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Ponderomotive squeezing!

System Hamiltonian 5
H = hwed'a + hOmbth + “2x, ata (19 + E*) J

Introducing position and momentum operators Q = %( +b"), P = %(ZA? — b"), and coupling

2 2
2 AL 80 st _ N0 (st av2
—I—(Q—i——Q aa)] —Qm(aa).

m

constant go = T°X,pf, We get

H = hwata + 1O

To isolate the light field dynamics from the mechanics, we introduce polaron transformation

8= exp( &g uP) to transform our Hamiltonian using

A

At =+ (48] + 5 [A 48] + ...

1Quantum Optomechanics - Bowen - Chapter 4
Fall 2025 Quantum Electrodynamics and Quantum Optics: Lecture 13 3/17




Ponderomotive squeezing
we get
At Aa A 80 Ata
'8 =0Q—=—a'a.
E=0-4"
The polaron transformation cancels the displacement caused by radiation pressure by applying

an opposite but equivalent displacement via the unitary operation. The Hamiltonian would
thus transform into

. R A h
A’ = 818 = hwd"a + 1O (P +0?) — ﬁ(a*a)?
We can now linearize it using @ — & + 4, so that
(@'a)? — a* + 243 (00" + o) + 4a0asa’ + o (04" + 6a%)

2
80 42(6a2 + 602) < S(E) = exp (15*512 + 1@*2),
Om 2 2

whose unitary evolution leads to a squeezing operator.
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Quantum Langevin Equations

We first move to an interaction frame where w, is replaced by A = w, — w; where wy is the
laser driving frequency. To include the dissipation and noise from the environment, we derive
Quantum Langevin equations

a(t) = — <iA + g) 4 —igod (b+ ") + v/t (1),
b(t) = — (iﬂm ¥ %‘“) b— igoi'a + V/Trbin(t),

where I'y, is the mechanical dissipation rate. Here we assume gy < x in order to linearize the
equations @ — & + 4. Introducing ¢ = go+/& and by going to the Fourier domain,

0y VKl —ig(blw] + b [w])
alw] = i(A—w)+x/2 ’

bl = VTmbin[w] ig(alw] +a'[w])
[w] T i(Om —w) +Tm/2 B i(Qm —w) +Tm/2
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Quantum Langevin Equations

The mechanical motion can be expressed as a response to the environmental noise and optical
input fluctuations

B[w] _ \/mgin [w] + Zg _ﬁﬁin [w]
QL —w)+17/2 (A —w)+x/2i(Q, —w) +T"/2
N ig —/xal [w]
—i(A—w)+x/2i(QY, —w)+T"/2

Optical spring and dynamical back-action
where O = O, + 6Qpy and TV = Ty, + 0T, with

1 1
60m =¢Im [z’(A —On) +x/2  —i(A+Qn) + x/z}

a2 1 _ 1
OTm =2¢"Re [z’(A T Om) 572 AT Om) F12)
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Optical spring and dynamical back-action

Optical spring and dynamical back-action

1 1
50 =¢*Im [i(A — Q) +4/2  —i(A+Qn) + x/z}

) 1 _ 1
OTm =2¢"Re [i(A —Om)+x/2  —i(A+ Q) +x/2]°
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Quasi-static approximation?

Here we make a few approximations to simplify the derivation:

Quasi-static approximation
@ A = 0: the laser is tuned exactly to the optical cavity resonance frequency.
Q x> (O, Bad cavity limit.

Q w <K O: We are only interested in the quasi-static response, so the resonant response
of the mechanical resonator does not play a role.

Under these assumptions together with the input output theorem gyt + din = /%4,
o 7 2ig . At
iIOmb|w] =vTmbin[w] — == (8in[w] + 2" in[w])

flout[w] :ﬁin[w] - 27“;[(")] + B+ [w])

2Safavi-Naeini, Amir H., et al. “Squeezed light from a silicon micromechanical resonator.” Nature 500.7461 (2013): 185.
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Quasi-static approximation

Define measurement rate I'meas = 4g2/1c, we can rewrite

o] = i + 202 ] + 8] + YT (g ]+ B )

lgnoring thermal noise I'y, = 0, and dropping the terms of order (I'meas/Qm)?, we can
calculate the output optical quadrature power spectral density

Output optical quadrature

out te !/ $rout rout[, ./ 4rmeas
SXox, = / dw <X9 [w] X§" [w ]> =1 sin 26,
— oo m
where the quadrature operator is defined as Xy = ae~® + atel®. For § = —7m/4 we achieve the

maximum squeezing with a noise floor strongly dependents on the ratio I'eas/ Om
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Quasi-static approximation

To include the effects from thermal noises, we assume the form of the correlators to be

Thermal correlators
(binlw]Bh '] ) =(7im ] + 1)é(w + '),
<B;fn [0]bin [w’]> =g [w]d(w + '),

which leads to

4T . 4T meas h [w]

t meas meas "tth

S())(l;XG =1 + Qm 81n29 + Q—mm(l — COSZG).

In this model there is no squeezing at § = —7/4 and frequency w if 7 [w] > Qm, where Qm

is the mechanical quality factor. However some squeezing is always present, but is shifted to
other quadratures and the amount of detectable squeezing is reduced at higher temperatures.

Fall 2025
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Physical systems®

LETTER

Squeezed light from a silicon micromechanical resonator

Amir H. Safavi-Naeini">*, Simon Groblacher"?*, Jeff T. Hill">*, Jasper Chan', Markus Aspelmeyer® & Oskar Painter">*
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3Safavi-Naeini, Amir H., et al. “Squeezed light from a silicon micromechanical resonator.” Nature 500.7461 (2013): 185.
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Physical systems*

T.P. Purdy,*

Input:
Coherent
state

PBS

"S@T>|Z|:t

beam T

Damping
beam

Mirror

Membrane

Strong Optomechanical Squeezing of Light

P-L. Yu, R. W. Peterson, N. S. Kampel, and C. A. Regal
JILA, University of Colorado and National Institute of Standards and Technology,

and Department of Physics, University of Colorado, Boulder, Colorado 80309, USA
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Fall 2025
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Dynamics of mechanical resonator °

Taking into account the dynamics of the mechanical resonator while keeping the bad-cavity
limit and resonant probing, we can derive the detected spectral density detected by the
homodyne as

Homodyne signal

1 1, .
SY[w] =5+ 812 | x[w]|*nasa (nm + nopa + 5) sin® 6
+ 2I'mRe[x[w]|nopa sin 26

where x[w] = (mnf)ﬁ—rfz‘rw is the mechanical susceptibility. Here, we introduced the effective

2
optomechanical cooperativity Ceg|w]| = m and ngpa = |Cegt|, with C = % being the
optomechanical cooperativity.

5Quantum Optomechanics - Bowen - Chapter 3,4
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Ponderomotive squeezing

Homodyne signal

1 1, .
S?I[w] =3 + 8an|)([w] |2nQBA(nth +ngpa + =) sin? 0

+ 2I'mRe[x[w]]ngpa sin 20

Squeezing when the PSDs of different quadrature angles are probe

6Quantum Optomechanics - Bowen - Chapter 4

Fall 2025

7Purdy, Thomas P., et al. “Strong optomechanical squeezing of light.” Physical Review X 3.3 (2013): 031012.
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Standard quantum limit®
The phase quadrature (6 = 7) homodyne power spectral density is simply

Phase quadrature

1
SPhase [w] ==-r 8rm|ceff|2|7([w] |2 + 4:Fm|ceff|SQOQ0[w}

2
=5+ 4 |Cett| Soo(w]
& 2.0
'E 12 total noise
=)
3 10 -
% o 15 eq. + back
= g4 % action noise
3 (2]
X 1 = 1.0
= 6- measuremen Z 10 equiibrium
° imprecision B noise (T=0)
@2 4
3 (%)
0.5
Z 2
3
5 0
T T T T T 0.0
© 00 05 10 15 20 — T

0.4 0.8 1.2

Frequency o/ Q 0.0
q y o/ Frequency w/Q

SCIerk, Aashish A., et al. “Introduction to quantum noise, measurement, and amplification.” Reviews of Modern Physics 82.2 (2010): 1155.
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Standard quantum limit®

Phase quadrature

Sphase [w]

==+

E + 4rm|ceff|SQQ[w]

Srm‘ceff‘z‘X[w] |2 + 4rmlceff|SQ0Q0[w]
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9Quantum Optomechanics - Bowen - Chapter 3

Fall 2025 Quantum Electrodynamics and Quantum Optics: Lecture 13

© =

SQL
QuetQaet
5»

5Qu0eQue (V)/ S

16 / 17



Paper for this week

Back-action-evading measurements of
nanomechanical motion

J. B. Hertzberg'?, T. Rocheleau’, T. Ndukum', M. Savva', A. A. Clerk® and K. C. Schwab**
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