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Can one prepare a mechanical oscillator in aquantum state ? Yes!

I Laser cooling of a mechanical mode near the ground state

Arcizet, Cohadon, Briant, Pinard, Heidmann, Nature 444, (2006)

Gr•oblacher, Hertzberg, Vanner, Cole, Gigan, Schwab, Aspelmeyer,

Nature Physics 5, (2009)

I Squeezing of a mechanical oscillator:

Clerk, Marquardt, Jacobs, New J. Phys. 10, (2008)

Jaehne, Genes, Hammerer, Wallquist, Polzik, Zoller,

Phys. Rev. A 79, (2009)

Mari, Eisert, submitted, (2009)
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I Opto-mechanical entanglement

Paternostro, Vitali, Gigan, Kim, Brukner, Eisert, Aspelmeyer,

Phys. Rev. Lett. 99, (2007)

Genes, Mari, Vitali, Tombesi,

Adv. At. Mol. Opt. Phys. 57, (2009)
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How to create mechanical squeezing?

I QND measurement of a quadrature + feedback

Clerk, Marquardt, Jacobs, New J. Phys. 10, (2008)

I Squeezing of the optical bath:

Jaehne, Genes, Hammerer, Wallquist, Polzik, Zoller,

Phys. Rev. A 79, (2009)

WE PROPOSE A NEW SIMPLE SOLUTION:

I Modulation of the input light

Mari, Eisert, submitted, (2009)
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Floquet theory

Linear di�erential equation with time-dependent coe�cien ts,

_x(t ) = B(t )x(t ) + b(t ):

Formal solution: x(t ) = P(t ; t0)x(t0) +
Rt

t0
P(t ; s)b(s)ds;

where _P(t ; t0) = B(t )P(t ; t0) and P(t0; t0) = 1 :

Floquet theorem

If B(t + � ) = B(t ); b(t + � ) = b(t ); then

P(t ; t0) = X (t ; t0)e(t � t0)Y (t0) ; where X(t + �; t0) = X (t ; t0):

The eigenvalues� i of Y (t0) are calledFloquet exponents.

If � = min i f re � i g < 0, then

kx(t + � ) � x(t )k = exp� ( t � t0)Poly(t � t0) �! 0:

ASYMPTOTICALLY PERIODIC SOLUTION
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Light-mirror dynamics

Quantum Langevin equations

_q = ! mp;

_p = � ! mq � 
 mp + G0aya + �;

_a = � (� + i � 0)a + iG0aq +
P + 1

n= �1 Ene� in
 t +
p

2� ain;


 =
2�
�

, where � is the period of modulation

h� (t )� (t 0) + � (t 0)� (t )i ' 
 m(2�n + 1) � (t � t 0);

hain(t )ainy(t 0)i ' � (t � t 0); hainy(t )ain(t 0)i ' 0:



Semiclassical dynamics

Light quadratures: x = ( a + ay)=
p

2 and y = ( a � ay )=i
p

2.

Quadrature vector:
u(t ) = [ q(t ); p(t ); x(t ); y(t )]

Asymptotic solution

If (hayai � 1), then the light-mirror quantum state tends to aGaussian state.
De�ned by:

displacement vector d(t ) (1st moments)

di (t ) = hui (t )i ;

correlation matrix V (t ) (2nd moments)

Vi ; j (t ) =
hui (t )uj (t ) + uj (t )ui (t )i

2
� di (t )dj (t )
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First moments: asymptotic orbits in phase space

Weak coupling,G0 << 
 m; ! m.

d(t ) =
1X

j =0

dj (t )Gj
0

.

Each dj (t ) satis�es a linear di�erential equation with � -periodic driving .
Then, in the long time limit,

d(t + � ) = d(t ) =) ASYMPTOTIC PERIODIC ORBITS IN PHASE SPACE
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First moments: asymptotic orbits in phase space

Asymptotic displacement vector:

d(t ) =
1X

j =0

1X

n= �1

dj ;nein
 t Gj
0

Analytical solution:

pn;0 = 0 pn; j =
in


! m
qn; j ;

qn;0 = 0 qn; j = ! m

j � 1X

k=0

1X

m= �1

a�
m;k an+ m;j � k � 1

! 2
m � n
 2 + i 
 mn


;

an;0 =
E� n

� + i (� 0 + n
)
an; j = i
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k=0

1X
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First moments: analytical and numerical results

Mirror orbit Light orbit

!"# !$#

Experimental parameters

! m = 2 � MHz, 
 m = 10 � 6! m, � 0 = ! m, � = 0 :214! m, m = 150ng, L = 25mm, � = 1064nm

P0 = 10mW, P� 1 = 2mW, 
 = 2 ! m . ( = modulation



Second moments: periodic squeezing and entanglement

Linearization of Langevin equations�! Di�erential equation for V(t):

_V (t ) = A(t )V (t ) + V (t )AT (t ) + D

A(t + � ) = A(t ) then, the in the long time limit,

V (t ) = V (t + � ) =) V (t ) =
1X

n= �1

Vnein
 t

.
Vn can be calculated through a perturbation theory in frequency space.
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Squeezing calculation

How can we extract� 2 from V ?

V =
�

Vm Vlm

V T
lm Vl

�
=) � 2 = min eigVm

Without modulation

� 2 ' 0:56 >
1
2

=) COOLING

With modulation

� 2 ' 0:25 <
1
2

=) SQUEEZING!
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Mechanical squeezing: analytical and numerical results

Experimental parameters

! m = 2 � MHz, 
 m = 10 � 6! m, � 0 = ! m, � = 0 :214! m, m = 150ng, L = 25mm,

� = 1064nm, T = 0 :1 K, P0 = 10mW, P� 1 = 2mW, 
 = 2 ! m . ( = modulation



Summary

I General theory ofperiodically modulated
opto-mechanical systems.

I Mechanical squeezing by light modulation.

I Easy to realize! Waiting for experiments...
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