Exploring Macroscopic Quantum
Mechanics with LIGO

Yanbel Chen

Collaborators
Caltech: Chao LI, Yasushi Mino, Kentaro Somiya, Kip S. Thorne

Albert Einstein Institute : Helge MYller-Ebhardt, Henning Rehbein, Roman Schnabel,
Karsten Danzmann

MIT: Chris Wipf, Thomas Cobitt, Nergis Mavalvala, Sam Waldman
Moscow State University: Stefan L. Danilishin, Farid Ya. Khalili
University of Western Australia: Haixing Miao

Sponsors
Alexander von Humboldt Foundation

National Science Foundation
David and Barbara Groce Fund

CaJAGWR Seminar, October 2008



Mirrors as Macroscopic Quantum Objects
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The Standard Quantum Limit

A Standard Quantum Limitwas formulated by Braginsky in the 1960s

Heisenberg Uncertainty Relation
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wavefunction widths of test mass
t1: right after 1st measurement
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Quantum Noise and the Standard Quantum Limit
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Sub-SQL Classical Noise in LIGO?

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

¥ Not a fundamental problem, but technically challenging
10 20

10 2|

' T
]
)
)
)
|
1
1
'
\

LIGO-|
8
8
10 22 \

Advanced LIGO, M=40kg

¥SQL prototype experiments{annover, GermanandCLIO in Japanbeing constructed

¥Strategies for lowering thermal noise being invented by GW and optics communitie
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Simpliled Model of Linear Quantum Measurement

[e.g., Braginsky & Khalili, 92]

Yy = Z+ Xem = Z +[RyxF + Xow] T
1

I
M il il Z + Xem F

>
Xcm

Z:ZQ+Z(;,F:FQ+ Fc

¥Z, sensing noisequantum shot noise, internal thermal noise, etc.

¥F, force noisequantum radiation-pressure noise, suspension thermal noise, etc.
¥Heisenberg Uncertainty Principle

S;7 Spgp ! S%,: = ubz, u" 1 L =1 forideal measurement

¥Standard Quantum Limit

Sew = Syy = Szz +2Re(Rxx)Szr + |Rux|*SkF

- g | | 28
Szr =0 # Sow = Szz + [Ru|°Skr " 2 R« [?Szz Srr " 28 HIR| =  HSsoL = Hor 2

for free mass

¥in general,SOL beating is possibldNoise vanishes when

¢ SzF % 1 Szz
Szz SFF SFF
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Simpliled Interferometer Model

[e.g., Kimble et al., 01]
AI 1/2X

AI 1/2[| 1/2E1/(M! 2)]

amplitude
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xfree
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Simpliled Interferometer Model

[e.g., Kimble et al., 01]

¥ Input-output relation

V4
aji

amplitude by

phase lp =
(conventional) |

ap+ " [Xth + Xgw T Rxxigql; él + Fthg/(!

Xcm

diff. mode
iIn-going

vacuum a2 —>»

diff. mode b1, <«—
homodyne
detection

Xem + Xth

carrier
light

(comm

mode)

¥Two ways of building correlations

iInput squeezing at non-phase quadrature
10 dB squeezing at various quadratures
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homodyne detection at non-phase quadrature
10x power, !exible homodyne phase
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The Optical Spring

l ETM,
optical spring connects
ITM and ETM
T —TM,
PRM I'TM ETM,
E o — e
: SRM
E(detuned)
O
1! 10 %
51 10 %3

11 10 %3+
51 10 %4
1! 10 %4
unstable
resonance

5! 10
10 20 50 100 200 500 100C

f IHZ"
Buonanno & Chen, 01

CaJAGWR Seminar, October 2008

pendulum

Frap does Frap does |
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¥ Depending on detuning
- restoring &anti-damping
- anti-restoring &damping
¥Always unstable

Buonanno & Chen, 01
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Double Optical Spring
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¥ Stable optical spring obtained by
combining two carriers.

¥Tested experimentally at MITCorbitt et

al. 2007]

¥Can be used to stabilize Advanced LIG
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 intoquantum technologyO
- low sensing nois& (compare w/ SQL)accurately collapsanirror wave function
- low force noise~(compare w/ SQL)minimally perturb mirror wave function
- Heisenberg relation among andF...enforcesmirror Heisenberg Uncertainty
- stableoptical spring... macroscopiguantum oscillator

¥Change of approachime-domain, Schrsdinger picture

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

- testing Gravity Decoherengeery speculative)

- creating highly non-classical stat@fose with negative Wigner functions)
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Some Basic Quantum Mechanics

¥ What is the Quantum Scal® for a mirror? |

. 1]
given bx 7 5=  widths of  Squeezing
I x! p! QB/?2 - 2m _
| P | timescale | ' vacuum-state is
Heisenberg Uncertainty | § pm" , wavefunction Relative!!
I p >
¥ When we comparesensing noisewith SQL ...
2y 1
Sz = SsqL("x) = —5 # ! X*(" x)a—
m X X =

It takes !y = 1/"  to localize
position x down to quantum level

¥When we compardorce noisewith SQL ...

1 :
Sk = m?" 2SsoL("F)=2dm" 2 # | p(" E);

F
It takes ' " 1/" ¢ to disturb ' F ! x\
momentum x beyond quantum level

If Ix <Ilg,or"«>"g mirror|ocalized below quantum levelpefore force noise has time to

act. We require this for classical no{send set our measurement timescale here)

This is impossible for quantum noise S,z Sgg ! S2r = puk?, p" 1
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A 3-Stage Macroscopic Quantum Mechanics Experiment

“1ETM. Quantum mechanical
\ degree(s) of freedom
(X1-X2)-(>6-X4)
or (double carrier)
(X1-X3) & (X2-Xa)

Possibly two or ~ SRM location and
more carriers relectivity
tunable in real time

Arm Cavity

|
Power Recycling ITM"‘
Mirmror
Am Cawity
Laser
..&‘
o 5 AM !
! . Slgnal Recvclmg
: IP\/Il i
local oscillator squeezer ‘ Squeezing amplitude and
amplitude and phase ¥ — phase
tunable in real time toca ' i
= ciliato tunable in real time

______________________________

¥ Preparation : put mirrors into nearly pure quantum states. Mirror state completely determined by
light. Initial state forgottenBraginsky et al., 2001]
¥ Evolution: mirrors evolve guantum mechanically. No measurement allowed!

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

[H MYller-Ebhardt et al, 08] ( XX 1 xp’ pp)
measurement
data (XC1 pC) /

random —

walk

P P
h

stop measuring

and wait
X X
unconditional state conditional state
time-independent (distribution) time-dependent: random walk
highly uncertain plus[ideally]Heisenberg uncertainty
easily obtainable from spectra alone depends on data and spectra
ninput e - evolition ninpUt s n projective ¥ measureday (ninput  mq; .
ight  nirror U™ ight "mirror ight I jight nirror
measurement
¥Linear systemswith Gaussian noise (after initial transient):
70 oL ' 70 oL /v c c w
Xc(t) 0 gt KX(’[ $ t9 (t9 V5 pr constant and obtainable
nc(t) Kp(t$ t9 VX(I:O Vpp from noise spectra

same as causal Wiener Filtering
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Purity of conditional state

[H MYller-Ebhardt et al, 08]
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¥Conditional test-mass uncertaintgqual to uncertainty of measurement
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Creation/Survival of Entanglement

[H MYller-Ebhardt et al, 08]
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State Preparation via Feedback Control

[S.L. Danilishinet al, 08]

(Vix» Vxp Vip)
I/ |
(XC’ pC)
X X

¥Using knowledge of theconditional mean can we suppress"qt) andp"qt), at all
times, and produce aninconditional stateas pure as theonditional variance

¥Usually impossible, becauséx,°"*>0, whileVx,c"'=0 (required for steady state)
¥The answerminimum ellipsewith Vx,°"'=0 that encompasses the conditional state

¥Consequence: pure controlled state requires sub-3@Qtal (classical plus quantum)
noise
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Optimally Controlled State vs. Conditional State

[S.L. Danilishinet al, 08]
M E"ective occupation number as function of SQL-beating factor by classical noise

Ne = VXXVE,p V¥ u 1/9 S=(Na +1)log(Ne +1) " Ne logNe
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The !rst LIGO MQM Experiment

[B. Abbott et al., LIGO Scienti#c Collaboration, submitted, 2008]

Tet  Net
29.0 uK 4433
10.2 uK 1556
6.4uK 975
36uK 543
25uK 369
16uK 255
14uK 234

100 110 120 130 140 150 160 170
Q/2n (Hz)

¥ LIGO Hanford!: kminterferometer, right after S5.

- by Thomas Corbitt, Chris Wipf, Nergis Mavalvala, Daniel Sigg, et al.
¥Osci|lation frequency shifted fromiHzto 140Hz(frequency with minimum noise).
¥Occupation number < 300
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State Verilcation

¥ For unconditional state, measure steady-state spectra.
¥Conditional state should be veri#ed through a di"erent, time-domain measurement.

Preparation Veri#cation

xed(0) = : dt'K (! thy(t)  [x(0)! x°"(0),p(0) ! p"9(0)]

11 !"0
p(0) = dtKp(! thy(t) must be done within:
' Osurvival timescaleO

conditional mean
to be handed over
to veriler
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State Tomography

t=0 t=T/6

N
X X
¥ Would like to obtain histograms of< ($) [x(0)/%¥ad cos($) + [p(0)/%g] sin($)
¥For each, a di"erent measurement strategy must be used, in order the entire
tomography hassub-Heisenberg resolution

mirror _ . pO) _. . T S ;
rotion XD = x(0)cos” mt+ = ~ sin nt dt¥sin[ m(t$t$)][(_a)]*(t_‘~§r+ Fe (9]

m
F rad

integrate over time-
ay (t) dependent quadrature measurement inX ($

with only shot noise
ar(t) + ! |Xh (1) + X(t > :
®) Xin (1) + (1) (g1 (1) by (1) + ga(t)ba(1)] it and thermal noise

output by (t)
light hy(t)

CaJAGWR Seminar, October 2008 Yanbeil Chen 22



An Example
[in preparation]
¥ Preparation/Evolution/Veri#catiorof entanglement among two armsif common
mode is guantum limited) or between ITMs and ETM$éamsplitter is heavy and we
have two carriers), or among two LIGO detectafdl{ey can operate coherently)

¥Entangled state #rst prepared, then walit f&r

¥Then start veri#cation, and plot thmgarithmic negativity corresponding tototal
variance(preparation & evolution & veri#cation)

10 17: Loy——
1181, :
lO \\\\ 1.0?
N - ’
T 10 19\ LE j
@10!20\
L OO .........................................................................
I N 00 05 10 15  2cC
- I oIT
- g
1220 ol N k\ d_ _
10 10 100 100C !q—2 l 100 Hz,! 8—2 I 800 HZz
f (H2)

Entanglement can be veri#ed to survive for ~1 millisecond
among two ~10 kg objects separated by ~k(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, 19271939 (1998)

¥Entangled state between multiple particles must decay intoassical superposition
¥Timescale?

' S 0 self gravitational energy
dxdy [(x) " #OONHY) ™ #(y)] due to di"erence in distribution

EA —
G - 11
b X" y| Penrose, 1996
G = E " mutual attraction energy
#(X)# (V) between di"erent components
EE =  dxd
G ~ y |X " yl Diosi 1989, based on earlier idea
of Penrose
& R R
< > 2 2y 2
L £ G(M $&/R) | GM “$x
A R | R3
- GM 2%x | E "RP2TRY much shorter
B FEA

L2 L X decoherence time!!!
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Order-of-magnitude Estimates

¥ In the two OscenariosO, assuming uncertainigdomparable to ground state of
oscillator with! ¢ angular frequency
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| g % "
Al — Gty < 2%$ 10 "Hz
A 0
b G#,
b1/2|_2| 3/2
n | -
4B oM I2
LIGO 10 kg 10m |[2!100Hz | 0.007
';f‘orlgf;’rg 100g | 0.5m |21400Hz | 0.15
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Highly non-Classical States

¥ For non-Gaussian statéyigner functioncan be obtained by measuring all histogram:
of X ($) [x(0)/%xad cos($) + [p(0)/%g] sin($)

¥Thesame wayas measuringaclassical joint probability density

¥If therewereajoint (x,p) probability densitythen itmust bethe Wigner function

¥What IfW(x,p)has negative regions? It means the a jainfp)density does not exist!!

S
| = xcos" + psin”

Marginal Distribution Measurable
by State Tomography

Simplest State with Negative Wigner Function

Wigner Function Fock state with 1 quantum
with negative region
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Can we OimposeO a Fock state onto a mirror?

¥ Injecting single photon, and let it be ampli#ted by the carrier amplitud&halili, 07;
Bose, Jacobs and Knight; Bouwmeester et(@lithout amplilcation)

carrief ——» /

|

single photon

If)di! — ( I]if)carrier + E" )2 ) (écarrier ! E" )2 — IJj’carrier E)' # Acarrier IJ;‘a’!

" ()= xe! X

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

¥ In practice, the photon should be very special
¥We must OknowO the arrival tirff@issonian photons are simply noises)
¥but not too well (photon wavefunction must be extended!!)

test mass (bnal)

. .
out-going light
o
g
»
EEEEEDNEL >
0
o o
o *
* o
o o
Q)
G o o
* *
¢ 0
o *
* o+
* *
* -

| timescale

=~ light for

u”’.‘.’ Q .

\QJQ & Gaussian
. \(\Q & preparation
2

—<  Nearly Pure Gaussian State
EEEEEEEENEEEEE NN R i
Incoming light

test mass (initial)

Photon should cover a mode thamaps the mostGnto mirror wavefunction
Appropriate output mode should be detected
For LIGQO, this photon should have a durationloms or more
Then the Wigner function will have a signilcant negative region
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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

- Osingle-photon subtractiorftom a pure but weak squeezed state produces pure

single photons

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

d

~N FrequencyT

N
Length L~ -
PDHL

250 gram

Y AOM EOM
LASER —— D =
FI HWP PBS PBS
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Summary

¥ Tools from GW detection converted intoquantum technologyO
- low sensing nois& (compare w/ SQL)accurately collapsanirror wave function
- low force noise~(compare w/ SQL)minimally perturb mirror wave function
- Heisenberg relation among andF...enforcesmirror Heisenberg Uncertainty
- stableoptical spring... macroscopiguantum oscillator

¥General approachtime-domain, Schrsdinger picture

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

- testing Gravity Decoherengeery speculative)
- creating highly non-classical stat@fose with negative Wigner functions)

¥Currently Under Investigation
- Synthesize the entire OpipelineO for non-Gaussian State Preparation/Verilcatior
- 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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