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Mirrors as Macroscopic Quantum Objects
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The Standard Quantum Limit
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t 1 t 2

t1: right after 1st measurement
t2: right before 2nd measurement

wavefunction widths of test mass

Heisenberg Uncertainty Relation

Standard Quantum Limit

Laser
Light

Fabry-Perot Cavity

X = Lh

Photon number 
!uctuation also causing 

noisy force
Radiation-Pressure Noise

Increasing Photon Number ...
Lowers Shot Noise

Raises Rad. Pres. Noise

A Standard Quantum Limit was formulated by Braginsky in the 1960s
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Quantum Noise and the Standard Quantum Limit
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Shot Noise 
Drops

Rad. Pres. 
Noise Grows

L = 4 km, M = 40 kg and ! = 100 Hz
! : optical bandwidth of arm cavity

Standard Quantum Limit
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Sub-SQL Classical Noise in LIGO?
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¥Not a fundamental problem, but technically challenging

Initial & Enhanced LIGO, M=10kg



¥Not a fundamental problem, but technically challenging

¥SQL prototype experiments (Hannover, Germany and CLIO in Japan) being constructed

¥Strategies for lowering thermal noise being invented by GW and optics communities
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Sub-SQL Classical Noise in LIGO?

6

coating 
thermal

10 20 50 100 200 500 1000

10�
 24

10�
 23

10�
 22

10�
 21

10�
 20

10 20 50 100 200 500 1000

substrate 
thermal

seism
ic

gravity gradient

suspension

SQL

LIGO-I

Advanced LIGO, M=40kg



¥Z, sensing noise: quantum shot noise, internal thermal noise, etc.

¥F, force noise: quantum radiation-pressure noise, suspension thermal noise, etc.

¥Heisenberg Uncertainty Principle

¥Standard Quantum Limit

¥In general, SQL beating is possible.  Noise vanishes when

(Dated:)

y = Z + xcm = Z + [ Rxx F + xGW ] (1)

Rxx = !
1

M (! ! ! p + i ! p)( ! + ! p + i ! p)
(2)

Z = ZQ + ZC , F = FQ + FC (3)

SZZ SF F ! S2
ZF = µøh2 , µ " 1 (4)

SGW = Syy = SZZ + 2Re(Rxx )SZF + |Rxx |2SF F (5)

SZF = 0 # SGW = SZZ + |Rxx |2SF F " 2
!

|Rxx |2SZZ SF F " 2øh
$

µ|Rxx | (6)

µ = 0 (7)

SZF$
SZZ SF F

% 1,
SZZ

SF F
% |Rxx | (8)

b1 = a1 (9)

b2 = a2 + " [xgw + xth + Rxx (" a1 + Fth )] (10)

! x ! F (11)

(Dated:)

y = Z + xcm = Z + [ Rxx F + xGW ] (1)

Rxx = !
1

M (! ! ! p + i ! p)( ! + ! p + i ! p)
(2)

Z = ZQ + ZC , F = FQ + FC (3)

SZZ SF F ! S2
ZF = µøh2 , µ " 1 (4)

SGW = Syy = SZZ + 2Re(Rxx )SZF + |Rxx |2SF F (5)

SZF = 0 # SGW = SZZ + |Rxx |2SF F " 2
!

|Rxx |2SZZ SF F " 2øh
$

µ|Rxx | (6)

µ = 1 (7)

SZF$
SZZ SF F

% 1,
SZZ

SF F
% |Rxx | (8)

b1 = a1 (9)

b2 = a2 + " [xgw + xth + Rxx (" a1 + Fth )] (10)

! x ! F (11)

 for ideal measurement 

y = Z + xc (1)

xc = !
1

M (! ! ! p + i ! p)( ! + ! p + i ! p)
F " Rxx F (2)

1

y = Z + xcm (1)

xcm = !
1

M (! ! ! p + i ! p)( ! + ! p + i ! p)
F " Rxx F (2)

1

y = Z + xcm (1)

xcm = !
1

M (Ω ! Ωp + i ! p)(Ω + Ωp + i ! p)
F " Rxx F (2)

1

y = Z + xcm (1)

xcm = !
1

M (! ! ! p + i ! p)( ! + ! p + i ! p)
F " Rxx F (2)

Z = ZQ + ZC , F = FQ + FC (3)

1

Yanbei ChenCaJAGWR Seminar, October 2008

Simpli!ed Model of Linear Quantum Measurement
[e.g., Braginsky & Khalili, 92]
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¥Input-output relation
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Simpli!ed Interferometer Model
[e.g., Kimble et al., 01]
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¥Input-output relation

¥Two ways of building correlations
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Simpli!ed Interferometer Model
[e.g., Kimble et al., 01]
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The Optical Spring

¥Depending on detuning
- restoring & anti-damping
- anti-restoring & damping

¥Always unstable
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Double Optical Spring

¥Stable optical spring obtained by 
combining two carriers.  

¥Tested experimentally at MIT  [Corbitt et 
al. 2007]

¥Can be used to stabilize Advanced LIGO, 
with moderate improvement in 
sensitivity [Rehbein et al., 2008]
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Switch to a di"erent point of view

¥Tools from GW detection converted into Òquantum technologyÓ
- low sensing noise Z (compare w/ SQL) ... accurately collapse mirror wave function
- low force noise F (compare w/ SQL) ... minimally perturb mirror wave function
- Heisenberg relation among Z and F ... enforces mirror Heisenberg Uncertainty
- stable optical spring ... macroscopic quantum oscillator

¥Change of approach: time-domain, Schršdinger picture

¥Topics of quantum mechanics that can be studied, on macroscopic objects
- testing Heisenberg Uncertainty Principle
- creating and verifying quantum entanglement

- testing Gravity Decoherence (very speculative)

- creating highly non-classical states (those with negative Wigner functions)
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¥What is the ÒQuantum ScaleÓ for a mirror?

¥When we compare sensing noise with SQL ...

¥When we compare force noise with SQL ...
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Some Basic Quantum Mechanics
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If                                                 , mirror localized below quantum level,  before force noise has time to 
act.   We require this for classical noise (and set our measurement timescale here).
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A 3-Stage Macroscopic Quantum Mechanics Experiment
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local oscillator
amplitude and phase 
tunable in real time

SRM location and 
re!ectivity

tunable in real time

Squeezing amplitude and 
phase

tunable in real time
preferably exchangeable into 

single-photon generator

Possibly two or 
more carriers

¥Preparation : put mirrors into nearly pure quantum states. Mirror state completely determined by 
light.  Initial state forgotten [Braginsky et al., 2001]. 

¥Evolution:  mirrors evolve quantum mechanically.  No measurement allowed!

¥Veri!cation: probe quantum state of mirrors, and verify quantum mechanics.

Quantum mechanical 
degree(s) of freedom

(x1-x2)-(x3-x4)
or (double carrier)
(x1-x3) & (x2-x4)

12

4
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State Preparation
[H MŸller-Ebhardt et al, 08]
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¥Linear systems with Gaussian noise (after initial transient):
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¥Conditional test-mass uncertainty equal to uncertainty of measurement

¥If measurement gets turned o" at t=0, uncertainty evolves like
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Purity of conditional state
[H MŸller-Ebhardt et al, 08]
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Creation/Survival of Entanglement
[H MŸller-Ebhardt et al, 08]
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State Preparation via Feedback Control
[S.L. Danilishin et al, 08]

¥Using knowledge of the conditional mean, can we suppress xcnd(t) and pcnd(t), at all 
times, and produce an unconditional state as pure as the conditional variance?

¥Usually impossible, because Vxpcnd>0, while Vxpctrl=0 (required for steady state)

¥The answer: minimum ellipse with Vxpctrl=0 that encompasses the conditional state

¥Consequence: pure controlled state requires sub-SQL total  (classical plus quantum) 
noise 
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Optimally Controlled State vs. Conditional State
[S.L. Danilishin et al, 08]

¥E"ective occupation number as function of SQL-beating factor by classical noise
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¥LIGO Hanford 4 km interferometer, right after S5.
- by Thomas Corbitt, Chris Wipf, Nergis Mavalvala, Daniel Sigg, et al. 

¥Oscillation frequency shifted from 1Hz to 140Hz (frequency with minimum noise).

¥Occupation number < 300
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The !rst LIGO MQM Experiment
[B. Abbott et al., LIGO Scienti#c Collaboration, submitted, 2008]
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State Veri!cation

¥For unconditional state, measure steady-state spectra. 

¥Conditional state should be veri#ed through a di"erent, time-domain measurement.
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Preparation Veri#cation
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¥Would like to obtain histograms of  X ($) !  [x(0)/%xvac] cos($) + [p(0)/%pvac] sin($)

¥For each $, a di"erent measurement strategy must be used, in order the entire 
tomography has sub-Heisenberg resolution
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State Tomography
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¥Preparation/Evolution/Veri#cation of entanglement among two arms (if  common 
mode is quantum limited) or between ITMs and ETMs (if beamsplitter is heavy and we 
have two carriers), or among two LIGO detectors (if they can operate coherently)

¥Entangled state #rst prepared, then wait for &

¥Then start veri#cation, and plot the logarithmic negativity corresponding to total 
variance (preparation & evolution & veri#cation)
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An Example
[in preparation]
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Entanglement can be veri#ed to survive for ~1 millisecond
among two ~10 kg objects separated by ~km (theoretically)
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Gravity Decoherence?

¥Penrose: Spacetime structure does not superimpose, must collapse into classical 
superpositions [Penrose, Phil. Trans. R. Soc. Lond. A 356, 1927Ð1939 (1998)]

¥Entangled state between multiple particles must decay into classical superposition

¥Timescale?
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LIGO 10 kg 10m 2 ! 100Hz 0.007

Hannover 
Prototype

100 g 0.5m 2 ! 400Hz 0.15
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Order-of-magnitude Estimates

¥In the two ÒscenariosÓ, assuming uncertainty in x comparable to ground state of 
oscillator with        angular frequency  
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¥For non-Gaussian state, Wigner function can be obtained by measuring all histograms 
of X ($) !  [x(0)/%xvac] cos($) + [p(0)/%pvac] sin($)

¥The same way as measuring a classical joint probability density

¥If there were a joint (x,p) probability density, then it must be the Wigner function

¥What if W(x,p) has negative regions?  It means the a joint (x,p) density does not exist!!
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Highly non-Classical States
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Can we ÒimposeÓ a Fock state onto a mirror?

¥Injecting single photon, and let it be ampli#ed by the carrier amplitude [Khalili, 07; 
Bose, Jacobs and Knight; Bouwmeester et al.; (without ampli!cation)]
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carrier

single photon

If e"ect gets ampli#ed enough, then test-mass momentum distribution will be non-Gaussian
Ideally, mirror could be mapped into the same Fock State
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How do we  actually ÒimposeÓ the Fock state?

¥In practice, the photon should be very special 

¥we must ÒknowÓ the arrival time (Poissonian photons are simply noises)

¥but not too well (photon wavefunction must be extended!!)
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Photon should cover a mode that Òmaps the mostÓ into mirror wavefunction
Appropriate output mode should be detected

For LIGO, this photon should have a duration of 1 ms or more
Then the Wigner function will have  a signi!cant negative region

light for
Gaussian 

preparation

Nearly Pure Gaussian State
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How do we obtain such a long photon?

¥Single atoms in cavity
- engineering arbitrary spatial mode shapes (Duan, Kimble, Zoller, et al.)
- needs further improvement in coherence time

¥Ponderomotive Squeezer
- pure squeezed states contain pairs of photons
- Òsingle-photon subtractionÓ from a pure but weak squeezed state produces pure 

single photons
- the MIT ponderomotive squeezer operates in the range of 10 Hz to 1 kHz
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Summary

¥Tools from GW detection converted into Òquantum technologyÓ
- low sensing noise Z (compare w/ SQL) ... accurately collapse mirror wave function
- low force noise F (compare w/ SQL) ... minimally perturb mirror wave function
- Heisenberg relation among Z and F ... enforces mirror Heisenberg Uncertainty
- stable optical spring ... macroscopic quantum oscillator

¥General approach: time-domain, Schršdinger picture

¥Topics of quantum mechanics that can be studied, on macroscopic objects
- testing Heisenberg Uncertainty Principle
- creating and verifying quantum entanglement

- testing Gravity Decoherence (very speculative)

- creating highly non-classical states (those with negative Wigner functions)

¥Currently Under Investigation 
- Synthesize the entire ÒpipelineÓ for non-Gaussian State Preparation/Veri!cation 
- Testing violation of Bell-Inequality by Mechanical Objects
- Decoherence due to extra-dimension e"ects (recent work by Mino)
- Possible Applications to Mechanical Systems other than LIGO
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