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Motivation

»Examples of proposed experiments
* Entanglement between the single photon and the test mass displacement

:'/‘q'\ Tiny Mirror v
Oscillator 0.8]
Tn 9l v" Interference of the single photon will
PBS M4 0.4} .
(2 | s recover after one period
o BS (50:50)\ 0.2} . .
. v Requirement: ground state cooling
| 0 1 2 3 4 5 6

\_/ b

Time [1/o ]

" PRL 91, 130401 (2003)
* Entanglement between the common mode and the differential mode

S ' / test-mass mirror (north)

. o N Squant COMMoN . .
'§ ! AN —— /Saquant differential // Tcom mode \/ LOg&I‘lthmIC
T \ ) s negativity is not zero
é L \_____se"s______ > / - photodetection A %Q'\& ‘/ . .
2 ) / com. mode (west) PR mirror & —> com. mode Requlrement
Sl N (4/ laser input es-mass  reaching the SQL

102 10° 100 10° p Faraday rotator ¥ mirror (east)

@l PRL 100, 013601 (2008) 4/14



Ground state

» General A

* Stationary state of the lowest energy
* The energy 1s known as the zero-point energy of the system

Energy Excited states
»Harmonic oscillator —
1\ .
* Energy: E,, = hw,, (n + E) withn =0
. . # Ground state
 Displacement variance: (xz)gs = o
2Mmwm, Wikipedia: “ground state”
. h 1 :
e Total variance: (x?) = — ( + —), n is the phonon number
Mmwm 2
* n < 1 means a benchmark of the ground state cooling in the opto-mechanics field
: 1 A :
* Purity: p = = 1s also a commonly used parameter (W0 = 1)

2n+1 2Mmawqy, (x?)
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Phonon number

» Thermal phonon number

. . kgT
 Brownian motion: (x?%);, = —5
mws,
2 1)
xX“°) = n n =
( ) mwm( th T+ other"l'2
kgT
* Mgy = —— < 1 1s necessary to reach the ground state
m

» Case studies

* At room temperature (T = 300 K) — > 6 THz
- Laser light (~300 THz) 1s 0r1g1nally in the ground state

* At low frequency oscillator (02)—: =1 kHz), T < 50 nK
- We cannot reach such low temperature even with cryogenic system
—> Laser cooling with an optical cavity and feedback
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Measurement and feedback

» Typical quantum limit of laser interferometer
» Michelson interferometer ~ 10~1% m/vVHz

« Optical cavity ~ 10718 m/vHz PR
v’ Laser wavelength: A ~ 1 um A | |[hw
v' Input power: P ~ 10 mW Sshot,x"’ 7|l p Relative photon number fluctuation of
v : . - 103 . m \/ ~10-8 \/ ith P.. ~
Cavity finesse: F ~ 10 \ I/NN ~ 10-° /NHz with P;, ~ 1 mW

»Required displacement sensitivity
e Zero-point fluctuation ~ 10718 m/\Hz

v’ Mass: m ~ 1 mg
v Resonant frequency: w,,/2m ~ 1 kHz

« GW detector sensitivity ~ 1072° m/\Hz

¢

Credit: LIGO
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Feedback cooling

»Damping, stiffening, and £*Q criteria
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Stiffening

» Optical spring and feedback spring
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Examples

»1Q and temperature in the experiments
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Sensitivity and SQL

»Reaching the SQL is almost equivalent to the ground state cooling

2
* Thermal noise: S¢p(w) = 4kBQ Tn;wm [N/VHz] in the structure damping
* SQL: Sgo.(w) = 2hmw?[N/NHz]
. . Sth(weff) __ 2kpT ( Wm )3 - . o h l
Ratio: SSQL(weff) - hwm Qm Weff nth,mm (X ) — MWy, (nth + Nother T 2)

» When the sensitivity reaches the SQL at a specific frequency, you only
have to increase the resonant frequency up to the SQL frequency

»Even the fQ criteria 1s satisfied, n,;p., should be below unity (the
other noises should be below the SQL)
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Examples

3
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Potential torsion pendulum

AYA(0)

»Picking up some familiar torsion pendula

3
CQG 26, 094017 (2009) fm fef ! U ! fmQm (30;) K) (tf:)
Fused silica torsion pendulum | 2 mHz | 20 Hz | 7x10° | 300K 1 x 101
for LISA experiment
Our optomechanical 0.1Hz| 1kHz | 3x10° | 300K 3x 10
experiment
TOBA OmHz| 1Hz | 1x103| 4K 1 x 1014

»1f we increase the TOBA resonant frequency up to 1 Hz using optical
spring or feedback spring with the SQL, we can achieve the ground
state cooling
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Summary

» Ground state cooling of mechanical oscillators
»Phonon number and fQ) criteria

»Potential torsion pendulum experiments
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