cavity phase response causing
the quadrature rotation. b, Noise spectrum at the combined output measured at readout angles O and & (maroon and green, respectively). Solid dark
colour lines are fits to the theoretical model. €, Measured noise spectrum as a function of readout angle. d, Associated modelled noise spectrum from the

theoretical model. Dashed lines in ¢ and d correspond to the spectrain b.
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EPR squeezing for gravitational wave detector
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