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ABSTRACT

With a diverse range of mesoscopic and macroscopic physical implementations and
quantum-level control, cavity optomechanics is now a mature research direction in
experimental and theoretical quantum optics alike. Recently in the article “Trajec-
tories without quantum uncertainties in composite systems with disparate energy
spectra” Zeuthen et. al. made a theoretical proposal which can further extend the
set of physical platforms that can implement such quantum-backaction evasion
that rely on the concept of a negative-mass reference frame. In particular, their
work showed how an intrinsically positive-mass mechanical oscillator can be con-
verted to an effective negative-mass oscillator with a down-converted frequency
using two-tone driving and feedback.

Abstract In this thesis we generalize the work by Zeuthen et. al. by going be-
yond the unresolved sideband regime and including variable detuning and relative
strength of the two drive tones, leading to a number of new effects relevant for
the practical implementation of the scheme. Firstly we make considerations on the
consequences of dynamical back-action arising from a non-zero detuning between
the cavity resonance and the relative drive frequency, and how such effects affect
the effective oscillator parameters and our ability to remove the extraneous noise
induced by the two-tone driving. Unlike much previous work on quantum back-
action evasion in cavity optomechanics, we do not limit our theory to neither the
resolved nor unresolved sideband regime. We find that it is possible to obtain a sim-
ple analytical theory in the limit where the light-oscillator interaction generates
sidebands that are well-separated and narrow compared to the cavity susceptibil-
ity. Within this simple theory we consider two noise removal schemes: We first
show that it is possible to completely suppress the extraneous light noise by using
a homodyne measurement, provided the power of the two drive tones is used to
equalize the response from the corresponding sidebands. Secondly we show that
in absence of such balancing, only the amplitude or phase part of the extraneous
noise can be removed using feedback based on a homodyne measurement, with
the residual noise leading to an effective elevated thermal bath occupancy of the
mechanical oscillator. The present work establishes that an optomechanical system
with arbitrary degree of sideband resolution can realize an effective negative-mass
oscillator.
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Chapter 1. Introduction

CHAPTER

INTRODUCTION

14

A long time ago in a galaxy far, far away...”

- Star Wars, George Lucas

One of the major consequences of quantum mechanics is the fundamental lim-
its imposed on the precision of measurements, for example simultaneous tracking
of a pair of canonically conjugate variables such as position X () and momentum
P(t). These limits all stem from the non-commutative nature of the given observ-
ables of interest, for example the canonical commutation relation [X ; 13] = j results
in the famous Heisenberg uncertainty relation Var(X)Var(P) > i. In experiments
such limitation on measurement precision is enforced by the quantum back-action
imposed on a system by the probe [2]. If e.g. you measure the position of a moving
mirror by probing it with a laser, the quantum fluctuations of the laser field leads
to a stochastic radiation pressure on the mirror.

One way to circumvent the limitations set by the uncertainty principle is by
only measuring commuting operators; for a set of commuting operators, usually re-
ferred to as a qunatum-mechanics free subspace (QMFS) [8], there is no uncertainty
relation, given the right engineering, the set of operators can be free of quantum
back-action. One particular instance of such a QMFS for measurement of position
and momentum of a quantuum oscillator, can be constructed by measuring the sys-
tem of interest relative to an effective negative mass oscillator [7]. For definiteness
say we have two quantum harmonic oscillators with position and momentum X;,
Pl and Xz, 132, their Heisenberg equations of motion (EOMs) are:

X;(t) = cos(Qit)):(i(t) + sin(Qit)f’i(o), (1.1)
Pi(t) = cos(.Qit)I:’i(o) - sin(Qit))zi(o) (1.2)

These equations show that in the typical scenario of a weak, continuous mea-
surement of an individual oscillator position X;(t) over several periods 27/|€Q;|

amounts to a simultaneous measurement of the non-commuting pairf(i(t) and

P;(t), resulting in both being contaminated by quantum backaction. To remedy
this, we now define a composite set of so called EPR variables:
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Chapter 1. Introduction

X, (1) + X, (1)

Xepr(t) = .
EpR (1) N (1.3)
; Pi(1) - P,(1)
P l)= ——— .
EpR (1) NS (1.4)
For Q, = Q, = Q, the EPR variables for the two harmonic oscillators are.
Xepr(t) = % cos(£ot) + % sin(Qot), (1.5)
) P.(t) - P X, (1) - X
Pepr(t) = % cos(Qot) — % sn(Qf)  (1.6)

A weak, continuous measurement of, e.g., Xgpr still cannot be QBA-free seeing
as its decomposition into slowly-varying operator combinations also consists of
non-commuting variables:

X, () + X, () Py(t) +P,(1)
v vz

However consider the case of two counter rotating oscillators Q, = —Q, = Q, with
Q, > o, then something interesting happens, namely we now have:

=i (1.7)

Kepr(t) = X—l(t)\;_XZ(t) cos(Qur) + | L Falt) 1“)\/__&“) Sin(Qu),  (18)
2 2
Buan(t) = | M s - | D i@ (a9

in which case a continuous measurement of XEPR(t) is a simultaneous measure-
ment of the commuting pair consisting of \/L; ()N(l(t) + Xz(t)) and \/L; (151 (t) - ﬁz(t))

(which also determines Pgpg(£)).

So we see that if one of the oscillators has an effective negative frequency,
also referred to as an effective negative mass oscillator”, and we measure the
composite variables rather than a single subsystem we can in principle do so we
now limitations imposed by quantum mechanics. A futher intersting point, is that
the EPR variables satisfy the so-called Duan criterion:

Var [XEPR(t)] + Var [PEPR(t)] <2 (1.10)

and consequently the two subsystems, i.e. the two harmonic oscillators are
entangled. The takeaway is that constructing a QMFS by utilizing an effective nega-
tive frequency can be used both for quantum enhanced sensing and entanglement
generation.

The consideration so far now begs the question, are there such systems which
display an effective negative mass? Indeed there are! The prototypical example is
the collective spin degree of freedom for a polarized ensemble of atoms precessing
in a constant bias magnetic field can display a negative Larmor frequency [6].

(1) QBA evasion utilizing an effective negative frequency are often referred to as “measure-
ments in the effective negative mass reference frame”, the reason being the the sign of the
frequency can equally well be assigned to the mass. However this is more of a slight of hand
than anything profound. Personally I prefer to refer to the susceptibility of the system at
hand, since a Z phase shift in the susceptibility is what causes this “negative mass” behavior,
however the negative mass usually grabs more attention.
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Recently in [10] a proposal was made for generating such an effective negative
mass in an optomechanical system, which would allow for even broader appli-
cations of the QMFS based QBA evasion. This proposal introduces a scheme for
generating an effective mechanical oscillator with a tunable resonance and an ef-
fective negative frequency. The basic idea of the scheme is based on the following
consideration. In a canonical single-tone driven optomechanical system, a single
laser tone is used to drive a cavity with a mechanical oscillator embedded in it.
The mechanical motion of the oscillator is imprinted on the light in the cavity as
two sidebands, the lower sideband is due to a two-mode-squeezing interaction and
the upper sideband due to s beam-splitter interaction. These two sidebands are
seperated from the drive frequency by exactly the mechanical frequency. If you
instead drive a cavity with two tones, the optomechanical interaction leads to four
sidebands. By suitable tuning of the two tones, the central sidebands can be made
to mimic the response of the single-tone-driven system, except with the sidebands
resulting from two-mode-squeezing and beam-splitter interaction, respectively,
having swapped positions. This is the characteristic of negative-frequency oscilla-
tor seeing as, e.g., cooling via the beam-splitter interaction requires extracting a
negative amount of energy from the oscillator. However, the two processes associ-
ated with the additional, outermost sidebands must be somehow suppressed. In the
article by Zeuthen et. al they show that it is possible to simply measure the light
near the outer sidebands which allows one to remove the extraneous noise.

However their proposal is limited to the case where the linewidth of the cavity
is large compared to the sideband seperation, the so called unresolved sideband
regime, and they do not account for the dynamical back-action arising when the
mean frequency of the two drive tones is detuned from the cavity resonance.

In this thesis we will generalize the work started by Zeuthen et. al. by ac-
counting for the dynamical back-action arising from detuning, and by making no
assumption on the cavity resolution: our work captures both the resolved - and un-
resolved sidebands regime. Our guiding principle will be to find a simple analytical
theory which can be used as a starting point for further investigation.

1.1  OUTLINE

« In Chapter 2 we discuss how to measure quadratures of light. Being able to
measure quadratures is an essential part of the noise suppression scheme we
need to generate a use full effective negative mass oscillator

« In Chapter 3 we introduce single-tone optomechanics. This is essential as our
end goal is to engineer an effective single-tone driven oscillator.

« In Chapter 4 we introduce two-tone driven optomechanics by deriving the
Heisenberg-Langevin equations of motion which will lay the foundation for
the remainder of the thesis.

« In Chapter 5 we use the contents of the previous chapters to derive simple
theory for two-tone optomechanics which allows us to examine the possibil-
ity of generating an effective negative mass oscillator.



Chapter 2. Measurement of Light Quadratures

CHAPTER

MEASUREMENT OF LIGHT
QUADRATURES

“ And the Lord spake, saying, “First shalt thou take out the Holy

Pin. Then shalt thou count to three, no more, no less. Three shall be the
number thou shalt count, and the number of the counting shall be three.
Four shalt thou not count, neither count thou two, excepting that thou
then proceed to three. Five is right out. Once the number three, being the
third number, be reached, then lobbest thou thy Holy Hand Grenade of
Antioch towards thy foe, who, being naughty in My sight, shall snuff it”

BROTHER MAYNARD

- Monty Python and the Holy Grail, the Pythons

In this chapter we discuss various methods for measuring quadratures

of light. This is crucial for the present work which aim is to engineer

the interaction between light and a localized oscillator by means of feedback
loops based exactly on the measurement of light In particular we focus

on so called homodyne measurements, where a signal of interest is mixed
on a 50/50 beam splitter with a strong coherent field, referred to as the

local oscillator (LO). We will first discuss homodyne measurements for

an arbitrary signal field and then using the so called two-photon formalism
which is natural when the signal of interest is contained in two sidebands.

2.1 BArLANCED HOMODYNE DETECTION

2.1.1  Homodyning with a Generic Signal

In cavity optomechanics the degrees of freedom we usually are interested in are
the position and momentum of the mechanical oscillator or the phase and ampli-
tude quadrature of the intra-cavity field. The information about the optomechan-
ical dynamics are imprinted in the quadratures of the light exiting the cavity and
thus it is of great interest to measure these quadratures. Let us refer to the light
we wish to measure as the signal field represented by the annihilation operator”)

(1) In this section we work in a frame rotating at the carrier frequency ws of the signal field
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Chapter 2. Measurement of Light Quadratures

ds(t). We assume that the signal field is weak in the sense that it is dominated by
quantum fluctuations. From the signal field annihilation operator we can define an
amplitude quadrature §,(¢) and a phase quadrature j(t) as follows[3]:

as(t) +ai(t)

gs(t) = .
gs(1) z (2.1a)
R N
. as(t) —ag(t
Ps(t) = &) —4() )\/?i (*) (2.1b)
These quadratures satisfy the canonical commutation relation:
[¢s(8), y(t")] = id(t - ) (2.2)

Another important observation can be made by writing the quadrutures in Fourier
().
space'?:

a(Q) +af (-Q)
N

a(Q) - a'(-Q)
V2io

Namely, we see that the quadratures are two-photon quadratures in the sense
that they each depend on two frequencies +(2 relative to the LO frequency. We will
elaborate further on the two-photon nature later. Our goal for now is to describe
how to measure these observables. Measuring light will at the end of the day boil
down to counting photons with a photo detector, so we need to devise a scheme
which will relate the quadratures of interest to photon counting. The first step is to
introduce a so-called local oscillator dgg’m) (¢). For homodyne detection we assume
that the local oscillator is resonant with the carrier tone of signal field, wio = w, ,

and that it is strong; it is in a coherent state with a large displacement al(dlg)m) from

3s(2) = , (2.3a)

¥s(Q) = (2.3b)

vacuum:

A(h h ~
ae™ (8) = g™ + S (t), (2.4)

where we have written the LO field in a frame rotating at the signal frequency
wo, and hence the coherent amplitude is constant. The large classical part can be
written in terms of a constant amplitude and a phase:
h .

ato™ = |agoleo, (2.5)
which will be very important later. We now combine the signal field a5 and the LO
field aro on a 50/50 beam splitter, which produces two output fields 4, and d,. We
choose a convention such that the beam-splitter transformation is real:

a,(t) 1 [1 1 as(t) )
R = — . 2.6
(az(t)) V2 |1 -1 (aLo(t) (z6)
We then detect the number of photons in each output channel, i.e. measure A; =

&Idi fori = 1,2, and subtract the photon flux® results we have (dropping the
(hom) superscript for ease of notation)

(2) For the Fourier convention used in this thesis see Appendix A. Essentially we choose
a convention such that 4’ () = (4(Q)), and consequently the +Q must appear in the

quadrature expressions Eq. (2.3)
(3) Or photon number if we integrate over a given time interval
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If we denote the subtracted photon numbers by:

[®om) (1) = 4, () — A, (1) =
[tom)(4) = aro(t)al(t) +a o (H)as(t)

We refer to [™ as the measurement current operator. If we insert the expression
Eq. (2.3) for the LO in the measurement current operator we get:

[tom) = (a0 + 8dro) 86 + (aro + ddro) " Sds (2.9)
= aLo(SdZ + 0(205(35 + 5&Lo&;r + 5&L0ds (2.10)
We now neglect the terms bilinear in the light operators, such as SdLod. as we
assume they are small:

flhom) (1) » aLO&Z(t) +af ods(t) (2.11)

By explicitly writing the LO in terms of its amplitude and phase Eq. (2.5) we find

that:

a o aF N At
+ —_

B2 4 sin (dro) ==

V2 Vz2i )

where we recognize the amplitude and phase quadrature Eq. (2.5) of the signal

field:

om (1) = V2 arol | cos(¢ro)

(2.12)

[®om) (1) = V2 a0 (cos(¢ro)ds (t) + sin ($ro) J5(t)) (2.13)

There are two important things to note. Firstly the homodyne detection current
scales with the large amplitude || of the LO field, and thus we are able to de-
tect even weak quantum signals. Secondly we can control which quadrature we
measure by adjusting the LO phase, the canonical choices are:

1

—— flhom)(y = G,(1), 2.14a

o 0], =40 (142)
1 N

—— [lhom)y = 9.(1), 2.14b

NP (1) oz Ps(1) (2.14b)

However we can more generally define a set of arbitrarily rotated quadratures:
A —i At i
. ds(t)e ™ +ale
s ————— 2.152a
gy (1) S (2.152)

as()e — al(t)e'?
V2

Such that they satisfy the canonical commutation relation:

V(1) = Q¢+§(t) = (2.15b)

[G (1), ()] = i8(t = t') (2.16)
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2.1.2  Homodyning In the Two-Photon Formalism

In the description above we considered a completely generic signal, which we will
now denote dilab) (), with carrier frequency w,. However when using homodyne
detection we usually consider a situation where the light we wish to measure con-
sists of two distinct, i.e. localized and well-separated, sidebands. We assume the
sidebands are localized near w, = Q, , and for definiteness we assume w, > Q, > o,
as this fixes what we refer to as upper and lower sideband. We now formally intro-
duce the two-photon formalism which we will use extensively. We already saw a
hint of the two-photon nature of a homodyne measurement in the Fourier space
quadratures Eq. (2.5), but we will now make this more explicit. First we imagine

a signal with carrier frequency w,, such that we can define a slowly varying field

ds(t) by:

dglab)(t) — ds(t)e_iwot (2.17)

In the lab frame the local oscillator now oscillates at wio = w,:

A" (1) = ago(t) + 5al% (2.18)
aro(t) = |agole " (@ot=9Lo) (2.19)

We now define the upper sideband operator d.(t) and the lower sideband operator
a_(t), in frame rotating at w, as:

s (t) = dg(t)e %!, (2.20)

Within a RWA that neglects dynamics at time scales shorter than < 1/Q, sideband
operators represent distinct modes and satisfy the commutation relations:

[&i(t), al(t')] = ISt ) % o

From these sideband operator we can define non-Hermitian quadratures (Bogoli-
ubov modes) Q and Y which are given by quadrature like combinations of the
upper and lower sideband light:

a, () +at (1)

O(t) = N5 , (2.21a)
. A, (t) —al (¢
py = W -0 )\/2_;’ ) (2.21b)
with the inverse relation:
. O+iY (2.22)
a, = , 2.22a
V2
At 4t
_= Qv (2.22b)

V2

Within the same RWA The non-Hermitian quadratures satisfy the commutation
relations®):

[0(1),0(t)] = [Y(1),Y(t)] =0 (2.23)
[0(1), 07 ()] = [Y(1).YT(t')] =0 (2.24)
[Q(t), ?(t/)] =0 (2.25)

[0(0), Y ()] =is(t —t') (2.26)

(4) Soe.g. [O(), Y(¢')] = ie*t5(t - ') = o
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Take special note of the fact that O(t) commutes with its Hermitian conjugate,
while it doesn’t commute with Y7 (¢’).
We now write the signal of interest in terms of two sidebands operators:

Al (1) =y (1)e 7@+t 4 (1) (@0 Dt (227)

In terms of the non-Hermitian quadratures this becomes:

. Ve~ it 4 it ()T e 0ty 4 it YT
a0 (1) = ot (2 A (2.28)
V2 V2
We note that the Hermitian part of the signal only depends O and its Hermitian
conjugate:

s (1) + a3 (1) _ Q™M + P10
V2 V2
while the Anti-Hermitian component of the signal only depends on Y and its Her-
mitian conjugate:
as(t) —al(t) e 'ty + el %ty
V2 V2i '

If we now homodyne the two signal sidebands, i.e. mix the signal field with the LO
field on a 50/50 BS we find that the measurement current operator is given by:

17" = V2 lavol (cos(ot) [do- (1) +do(1)] +sin(€2o1) [90.+(1) = 90.-(1)]).
(2.29)
where we have defined the upper and lower sideband phase and amplitude quadra-
tures:

. eT904(t) +eifoal (1)

4o = o (2:30)
. eT1104(t) — efo4T (1)
Vo = qo+z = Ny (2.31)

We see that the signal consists of a cosine and sine part, and crucially these two
commute:

[do,- (t) + o+ (1), Do+ (1) = Po—(1)] =0 (2.32)

Meaning that the cosine and sine component are compatible observables. We can
also write the expression in terms of sine and cosine quadratures, which turn out
to be the EPR-like combination of individual sideband quadratures:

Geos(t) = \/Lz_ [Q(t);;z_ '(t)] = Q+(t)\;-2_q_(t), (2-332)
R (O Q*u)] AR A0 b

QSm(t) \/2— [ \/Z—i \/2— > (2.33b)
fean(t) = [?(t) + w(t)] _ () +3-(1) (2.330)
Ccos \/; \/; ,\/; 5

a1 [YO-TI®)] _ —ge() +4-()

Psin(t) = S [ oY, ] = NS , (2.33d)

with the inverse transformation given by:
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N
w (2.35)

and the single sidebands operators given by:

q=(t) = (2.34)

j}i(t) =

4. (t) +a. (1)
V2
d.(t) —a.(t)
V2

The sine and cosine operators satisfy the commutation relations:

Qt(t) =

JA(t) =

[Gn (), In(t)] = i6pmd(t - 1) (2.36)
[Gn (1), gm(t)] = [In (1), I ()] = 0 (2.37)

These sine and cosine quadratures are defined such that they are exactly the sine
and the cosine components of the homodyne detection current for the phase
choices:

#(hom)

6=o0
V2 ool

*(hom)
fion

—— = COS(QOt)ycos(t) + Sin(Qot)j}sin(t)
Vz'lerol
From the definition Eq. (2.33) we clearly see that compatibility of the cosine

and sine component of a given quadrature cam be traced back to the the fact that
the non-Hermitian quadratures commute with their respective Hermitian conju-
gates. With this knowledge we need only consider the non-Hermitian quadratures
to determine if a given quadrature can be measured with a Homodyne detection.
This is great in practice as it will allow us to perform calculations with only the cre-
ation and annihilation operators and non-Hermitian operators, rather than having

= c08(Qo1)Geos (£) + sin(2ot)Gsin (1)

to rewrite everything in terms of quadratures.

This also allow us to gauge the limitations of Homodyne detection. If we e.g.
wish to measure a non-Hermitian quadrature which is an unequally weighted com-
bination of the upper and lower sideband, or equivalently a non-equal combination
of the non-Hermitian quadratures:

Ao ogdl(t) +a_al(t)
Q'(1) = v =
a_+ 0y o O— — Oy

NG + \/_.P

If we now consider the commutator with its Hermitian conjuagate we find:

[Q"(1). Q" (D] = [(Jax]* = la—I*) 6(t = )] # o,

and thus the Hermitian quadrature corresponding to 0 won’t be measurable
using a homodyne detection. We can also see this by the fact that an unbalanced
combination of the quadratures lead to a As we shall see in Eq. (2.33), such un-
equally weighted quantities will be of interest once we start discussing the removal
of unwanted noise in a two-tone driven optomechanical system.
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CHAPTER

CAviTY OPTOMECHANICS WITH A
SINGLE-TONE DRIVE

“ wha-what’s wrong Rick is it the Quantum Carburetor or some-
thing?”

“Quantum Carburetor? Jesus, Morty you can’t just add a sci-fi word
to a car word and hope it means something. Huh. Looks like something is
wrong with the microverse battery.”

Rick SANCHEZ AND MORTY SMITH

- Rick and Morty: The Ricks Must Be Crazy, Justin Roiland and Dan Harmon

The aim of the two-tone scheme we wish to examine, is to achieve an
effective oscillator behaving like a single-tone driven oscillator with
an effective negative mass and a down-converted resonance frequency.

For this reason we need a thorough understanding of single-tone
optomechanics, and therefor we dedicate this chapter to discussing the
canonical optomechanical system: a cavity with one movable mirror,
driven by a single coherent tone. Using a transfer matrix approach will
see how the dynamics of the mechanical oscillations of the mirror are
imprinted on the light, and how this light can be detected. Importantly
we will consider the effects of driving the cavity off-resonantly, and discuss
the how the dynamics are modified by such a detuning. We will later
encounter similar effects in the two-tone driving case.

3.1 A SETUP TO HAVE IN MIND

Coupling of a mechanical degree of freedom to light can be realized in a plethora
of ways. In particular we will consider so called cavity optomechanics [1], where a
cavity is used to enhance the light-matter coupling. While the calculations we will
be doing apply to a wide range of different physical implementations of optome-
chanical systems, it is beneficial to discuss at least one actual example.

For definiteness we will consider a setup with a Fabry-Perot cavity with one
fixed mirror and one movable mirror (see Fig. 3.1). More precisely we imagine that
the first mirror is fixed and has a transmission coefficient T, < 1, such that the
cavity can be driven by an external field. The second mirror is assumed to have
T, = o, and is attached to a spring with spring constant k. This allows the mirror

Page 10 of 65
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to oscillate when it is perturbed by the light in the cavity. The coupling of the light
in the cavity and the motion of the mirror can now be understood as follows: The
resonance frequencies of the cavity are given by

c

Wen = N—, .1
c,n 20 (3.1)

where c is the speed of light, ¢ is the length of the cavity and n is the mode number.
If the length of the cavity is £, when the spring is in equilibrium, the length is
dependent on the displacement x:

£(X) =, +X (3.2)

Consequently, the resonance frequencies of the cavity, now depend on the displace-
ment of the second mirror:

Oen(%) =n 2([ +x) 28, mZ:(_ )m( )

where we emphasize that the displacement is assumed to be much smaller
than the equilibrium cavity length, so that the geometric series converges'” , and
as we shall see, we usually consider only position dependence to first order.

When the optomechanical coupling arises due to the position dependence of
the cavity resonance frequency, we refer to it as dispersive. The optomechanical
coupling can however arise through other mechanisms. For example we could
imagine that the decay rate k of the intra-cavity field depends on position so we
have k (%), leading instead to a dissipative coupling. From this point on we only
consider dispersive optomechanics.

7z
-
- ¥
7~
—UQIAZ ~Anes
O m ;

%

Figure 3.1: Sketch of a mirror-at-the-end setup. The intracavity field leaks out at a rate
but is also driven at the same rate by a single laser tone. The mechanical oscillator decays at
arate y.

3.2 HAMILTONIAN FORMULATION OF DISPERSIVE CAVITY OPTOMECHANICS

The most generic form of the Hamiltonian can be split into three contributions,
a system Hamiltonian Hg, a reservoir Hamiltonian Hg and a system-reservoir
coupling Hamiltonian Hgg:

Hiot=He+Hpy+Hg+H, + He+Hpy oy + He (3.3)
R s N
H I:IR I:ISR

(1) The geometric series 2 = Y5, x" only converges for |x| < 1. If for some reason you
should be inclined to consider a cavity where displacement of one mirror is comparable or
larger than the equilibrium length of the cavity, then you would have to use the spectral
representation of the frequency. The second quantized spectral representation of a function
f(x)is f(x) = /_o; f(x)l//T (x)y¥(x), where WL (x) is the creation operator for a position

eigenstate.
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Using the Heisenberg-Langevin Formalism [4], we can eliminate the reservoir
degrees of freedom and obtain a theory in terms of the system operators of interest
and stochastic input noise operators arising from the interaction with the reservoir.
For now all we need to know is that we denote the cavity decay rate by x and
mechanical decay rate by y, we will cover the rest of the necessary details in the
coming sections.

3.2.1 ‘The Intra-Cavity light Hamiltonian

Firstly we have the Hamiltonian for the intra-cavity light field. We consider a
single optical mode with frequency «w.(x). In the Heisenberg picture, such a single
mode is described by a simple harmonic oscillator Hamiltonian:

A, = hoo(#(1) (a" (00 + =), (34)
2

where intra-cavity photons are described by the bosonic creation and annihilation
operators d' (t) and d(t) satisfying the usual synchronous commutation relations:

[a(t).a%(1)] =1 (3:5)

3.2.2 The Mechanical Oscillator Hamiltonian

The free Hamiltonian ﬁm for mechanical degree of freedom, is assumed to be a
single vibrational mode, which is just another harmonic oscillator, with frequency
Qe

Hy, = hO,y, (I;T(t)l;(t) + i) (3.6)

The bosonic operators I;T(t) and I;( t) are the phonon creation and annihilation
operators:

[B(t),é*(t)] =1 (3.7)

These are related to the position and momentum of the mechanical mode through
the relations:

b() = =27 (0 + 5 p (1)

. 58)
(1) = i (200 = 1) ’

Or if we invert them:

A b(t)+b
.X'(t) = Xzpf ( <t)\7; (t),) ( )
; L 39

A _ b(t)-b"(t

P(l’) = Papf (%)
The factors xypr and p,pr set the scale of the zero point fluctuations of the position
% and the momentum p, more precisely they are defined by the standard deviation
of the position and momentum operator when the mechanical oscillator is in the
vacuum state:

gt = Wt RO)] = | (3.10)
Papt = V Varyac [p(0)] = QOxzpf (3.11)

where the actual expressions follow from writing the mechanical Hamiltonian as:
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H, = p_(t) + lmQ,ancz(t) (3.12)
2m 2

and we have defined the variance of an operator O as:
var [0] = (0% - (0)° (313)

It is often convenient to define a dimensionless position X(t) and momentum P(¢)
using:

%(1) = X0 (3.142)
Xapt

By = LW (3.14b)
Dopt

These dimensionless operators then satisfy the canonical (synchronous) commuta-
tion relation on the form:

[X(6),B(t)] =i

And the Hamiltonian can be written:

H,y = 1O, (XZ(t) + 152(1‘)) (3.15)

Let us have a small interlude to discuss what we mean by effective negative
mass or frequency. If we consider the Hamiltonian Eq. (3.15), we could in principle
have Q,,take on negative values. On the other hand, in the Hamiltonian Eq. (3.15)
the frequency is squared, but instead we could imagine m taking on negative val-
ues. In the end these two Hamiltonians are equivalent, its all a mater of assigning
the sign to either the mass or frequency. That is we can either write Q,,, = u|Qp,|
and m > o or equally well Q,, > o and m = p|m|, where y = +1 depending on the
sign of the mass or frequency. We must also remember that the effective mass-sign
/frequency-sign p always is an effective property, it has nothing to do with the ac-
tual mass of the object, rather it is about the response of the object to an external
force. For example for the two-tone optomechanics we will examine, the effective
negative mass simply means that the response of effective mechanical oscillator
to an external optical force, is Zout of phase with a normal mechanical oscillator.
So if the positive mass oscilator has suscptibility y,,~,(Q) the susceptibility of a
negative mass oscillator is simple y,,<, = €’ H Xm>o-

3.2.3 The Drive Hamiltonian

The optical reservoir which the intra-cavity field couples to is effectively at temper-
ature T = o. This means that all modes in the optical reservoir are in the vacuum
state. Turning on a laser now means that we activate one mode in the sense that
it is now in a coherent state. Hence, to include a coherent laser drive, we formally
apply a displacement operator to the photon reservoir, to activate a single mode at
frequency w,. This amounts to transforming to an interaction picture:

~  turn on laser

A N A 0 4
H ———— D(aq(t))HD(aq(1)) + ifiD’ (aa(t)) 5 D(aa(1)) (3.16)
=H+Hy (3.17)
where the displacement operator is given by:

D(ay(t)) = ead(tm;;(wo)—a;(t)mz<w0>, aa(t) o VK aime o, (3.18)

where d;(wo) is the vacuum mode we displace by turning on the laser, i.e.
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D (aq(t))a(wo)D(aq(t)) = dy(wo) + 8w — wo) Aarive (1) (3.19)

The resulting drive Hamiltonian is given by:

Hy = 2k (iotme_i""’téfr + H.c) (3.20)

To show this we need to write down the actual reservoir Hamiltonian, however as
we leave out formal derivation of the Heisenberg-Langevin equations, we will not
do so here.

3.2.4 Rotating frame Hamiltonian

The full Hamiltonian, excluding the reservoir and system-reservoir coupling contri-
butions is:

H = hoo(£) (a*a+ 1) +10,, (BTB+ l) (3.21)
2 2
+ fiv2k (i(){ine_i“"’[éT + H.c) (3.22)

We now wish to transform to a rotating frame, rotating at the laser frequency w,,
using the unitary transformation:

5 iwodta
R(t) = g™ @ (3.23)

We now arrive at a key point: In this rotating frame the explicit time dependence
of the drive Hamiltonian is removed:

C s an N A
H — R'(H)HR(t) + ihRT(t)ER(t) = (3.24)
H = 1 (0e(%) — wg) (a*a + 1) + 1O, (B*B + l) (3.25)
2 2
+ fiy2k (iotindJr + H.c)

As we shall see, the elimination of any explicit time dependence is not possible for
a two-tone drive.

3.2.5 The Optomechanical Coupling & Radiation Pressure

Intuitively we expect that the optomechanical coupling should be realized by a
radiation pressure from the intra-cavity photon on the movable mirror, and the
consequent modulation of the intra-cavity field by the motion of the mechanical
oscillator. To see this we expand® the dispersion relation for the light around the

(2) For example, for a Fabry-perot resonator, the frequency-position dispersion relation can
be written

00 -\m
N nc 1 nc m X=X
= —— — 5 .26
@en (%) 2 b+x  2(X+48) mzzo( 2 (t’o+x) (3.26)

From which we can formally define the derivative:

= (- (3.27)

% 2(X + £,)MmH

am@c,n (32)

ax™m

And thus find the optomechancical coupling per displacement to be, for mode n, to be

nc

Gp=———
" 2(Xss + £o)

(3.28)
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classical steady state value® % of the mechanical oscillator:

el 2+ 0(#) (3.29)

Xss

wc(}e) = wc(xss) +

We will only consider position dependence to first order. In this case we define the
frequency change per displacement as:

oW,
ox

G=-

(3-30)

Xss

If we rewrite the cavity frequency in terms of phonon operators or the dimension
less position X we instead define the vacuum optomechanical coupling strength as:

9o = xzpr (3-31)
Using the expression Eq. (3.15) for the position and momentum in terms of the
phonon operators we now have:
hgo  ~+ .
(0" (1) +b(1)) (3-32)
vz

2

We ~ W¢ (Xss) -

The intra-cavity field Hamiltonian now becomes:

Ao ~ (00(%) ~hgoX ) (' (Da(0) + - (333)
= wcls) (6" (Da(1) + =) ~hgoX (a" (Da(e) + =) (334)
H, ~Hom

The first contribution is just harmonic oscillator describing the free evolution
of the intra-cavity field for a fixed position of the mechanical oscillator. The second
term is now the interaction term describing how the light and the mechanics inter-
act. We can evaluate the force on the mechanical oscillator due to this interaction
using the Heisenberg equation of motion:

1

P(t) = — [P(t), Hom] = (3:35)
. . 1
P(t) = go (e(t) + ~ (3:36)
2
where we have defined the cavity photon number operator:
c(t) = a' (1)a(1) (3:37)
So the force Fyoq(f) = P(t) is indeed a radiation pressure:

Fraa(®) = g, (c(6) + = (3.38)

As we see the mechanical coupling strength is essentially the vacuum radiation
pressure Fr(;:;c)(t) = g on the mechanical oscillator. Henceforth we will assume that

the cavity population is large:

ne(t) = (@' (a(t)) > 1, (3-39)

and we can thus neglect the vacuum contribution to the optomechanical interac-
tion'?, so we simply have

(3) For now we assume that such a constant steady state exists. Using this assumption we
can derive the classical equations of motion, which we must then solve in steady state to
ensure everything is consistent.

(4) Eventually the vacuum force term would drop out anyways, once we define the position
of the oscillator relative to its equilibrium.



Chapter 3. Cavity Optomechanics with a Single-tone Drive

Hom = ~hgie(DX = ==24" (1)a() (6" (1) + b(1)) (3.40)
V2
The Hamiltonian can then be written's):
5 . on HGo o~ &
H~ —hAod'a+hQmb'b — \/—g_de(b +0") + vk [iz)lintiT + H.c.] (3.41)
2

where we have define the detuning between the laser drive frequency w, and the
equilibrium cavity frequency w.(X) as:

Ao = wo — wc(Xss) (3-42)

Note that at this point we have also neglected the zero point energies hQT’" and

%, as these do not contribute to the dynamics®. Alternatively we can write the

Hamiltonian in terms of the position and momentum of the mechanical oscillator:

H ~ —hAa"a + hQ,, (Xz + 132) — higod'aX + hivzx [iaindT + H.c.] (3.43)

3.3 EQUATIONS OF MOTION IN OPTOMECHANICS

3.3.1 Heisenberg-Langevin Equations For Light and Mechanics

The Heisenberg-langevin equation for the mechanical degrees of freedom X, P and
the intra-cavity light field a are:

(1) = 3 [7,a(0)] = xa(0) + V2K B (1), (340
(0 = = [ x0)]. (3.5
B(t) = = [FX()] ~ yP(0) + (1) (346

where we have used the RWA on the photon reservoir, which results in a damping
term in both quadratures. Meanwhile, the phonon reservoir only leads to a drag-
like damping term in the momentum. The Langevin force acting on the mechanical
oscillator is given by:

f(t) = ;/Epin(t)’ pin(t) =pzpf(

zpf

(3-47)

V2

Importantly the input operators, which arise from integrating out the resevoir

bin(1) + E§n<t>)

degrees of freedom satisfy the commutation relations:

|ain (1), 801, (1] = [Bun(0) B, | = 62 = 1) (3.48)
[ (1), 8ain(¢)] = [81, (0,641, ()] = [Bin(0), B(t))] = |1, (11, BL,(1)] = o
(3-49)

(5) This Hamiltonian is the same in the Heisenberg interaction picture and the Schrédinger
interaction picture, except for the time dependence of the operators.

(6) Remember, that for an operator (j(t) the evolution is determined by taking its commu-
tator with the Hamiltonian. If we shift the energy of a system by Eo, i.e. H — H + Eo,then

the commutator is unchanged since E, is just a number and [é(t),ﬁ + EO] = [(j(t),ﬁ] +

[é(t),Eo].
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Commutators of phonon and photon resevoir operators all vanish. The correlation
function of the input noise, in the Markov approximation, are:

(sam(n8al, (1)) =6t~ 1) (3.50)
(sal, (18 (1) = 0 (351)
(B8], (1)) = (R + 15t = ) (352)
(a,()an(0)) = s - 1) (3:53)

All photon and phonon reservoir operators are uncorrelated. From these input
commutators and correlation function, we can eventually determine all commu-
tators and correlation functions we desire. Note that at room temperature, the
thermal occupation of optical photons is vanishing 1, = o, and hence we see no
contribution from the reservoir photon occupation. Evaluating the commutators,
leads to the following set of equations of motion:

a(t) = (iho — k) a(1t) + igod(t) X (£) + V2K 8din (1) (3.54)
X(t) = Qb (3-55)
P(1) = goa® (1)a(t) — 2yP(t) — QX (t) + f (1) (3.56)

where we have written the input noise in terms of the small quantum fluctuations
dain (t) arising from all reservoir modes, and the large coherent component from
the drive tone:

din (1) = 8ain (t) + atin

We can combine the X and P equations so that we only have to solve for X and a:

(1) = V2K 8din(t) + (i = 1) (1) +igoa(X (1) (357)
o [X0+ 21X+ 2uX(0)] = 90" a1 + f1) (3:58)

This system of coupled equations is unfortunately non-linear in the operators, and
consequently they do not generally admit an analytical solution.

3.3.2 Linearized Optomechanics

We now assume that the fields can be expanded as a large classical contribution
and a contribution from quantum fluctuations'?:

a(t) = (ay +déa(t) = a(t)+da(r) (3.59a)
——
@
X(t) = (X) +6X(t) = %(t) + 6X(¢t) (3.59b)
——
X
P(t) = (X) +6P(t) = p(t) + 6P(t) (3-59¢)
——
P
We eventually make the assumption that this large classical value is a constant
steady state value of the field, but let us first ensure that such a steady state exists.
The Hamiltonian with this linear ansatz is:

(7) We can formally do these by acting with appropiate displacements operators D(&) and
D(x)
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Hs = —hA, (5&*&1 +|af? +asat + 0?*5&) (3.60)
+hQ,, (5)?2 + X% +2X8X + 8P* + P* + chSP)
~ igo (5&*&1 +|a? +asat + a*aa) (X + 5)2)
+fiV2k [iain (o‘c* + 5&1') + H.c.]

Which can be divided into four contributions according to the order of the quan-
tum operators:

Hs = ~hAo|@|? + hQp, (X2 + P2) — igo|@|X + ik [iain@” + C.C.] (3.61)

constant

~h\, (@8 + & 64) ~ hgolal*6X + VK [iandd’ + Hel]

linear (classical)

4270y (X8X + PSP) — hg, (a86' + HC.) % (3.62)

linear (classical)

“hASESa + hOm (5)22 + 5152) — g, (aaa* + a*a&) 5%

quadratic(quantum)

—hgoda' 5asX
N——
cubic

We assume that the quantum fluctuations are small, and so we neglect all terms
cubic in the quantum fluctuations. Since constant terms do not contribute to the
dynamics we also throw these away:

Hs = —hA, (asa* + a*(sa) — hgola@|0X + hivaK [iamdd’ + Hec ] (3.63)
427y (X8X + PSP) — hg, (ada' + HC.) X
—hASE Sa + 1 (5)22 + 5162) — g (a&f + a*(sa) 1%
Classical equation of motion From the Hamiltonian to first order in the quan-

tum fluctuations, we simple get classical optomechanics®, the equations motions
for this arel®:

a(t) = Vax @ + (IA(1) — x) a(t), (3.64)
o X0 +2yX + QLX) = golao)l (3.65)

where we have redefined the detuning:

(8) In this thesis we will not be concerned with the classical part of the fields beyond the
justification of expanding «w. about some steady state.

(9) The classical EOM could equally well be obtained form the classical Hamiltonian

Hy(x, p,a,a*) byeg. a(t) = {a(t),Hq} + ao;(tt) ,where {-, -}denotes the Poisson bracket.
Recall for two functions f(x;, p;) and g(x;, p;),which are functions of a set of general-

ized positions x; and canonically conjugate momenta p;, the Poisson bracket defined by

{FGrinp). glxipi)} = 2 (5558 - 25 52),
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A(t) = @o = we(X) + goX (1) (3.66)

Since there is no explicit time dependence we can solve steady state using

da dX.
g:s =o, 5 =, (3.67)

dt
we find"? the steady state relations:

Qss = main (3-68)
Xss = Qg_jnlo_(ssl2 (3-69)

This shows us that once all transient behavior has died out, the classical part of
the intra-cavity field and the motion of the membrane remain stationary. It is this
stationary steady state value Xgs we expanded the cavity frequency w. about in
Eq. (3.29). If we now measure all displacements relative to the steady state displace-
ment of the membrane X — X — X5 we simply have

Xss =0 (3.70)
It immediately follows form the equations of motion that classical part of the me-
chanical momentum is:

= Qmpss = (3-71)
Py =0 (3.72)
We also note that this implies that the detuning is stationary:

A =w, — w:(0)

The quantum equation of motion If we assume that enough time has passed
for the classical part of the system to be in steady state, and we measure displace-
ments relative to the steady state displacement of the mechanical oscillator" "), then
the quantum part of the linearized Hamiltonian reduces to:

Hs = —hA5615a + hQ,, (5)22 + 5132) ~ g (a«sa* + a*aa) X (373)

where we have dropped the ss subscript from « for brevity. The equations of mo-
tion are:

Sa(t) = Vax Saum(t) + (iAo — 1) 5a(t) + igo|a|0X (1) (3.74)
QL 5X (1) + 278X + ana}((t)] = do (a*&i + aaa*) +£(0) (3.75)

We can eliminate the phase of the classical intra-cavity field:

(10) Note that this isn’t the full solution for the intra-cavity field @ss and the potion

Xss, since A depends on Xss. One can rewrite the equations as a cubic equation in
_ _ _ G . .
Xss: Xss ((Ag + GXss)? + K2) = % ,where the steady state photon population is

ficss = |ass|>. The cubic equation for JESSm implies the existence of several possible steady
state values, but we will assume that the system is locked to one particular solution.
(11) So we can also freely use A, = A
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a = |a|eArelal, (3.76)
by making the U(1) gauge transformation*?
84 — Sae'trele]
5din — 5dineiArg[d]

By doing so we have a set of equations where we can factor out the dependence on
phase of the classical intra-cavity field:

8a(t) = Var Sag (1) + (iA — «) 8a(t) + igo|@|6X (t) (3.77)
QL 5X (1) + 276X + Q:nak(t)] = golél (5& + 5&*) + £ (3.78)

This allows us to define the photon-enhanced opto-mechanical coupling

g = Ve go

We then finally arrive at the canonical optomechanical equations:

8a(t) = N2k 8dim(t) + (iA — 1) 8a(t) + igsX (1) (3.79)
QL SX (1) + 276X + anafxa)] =g (5a + 5&*) + £t (3.80)

We could also write them only in terms of quadratures:

3.3.3 Quadrature Equations of Motion

We will often prefer to work with quadrature operators'3). This gives us three
equations of motion:

(1) = V2K Gin(t) — x4(1) — AJ(1) (3.812)
2 N . . kly -
y(t) = V2K Jin(t) —ky(t) + Ag(t) + 2 X (3.81b)
1 % X o xly . A
o [X0 2k anX(t)] - ‘/T a(t) + £() (3.81¢)
where we have defined the readout rate:
2
=% (3.82)
K

Even without solving the equations of motion we can see the presence of
a coherent feedback loop: The mechanical oscillator Eq. (3.81c) is driven by the
amplitude quadrature of the light. This disturbance of the mechanical oscillator
is imprinted on the phase quadrature in Eq. (3.81b). Through the rotation of the
phase quadrature into the amplitude quadrature, which arises due to the detuning
A, the mechanical signal enters into the amplitude quadrature with a delay. This
now means that the radiation pressure on the mechanical oscillator depends on
the position of the oscillator at an earlier time, constituting a coherent retarded
feedback loop. We will later see that this feedback loop results in dynamical back
action.

(12) The transformation is valid, as it preserve the canonical commutation relations between
the creation and annihilation operators.
(13) For brevity, we now drop the § on all quantum operators.
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3.3.4 Equations of Motion in Fourier space

Since the equations of motion Eq. (3.81) are linear in the operators we can obtain
a mathematically simpler description of the dynamic by going to Fourier space,
where all EOM are simply linear algebraic equations. Furthermore it is convenient
to arrange the light degrees of freedom in a vector , so we have:

(k — iQ) A ](4(9)) =\,§(éin(f2))+ xI ((I))X(Q) (3.832)

-A (k=i \P(Q) Jin(£2)) 2
N oy L) Q) , 2
Xm,o(Q)X(Q) - 2 (1 0) (}A/(Q))) +f(Q) (383b)
where we have defined the bare mechanical susceptibility as:
Om
Q=—— .
Xmo(£2) Q2 — 7 — 2iQy (3.84)

As we will see, the resonance frequency 2, and the linewidth y will be modified
by the dynamical back-action.

3.4 SOLVING THE EOM

In this following we will show how to solve the Fourier space EOM Eq. (3.83). As
it turns out, it is beneficial to start by considering the prolbem of a cavity with no
mechanical DOF, and then use this solution to obtain the solution to the optome-
chanical problem.

3.4.1 The Cavity susceptibility

We start by considering the the problem of a cavity driven by an external field. The
EOM for the intra-cavity ahnihilation operator is the same as Eq. (3.79) with g — o:

Xe(2)71a(Q) = Vax @i (Q) © (3.85)
d(Q) = ‘/;Xc(g)dm(g) < (3-86)

where we have defined the cavity susceptibility:

1

Q)= ———— .8
1) = (387)
We will often write the cavity susceptibility on polar form:
Xe(Q) = [xe(2)[e") (3-88a)
1
Xe(Q)] = ————== (3.88b)
VK2 + (2 + A)?
Q+A
0(Q) = Arg [ xo(2)] = arctan ( . ) (3.850)
The above definitions the following relation holds:
X (=Q) = | xe(=@2)[ 70 (3-89)

It is worth noting that the cavity susceptibility for the annihilation operator isn’t
skew-Hermitian:

Xe(Q) # xe(-92)
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Once we start discussing the optical spring effect and dynamical broadening, it
is useful to know that the real and imaginary part of the cavity susceptibility can
be written:

Note that we have the two useful relations:

Re [xc(2)] = k| x.(Q)|? (3.90a)
Im [ x.(2)] = ktan (0.) | . (£2)|* (3.90b)

3.4.2 Transfer Matrix with Optomechanical Coupling

It is convinient to solve for the intra-cavity fields using a transfer matrix approach.
The intra-cavity field EOM Eq. (B.9) has the solution (see Appendix B for the de-
tailed derivation of the transfer matrix):

q(Q)) _ Gin(Q) k[, . (o) ~
(ﬁ(Q)) =Tovar (ym(g)) V5 o (1)X(Q) (3-91)

t |)(C(Q)|+2|Xc

By factoring ou CD| from the cavity transfer matrix T, we can defines

an effective read-out rate:

re@Q=rI, (K 12:() +2|XC(_Q)| )2, (3.92)
and a sideband asymmetry factor:
[(Q) = e ()] = Ixe (=9I (3.93)

T (@] + [ xe (=)

The intra-cavity field can then be written:

Q(“Q) — Qin(Q)
(ﬁ(Q)) =ToV2x (ym(Q))) (3-94)

- 0(Q2)-0(~ /F Q) (i N
+¢é' B 29( = R o0)+0(-0) % (l{(l.Q)) X(2)

Using this the input-output relation can be written:

() =< o (3263 )

+ eie(m_zg(_g) R oo V() (lg(lg)) X(Q)

Finaly it is convinient to define a set rotated and phase shifted input and output
quadratures:

Glu(£2) _ g (Q) Gout (Q)
(y;uim)) =R @) (youim)) (3.96)
)omnli) o

Note that the input and output transformation have opposite phases and rotate the
quadratures in opposite directions.
So the input-output relation becomes:

) ) (s o
out in
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We see that the position of the oscillator is generally imprinted on both the
phase and amplitude quadrature. In particular the position is maximally read out,
at a rate I'(Q2) in the phase quadrature y, (), while the sideband asymmetry
leads to an non-optimal readout of X in the amplitude quadrature 4o, ().

3.4.3 Solving the Mechanical EOM

To obtain the actual solution for the mechanical EOM Eq. (3.83b), i.e. one which
only depends on the input noise operators, we must insert the solution for the
intra-cavity field Eq. (3.91). However since the intra-cavity field depends on X,
inserting the light operators will lead to a renormalization of the oscillator suscepti-
bility. If we write the cavity transfer matrix Eq. (B.9) as:

I“Q ¥ .0(2)-0(-2
T, = ( [—15(9) lg(lm] T Runecn 5

Then the intra-cavity field quadratures can be written:

q(Q)) _ [ [x[o - [ 1 ig(Q)](q;n(Q))
(5’(9)) 2 ) VI'(Q) -il(Q) 1 3.(Q) (3.100)

+,/K7F° T, (T)X(Q)

So the mechanical EOM can then be written:

=52 (0 o) () e = [VT@r (1 @) (B5) + o

Xm (£2)

(3.101)
And the solution is then readily obtained, simply by inverting the susceptibility:

. . 5 (O .
%) = 1ol@)|NF@ (1 @) (B ) ej@| o
m
The renormalized mechanical susceptibility has the form:
X' (2) = Xmo(Q) + 2(Q), (3.103)
where the self energy is given by:
(@) = ()(c(Q) X (-Q) = (3-104)
KF Q+A Q-A
2= er@ear  er@-ay (3.105)
+ kI’ K a K
4 e @-Ay e+ (@QrAy

Again, this renormalization arises due to the coherent feedback loop described
earlier.

3.4.4 Dynamical Back-Action: The Optical Spring Effect and Dynamical Broaden-
ing
Since X (2) generally is complex, it will lead to a modification of the resonance

frequency and the linewidth of the oscillator. To see this we write the susceptibility
explicitly:
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YIHQ) = Q—lm Q2 + QRe [Z(Q)] - Q2 — 2iQ (y - i—glm [Z(Q)])) (3.106)

= (@) = = (27 - @ = 2iQy) (3.107)
m

where we define a new resonance and linewidth

L4 Re 2]

Q! =+/Q2% + QuRe [2(Q)] = Qp,
Qm

(3.108)
=y ()] (5.109)
=y-—Im .10
Y =y-7o 3-109
The change in the resonance is called the optical spring effect, since the spring
constant k satisfies k o« 22, while the change in the linewidth is referred to as

dynamical broadening. If the readout is weak, I, < k, then we can expand the
renormalized resonance frequency and get:

1
Q. ~ Qm+ -Re[2(Q)] (3.110)

2
So in the weak read-out regime, the renormalization amount to a shift in the reso-

nance frequency 60,,(£2) and a broadening/narrowing of the oscillator §y(£2):

Q= Qum+6Qm(Q) (3.111)
Y =y +y(Q) (3-112)

with the optical spring shift and the dynamical broadening resulting from the
dynamical back-action given by:

kI’ Q+A Q-A
62m(@) =RelZ(@)] = 5 | S s - SE R G
2 N R
oy(&) = _Elm (2] = 2Q 4 K2+ (Q+A)? K2+ (Q- A)Z] (3.114)

This dynamical BA is related to the unequal response at the two sidebands (see
Fig. 3.2) generated by the optomechanical interaction. We will return to this point
in more detail once we discuss two-tone driving.

3.4.5 Input-Output relation for Optomechanics
The output light dou(¢) from e.g. a cavity is related to the input light di, (¢) and the
intra-cavity light d(¢), through the input-output relation[s]:

dout(t) = _din(t) + \/;d(t) (3'115)

We can now write an input-output relation purely in terms of the input fields,
simply by plugging the solution for X, as given in Eq. (3.102), into the input-output
relation for the light Eq. (3.98):

(o] = () + emnvTT@ e [Py (B )+ (2] Fe0| o)

where we have defined:

(3-.117)

i@ -0
Mﬁ‘[ ) zz(o)]
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We can now see that the output light contains three different noise terms. First
there is the shot noise:

> G, ()
N = | 1in , 118

shot (y;n(Q) (3 11 )
which is due to the vacuum fluctuations of the drive laser, and the optical reservoir.
Next there is the QBA

(3-119)

Ngga = xm(2)T(Q)M; (@{n(Q))

Vin(€2)
Like the shot noise the QBA is due to vacuum fluctuations of the optical field driv-
ing the mechanical oscillator, however, it is specifically due to the probing of the
oscillator by the light, as can be seen by the dependence on I'(2). Finally there is
the thermal noise due to phonons:

Nis = xm( VT (2) M¢ (;) f@ (3.120)

If the mechanical oscillator is driven by additional forces, such as a classical force
fa(t), they will simply be added to the thermal noise:

(I ) = () + @ V@) 0) e

7e@) =@ 3,(2)
+ (o) (f@ +fd(9>)]
|
N
|4_——)
Wo‘_(L:W We W, 0

Figure 3.2: Sketch of the heterodyne spectrum for an optomechanical system driven by

a laser with frequency w,. The mechanical motion is imprinted sidebands (red and blue
Lorentzian) at frequencies w, *+ Q. If the cavity susceptibility (black Lorentzian) and the
drive tone are detuned by an amount A the response from the sidebands will be unequal and
lead to dynamical BA
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CHAPTER

CAviTY OPTOMECHANICS WITH A
TwO-TONE DRIVE

14

This is getting out of hand, now there are two of them!”

NUTE GUNRAY

- Star Wars: The Phantom Menace, George Lucas

In this chapter we up the ante and consider an optomechanical cavity

driven by two coherent tones. We start by introducing the two-tone

drive Hamiltonian and then discuss some subtleties in linearization procedure,
arising from the additional dynamics introduced by the second drive

tone. At the end of the chapter we arrive at the Heisenberg-Langevin

EOM for the two-tone driven problem.

4.1 THE Two-ToNE OPTOMECHANICAL HAMILTONIAN

We start this section by discussing how to write the drive term in the Hamiltonian
for a system driven by two strong coherent tones
4.1.1 The Drive Hamiltonian

We now consider an optomechanical system driven by two laser tones at frequen-
cies w;. The Drive Hamiltonian is simply the sum of the drive Hamiltonians for
each tone, of the the same form as the drive Hamiltonian Eq. (3.20) we used previ-
ously:

Hy = iV (e + a7 -") a" + H.c. (4.1)

The two amplitudes of the coherent drive fields are generally complex:

Ain,+ = |ain,i |‘3i¢i (4-2)

As we have two frequencies, it is more natural to rewrite the problem in terms of
an average drive frequency w, and a relative frequency Q:
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Wy + wW_
Wo = ——— (4.3)
2
~ Wy — W
Q= +T (4.4)

This is easily achieved by factoring out the mean frequency:

Hy = ihvzke™! Qin 1€ > (4.5)

Dd+ "de ' ( _j@ds=@d=

jLd+"9d—

+ain,—€'" 2 t) a'+H.c.

= ifinf2Kk e~ iwot (ain,Jre_iQt + ain,_eiQt) a' +H.ec. (4.6)

If we then transform to an interaction picture using the unitary:

A

U= e—iwodet (47)
we simply have:

H, = itk (am,+e_iét + ttin,—€ th) a'+H.c. (4.8)

Moreover, since the complex amplitudes generally have different phases, we can
use the same trick and write:

Hy = ihzx (Iain,+|ei¢*e_i9t +|ain,_|e¥-e ’Qt) a"+H.c. (4.9)
o N L=
= : ihV2x (Iam+|e_l e it (4.10)

i
+|ain,_|e’ 2 th) "+Hc,

and then we can likewise define a mean phase and a relative phase:

¢ +¢+
P — ¢y ¢+

¢ = (4.11)
¢

(4.12)
So the drive Hamiltonian becomes:
Hy = ik (|(xin+|e_i¢e_iét + |(xin_|ei¢eif2t) dT(t)ei‘j; +H.c.

We can now eliminate the mean phase by performing a gauge transformation of
the intra-cavity photon field:

ae'? (4.13a)
ateid (4.13b)

So finally, by transforming to an interaction picture rotating with the mean
drive frequency w,, and by using a gauge transformation to eliminate the mean
phase, we are left with a drive Hamiltonian on the form:

Hy = ihzx (Iam+|e_i¢e_im + |ain_|ei¢eim) a'(t) + Hec. (4.14)

In terms of the intracavity quadratures this is:

Fla = o sin(@t + §) [VZ eime| ~ V2l |] 6 (415)
- hWCOS(Qt + ¢) [‘/2—|ain+| + \/Z_lain— |] y
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from which we see that for arbitrary drive amplitudes, both quadratures are driven
by the laser light.

An important special case of this, is for equal drive amplitudes |ain+| = |ain-| =
|ain|:

Hy = —ihv2K 2|am— cos(Qt + ) (d - dT) , (4.16)

which looks just like a single tone drive Eq. (3.20) with a cosine modulation, and
double the maximal amplitude. In terms of quadratures it reduce to:

Ay = vk 2|an—V2 cos(Qt + ¢) J (1), (4.17)

so for equal drive amplitudes, only the phase quadrature y of the intra-cavity field
is driven.

4.1.2 Linearization for Equal Drive Amplitudes

Let us for a moment consider just a cavity with no mechanical degree of freedom.
If we drive such a cavity two with equal amplitude drive tones, we would expect
that after some transient period the sinusoidal driving of intra-cavity field would
lead to a steady state where the intra-cavity field also oscillates sinusoidally, be

it with some retardation due to the nontrivial response function of the cavity. If
we now add a mechanical degree of freedom, there will once again be a transient
period until the mechanical oscillator, which is driven by the intra-cavity field,
reaches a steady state. However since the intra-cavity field oscillates, our intuition
tells us the same will be the case for the mechanics(”, albeit it doesn’t have to be
at the same frequency nor in phase with the light. In our case, it could potentially
mean that the classical steady state values to linearize about would be time depen-
dent, which would lead to several parameters, such as the detuning between the
driving light and the cavity and picking up a time dependence. We wish to exam-
ine further if this is the case. To do so we choose to focus on the simple case of
equal drive amplitudes.

The Hamiltonian for the mechanical system and intra-cavity field is the same
as in the single-tone case. If we now transform to the frame rotating a w,, i.e. using
Eq. (3.20), and drop the vacuum terms, the Hamiltonian for equal drive amplitudes
can be written:

H=# (a)c(f() - a)o) &t (H)a(r) + bt (1)b(t) (4.18)
— ifV2K 2| ain— cos(Qt + ¢) (& - dT)

If we now linearize about the classical solution using the same ansatz Eq. (3.20) as
we did for single tone, we find that the classical EOM for the intracavity field a(t),
the mechanical position X (¢) and the mechanical momentum P(t) are:

a(t) = VaK 2ai, cos(Qt + ¢) + (iA(t) — k) a(t)
o KO+ 2y + Q%0 = gu(0la())*

where the detuning and the optomechanical coupling are given by:

(1) Recall that in general, when a oscillatory system is driven by a periodic force, it will
eventually reach a steady state determined by the drive and the response function. Typical
examples include a RLC circuit driven by an AC current, an electric dipole driven by a
monochromatic electric field, a single spin in a RF magnetic field and so on.
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dw,
Go(t) = =Xypt — (4.19)
PEoX )
A(t) = wo — we(X (1)) + go(t) (4.20)

(4.21)

Formal integration of the classical intracavity field EOM yields the steady state
solution (see Appendix C for the details):

t
dt’ [cos(f)t’ +)e =t [t A1)

(o)

a(t) = Wzain/

Let us now assume that the frequency of the cavity mode does not vary apprecia-
bly in time, such that the detuning and the optomechanical coupling are approxi-
mately constant

A= w, - wc(x(to)) + 9o (4.22)
0
9o ¥ —Xxpf 2 (4-23)
9% Ix(1,)

The solution for the intra-caivty field then reduces to:

t
a(t) = vk 2ain/ dt’ e TINE) og(QF + ) (4.24)

(e8]

The integral can now be evaluated, and results in an intra-cavity field which can be
written on the form:

iQt

iy g e , (4.25)

a(t) = aze”

where the positive and negative frequency component of the intracavity field are
given by:

s = V2K 2|cin| €' o (£) (4.26)
If we now consider the mechanical EOM, we can write it:
— |X() + 2yX + Q2,X(1) | = Fraa (),
Qm
where the radiation preasure force now is time dependent:

Fraa(t) = gola(t)[*

Using the solution for the intracavity field we find that the radiation pressure force
has a DC term and and a term oscillating at 2Q:

—2iQt

Frad (1) = go (e |> + |a=|?) + go (a+afe 4 (Xia_eZiQt)
——
Frad,DC Frad’AC

The DC term is just a constant force, and only leads to a constant shift of the
equilibrium position of the oscillator in steady state, we also saw a term like this
in the single-tone driving case. The AC term is new, and potentially problematic.
It will in general lead to oscillations of the “equilibrium” of the oscillator, and po-
tentially invalidate the assumption that A and g, are constant, and furthermore
make the linearization problematic. For the physics we aim to examine, we assume
that the mechanical resonance ©,, and the relative drive frequency Q are relatively
close. In this case the AC force is non-resonant and can simply be neglected. In re-
ality, the single mechanical mode we consider will be one of many possible modes.
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If it just so happens that the spacing between modes is on the order of Q, then the
AC term in the radiation pressure force may be resonant with a neighboring me-
chanical mode. To mitigate other mechanical modes being activated, one can apply
a compensating feedback force feomp(t):

o |0+ 27K+ Q5X(1)| = Fraa(0) + fomp (1) (4:27)

where the compensating force is exactly opposite the AC part of the radiation
pressure force, which is a deterministic and thus in theory known force:

ﬁomp(t) = _Frad,AC (4-28)

By neglecting the non-resonant contribution from the AC term, there is no longer
any explicit time dependence in the mechanical EOM, and thus there will be a sta-
tionery steady state. This then ensures that A and g, indeed are constant, and thus
we are consistent. If we proceed as in the single-tone case and make the steady
state value X, the reference point for position measurements, then everything is
just as in the single tone case, except the classical part @(¢) of the intra-cavity field
now depends on time, even in steady state.

4.1.3 Linearized Hamiltonian For general Drive Ampltitudes

We now turn to the general two tone driving problem. In a frame rotating at the
mean driving frequency, the quantum part of the Linearized Hamiltonian has the
same form as for single-tone driving:

H = —ASa" (1)8a(t) + hOyy, (5)22 + 5132) — hgo [ia(H)8a" + H.C]6X  (4.29)
where the classical steady state intra-cavity field still has the form:

—iQr it

a(t) = aze +a_e (4.30)
with the complex amplitudes given by:
s = e in e (£Q), (4-31)

which is valid previously discussed limit where the classical mechanical motion
doesn’t influence the classical steady state of the intra-cavity field. Importantly we
can freely control the amplitudes |a. | and phases @, of the intra-cavity field is, by
adjusting the amplitudes |ai, +| and phases ¢.. of the two drive tones, although we
must remember to account for amplitude and phase the intra-cavity susceptibility
Xe(£9Q).

We can equally well write the Hamiltonian in terms of phonon and photon
operators:

i’/g_" [a(t)6a" +a* (1)34] (515 + 513*) (4.32)

H = -AhSa" (1)84(t) +h2,6b" ()b (1)
2
As each coherent component of the intra-cavity field has a different phase ®.,
however only the relative phase will affect the dynamics. To that end we define the
relative and mean phase:

¢ = — (4.332)
. D+
@ = T+ (4.33b)

and factor out the mean phase:
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H = —-AhSa' (£)5a(t) + hQ, 86" (1)8b(t) (2.34)

_ g, [(|a+|e—iq’e‘if)t + |a_|eiq)eiét) e 54" + H.C.] (53 + 5I;T)

N

If we then perform the gauge transformation:

54 — Sae™®,

to eliminate the mean phase, then we finally achieve Hamiltonian we will consider:

H = —hASa" (1)8a(t) + 12,56 (£)8b(¢) (4.35)
_ 19
V2

If we define the classical quadrature-like variables:

(|a+|e*@e*i@f +la |el‘¢e"f?f) sat + H.c.] (519 + 515*)

_ o]+ oy

9o = T (4.36a)

_ o] = ay]
Vo= — =
V2

and two corresponding read-out rates from the relation’®:

(4.36b)

42
VI = %k, k € {yd, qga}»

the Hamiltonian can be written succinctly in terms of the quadrature operators:

H = —hA (856 +597) + 12 (5)”(2 + 5132) (4.37)
-V [\/17 cos(Qt + D)+ Ty sin(Qt + (D)j/] X (4.38)

From the quadrature Hamiltonian we can make the observation that no matter
the choice of |a. |, there will always be a coupling between the intra-cavity ampli-
tude quadrature ¢ and the mechanical position. However, the intra-cavity phase
quadrature j only couples to the mechanical position when |a| # |a-]|.

4.2 EqQuATIONS OF MOTION FOR TWO-TONE OPTOMECHANICS

4.2.1 Heisenberg Langevin Equation for creation and annihilation operators

Starting from the Hamiltonian Eq. (4.35) the corresponding Heisenberg-Langevin
equations for the intra-cavity photon annihilation operator @ and the phonon
annihilation operator b are:

a(t) = iA — k8a(t) + Vax 8din (1) (4.39a)
" i% |l e 4 fae™ e | (b(t) + 57 (1))

b(1) == imb(6) =y (b = B'(0) +i-=f (1) (439b)
+ i% [(|a_|e_i‘pe_im + |(x+|ei¢eiét) ae) + H.C.] (4.39¢)

(2) We define the read-out rates from their square roots to ensure that /I, o [a4| — |a—| has
the correct sign.
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An important feature of these coupled differential equations is that @ does not
couple to @, while b does couple to bT. As we shall see, this allows us to easily
obtain a formal solution for d in terms of the mechanical degrees of freedom, while
the mechanical equations require a more refined approach. The difference in the
damping terms when comparing the photon and phonon EOM arises from using
the RWA on the photon reservoir, but not the phonon reservoir.

4.2.2 Heisenberg Langevin Equation for quadratures

The EOM for the quadrature operators can now be obtained from the Hamiltonian
Eq. (4.37) or from the creation and annihilation operator EOM Eq. (4.37). In any
case the relevant EOM are:

4(t) = V2K Gin (1) = AP(1) = x4(t) — kI, 'sin(Qt + @)X (1) (4-40)

P(t) = Va2 Pin + AG — kP +/kI cos(Qt + D)X (1) (4.41)
QL [5}?@) +ay8X (1) + anaf((t)] = f()+ (4.42)

VKl cos(Qt +D)G + VKT sin(Qt + )y +f(t)

Both the amplitude and phase quadrature of the light are driven by the me-
chanical oscillator, however they are driven Z out of phase and with different
strengths, set by \/ﬁ and \/ﬁ Compared to the single-tone EOM Eq. (3.81), we
see the indication of a much more intricate set of feedback loops, not only because
there is a direct driving of X by both optical quadratures and vice verse, but also to
the time dependence and relative phase between the two readout-rates’® . We will
return to the nature of these feedback mechanisms in Chapter 5.

Another interesting feature is the form of the optical force ﬁ)pt(t) driving the
mechanical oscillator:

f;pt(t) = kI cos(Qt + D)G + KTy sin(Qt + ®) §,

is not simply a rotation of ¢ and j.

(3) If we wanted to we could have defined two time dependent read-out rates

V(1) = w/4—,%§ qel cos(Qt + ®) and VIy(t) = % Vel sin(Qt + @)
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CHAPTER

ENGINEERING AN EFFECTIVE
OSCILLATOR IN THE
NARROW-SIDEBAND REGIME

“ Y’know, he said, ‘it’s very hard to talk quantum using a language
originally designed to tell other monkeys where the ripe fruit is”

Lu-TzE

- Night Watch, Terry Pratchett

In this chapter we use a time-domain approach, to examine how the
two-tone-driven system described in the preceding chapter can be engineered
to be have like a single-tone-driven system with negative mass and down-
converted frequency. To this end, we focus on the narrow sidebands

regime and try to derive a simpler set of equations, a toy model that
captures the essence of the scheme. From such a set of simpler solutions

one may, in future work, better understand how the complexity of the

more general problem arise, such a the coupling of feedback loops arising
from dynamical BA.

5.1 THE GENERAL MECHANICAL AND OpTICAL EQUATIONS OF MOTION

5.1.1 The Intra-cavity Field Solution

Let us first consider the EOM for the intra-cavity photon field Eq. (4.39a). Since this
is a first order differential equation, and d(t) doesn’t explicitly couple to a'(t), we
can write a formal solution by formal integration:

t
a(t) = d(ty)e A =t) 4 / dt’e A=) [\ dyn (1) (5.1)

to
#1921 (0) s e (00| () + B*(t))]
V2
As usual we will consider the system when it has reached steady state; when
all transients have died out. This can be achieved saying the experiment started

long ago which corresponds to taking t, — —co:
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t
a(t) = Vax / dt’ e A=) g (1) (5.2)
t - -
N ig_o / dt,e(l.A_K)(t_t/) |a_|ei(§2t'+t}b)[;(t1) + |a,_|ei(Qt’+<1>)l;T(t/)
2 —o0
el DG 4 7 (1) e ()| (53)

This is only formally a solution, as it still depends on the mechanical operators,
which themselves depend on the intra-cavity light.

5.1.2 Input-Output Relation and Mechanical sidebands

Before we move on with the solution of the mechanical and optical equations of
motion, let us see what we can learn from the solution for the intra-cavity field we
just found. The input-output relation Eq. (4.39a) for the cavity now becomes:

t
Gour(1) = / dt’ [ae 000 51 - )| (1) + (54)

. ) .

i&/ FPREZESID [|a_|ei(!2t’+¢)l;(t/)+ o[ (249 i ()
2 —o00

+|a+|e—i(("zt'+¢)l;(t/) + ET(t’)|a+|e_i(Qt'+¢)]

To better understand how the mechanical motion is imprinted on the light
we make the following consideration: A free mechanical oscillator would simply
oscillate at frequency £,,,, however the interaction with the intra-cavity light will
generally lead to an optical spring effect which will renormalize”) the frequency to
Qs Based on this we make the following Ansatz:

b(t) = b(t)e %, (5.5)

where the essence of the Ansatz is that b(t) is a slowly varying operator compared
to e %! We will show that this is indeed the case once we solve the mechanical
EOM. It is also convenient to define the detuning between this effective mechanical
frequency and half the relative drive frequency:

Aeff = Qe — 3:2, (5.6)

which allows us to express the input-output relation Eq. (5.4) in terms of this
slowly varying operator as follows:

t
Aout () = / dr’ [zxe“‘“““‘” —28(t - t')] ain (1) (5.7)

t A a -
+1i /_‘ZK 9o dt/e(iA—K)(t—t') [|a_|ei©l;(tl)e—i/\efft' + |a_|ei(1>l;T(tl)ei(Aeff+zQ)t'
2

—00

+ |a+|e—il15l;(tl)e—i(Aeﬁ+ZQ)t' + |a+|e—id5gf(t/)ei/\efft’:|

(1) Generally the story is complicated by the fact that the renormalization may be fre-
quency/time dependent and thus we have a frequency dependent “resonance” Q.g(Q). In
this chapter we will end up examining a regime where the renormalization is frequency
independent and thus we need not worry about it. Moreover, for the renormalized system
to be considered an oscillator, the parameters such as the resonance frequency must be
constant, so in a sense the assumption that this is the case is necessary for us.
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The interpretation of this expression is slightly clearer in frequency space, as
the convolution integrals just become products. We note that the cavity susceptibil-
ity is given by the Fourier transform of the cavity response function :

(@) = / drei(@m=K)7g (7). (58)

0o

And that we also need to use:

/ dze'®75(z) = 2 (5.9)

Using the above relations we find the input-output relation is a simple algebraic
expression in Fourier space:

Gou (Q) = 7%V a1 (Q) + ik j—;xc«z) |10 16(2 = Aup) + €l b1 (-Q = Ao = 20)
(5.10)
+ e (2 = At = 20) + €l b (-2~ Au)|

The term proportional to di, (£2) arises due to the interference of input light which
is reflected from the cavity and the input light which was processed by the cavity.
We note that is simply results in a cavity induced phase shift of the input noise,
which follows from the rewriting (see Appendix D)

2k (Q) - 1 =20

~——

from cavity T eflected

The mechanical signal in Eq. (5.10) is expressed as four sidebands'®: two inner

sidebands at frequencies +A.g and two outer sidebands at frequencies + (Aeg + ZQ)

(see Fig. 5.1). Note that what is the upper and lower sideband of the inner side-
bands depends on the sign of A, so:

Aefr > 0 = dout () = eiZHC(Q)din(Q)+ (5.112)

iWaK g\/—‘l)(c(Q) e ?la| b (= = Act — 20) +e |y bT(-Q - Aur)
2 —————
lower outer sideband lower inner sideband

+iVak 22 (@) [e®las]  b(Q = Aup)  +e Py ] B(Q — A — 2)
\/; | — | ——
upper innner sideband upper outer sideband

At < 0 = dout(Q) = 20D g, (Q)+ (5.11b)

iVar j—"_xc(m ela| b (—Q = A — 20) +¢ || b(Q — Acg)
2 N—————
lower outer sideband lower innner sideband

+ivax g\/—O_XC(Q) e la] b (—Q = Aup) +e |y | b(Q = Agg — 20)
2 —_———— —_—
upper inner sideband upper outer sideband

(2) Here 7 = t — t’ appears due to the t — t’ dependence of the cavity response function and
rewriting the integrals using /foo dt’ = /f:o dr'o(t —t').

(3) Generally these “sidebands” may be broadened and moved around frequency space by
dynamical BA, and so it is not guaranteed that the sidebands are narrow and well separated
enough to identify as individual sidebands in the actual spectrum, however the mechanical
dynamics in that limit are no longer oscillator like, and thus beyond our interest.
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We see that for A.g > o the inner sidebands have the same structure as for a single-
tone driven optomechanical cavity driven at frequency w, with mechanical fre-
quency Aeg: the upper sidebands is due to b while the lower sidebands is due to
b'. For Aeg < o the spectrum is radically different, the role of b and b' are inter-
changed, and we instead have a mechanical oscillator with a negative frequency
Aetr. We will see exactly these conclusions hold true once we actually solve the
mechanical EOM.

a €

‘ J\bcr{

2 Nedff 2o Ner

Figure 5.1: Sketch of the heterodyne spectrum from a two-tone optomechanical system, in
the narrow sideband regime.

5.1.3 Eliminating the Intracavity Field

Let us now turn our attention to the mechanical EOM Eq. (4.39b). Following the
approach we used to analyze the mechanical signal in the light, we use the ansatz

Eq. (5.5) and wish to find an EOM for the slowly varying operator b(t):

b(t) = (b(t)e‘lQeﬂt) o, (5.12)
z}(t) = iQeﬁl; + el h(p) (5.13)

It then follows from the mechanical EOM Eq. (4.39b) that the slowly varying opera-

tor b is the solution to:

b(t) = idarb(t) —y (b(6) = B (1)) 45 Do G
+ i% [(ei@la_|ei(Aeff+zf2)t + e—i<P|a+|eiAefft) aAT(t)]

+ ig_o (e—i<p|a_|emefft + ei<1>|a+|ei(/\cff+2!2)t) a),

vz

where we have defined the detuning between the renormalized mechanical reso-
nance frequency Q¢ and the bare mechanical resonance Q,,:

Aeft = Qm — Qer (5.15)



Chapter 5. Engineering an effective oscillator in the narrow-sideband regime

For weak read-out this detuning will simply be minus the optical spring shift in-
duced by the dynamical BAY, via the terms depending on d and d', we will see
this later. If we insert the solution Eq. (5.2) for the intra-cavity field we find that
the Mechanical EOM takes the somewhat lengthy form:

b(t) = —iAgh(t) — v (i(t) - é"'(t)eiz(Aeﬂ+fz)) + i\/—lz_ei(/‘e“f*@)‘ £ (5.16)

2 t - ~
+ g_o dr’ I:e—(i(A—Aeﬁ—Z.Q)+K) (t-t") (|0(_ |2 + |a+||a_|eizd>ei2!2t’)

2 J-w
+e—(i(A—Aeﬂv)+K)(t—t’) (|05— | |a+|e—i2<1>e—ith’ + |0{+|Z)

_e(i(A+Aeﬂr)—K)(t—t’) (la—lz + |0(+||0(_ |e—i2l1>e—i2_(2t')
_e(i(A+Aeﬁ+2Q)*K)(l‘*t,) (|(Z_||(X+|ei2®€i2f)t’ + |OC+|2)] I;(t’)
2 t ~
+ g_o dr’ I:e*(i(A*Aeﬂ‘)‘i'K)(t*t/) (la_||a+|e*i2(pei2/‘eﬂ‘t, + |a+|Zei2(Aeff+Q)t,)
2 J-w
+e—(i(A—Aeﬁ—zf))+1c)(t—t’) (|{X_ |zeiz(Aeg+(~2)t’ + |0{+| |0{_ |eiztbei2(/\eff+2f2)t’)
_e(i(A+Aeg)—K)(t—t’) <|Of— |zeiz(Aeg+f2)t’ + |0(+||0[_ Ie—iz@eiz/\efft’)
_e(i(A+Aur+2Q) —k) (1-1") (|a_||a+|ei2¢ei2(Aeﬂ+ZQ)t' + |a+|zei2(/‘eﬁ+é)t/)] l;T(t/)
+ dnom(t) + &extra(t);

where we have defined the nominal quantum back-action:

t
Gnom (£) = i z;cg—:|a,|e-@ / dt’ e 1A+ Aer) =) (1=1)) g (17 gl et (5.17)

\/‘

t
+ iﬁ%e—i¢|a+| [ dt/e—(i(A—Aeﬂr)Hc)(t—t’)din(t/)eiAeﬂrt’
By nominal, we mean that this is the QBA we should expect for the effective single-
tone driven oscillator, with resonance frequency A, corresponding to the cou-
pling to the inner sideband frequencies. We have also define thed extraneous QBA:

¢ . .
Gextra(t) = i o %ei¢|a+|/ dt/e(i(A+Aeff+ZQ)—K)(t—t )&m(t/)ez(AefﬁzQ)t (5.18)

t - ~
+i\/§&ei¢|a_|/ dtle—(i(A—Aeg—zQ)ﬂc)(t—t’)djn(t/)ei(/}efﬁz.())t"
V2 —o
(5.19)

which extraneous in the sense that it is QBA acting on the effective oscillator the
outer sideband frequencies that we wish to eliminate in engineering the effective
oscillator.

The EOM Eq. (5.16) is not particularly practical for solving, we can extract
some important physical insights: We first and foremost see that there are several
contributions from dynamical BA, namely the second to fourth line. These terms
show the presence of several dynamical BA loops. Firstly there are terms propor-

tional to |a. |zl;(t'). Such terms would also arise in single-tone optomechanics;
they are exactly the usual dynamical BA associated with the individual drive tones.

However there are several terms proportional to || |a¢|ei2i¢l;(t’) ; these terms

(4) Generally the renormalized frequency isn’t simply Qug # Qp + 5!2,(,,? pt), where 5.(2,(,(,) PY g
the optical spring shift, but nothing stops us from defining a detuning A.g, we just have to
be careful how we interpret it.
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are unique to two-tone driving, and in particular they are are due to dynamical BA
from both drive tones combining in a non-trivial way. Moreover, the coupling to

b complicates the problem significantly, as we can not simply solve the EOM for

b must include the Hermitian conjugate equation, the reason being that different

sidebands overlap leading to yet more BA. In general the non-trivial dynamical BA
arises from overlapping sidebands, and coupling to other sidebands. Based on this
we expect simpler dynamics in the limit where all sidebands are well separated. In

addition to the dynamical BA terms which depend on b and b', there are also QBA
terms, we will return to those in the next section.

5.2 OBTAINING A SIMPLE DESCRIPTION

5.2.1 Defining the Limits of Interest

We are now ready to pursue a simpler limit, to better understand the admittedly
complicated EOM which generally arise due to the intricate dynamical BA. As we
previously discussed there are two types of dynamical BA which complicates the
dynamics: dynamical BA which involves combinations of the feedback loops aris-
ing from both the drives and BA arising from the overlap of sidebands. To allow
for a simple description we thus want the sidebands to be well-separated, and we
also want the sidebands to be narrow such that their dynamics only concern a local
range of frequencies. But how do we characterize such a limit? Let us first think
about the problem for resonant driving A = o. In this case the distance between the
sidebands of a given tone, i.e. the separation of the outer and inner sidebands from
one tone, is simply 2Q. However the separation of the two inner sidebands is 2.
We will now introduce a number of assumptions on the parameters that ensures
that the theory derived here is meaningful: the mechanical linewidth must be small
compared to the differences in sidebands resonances. In particular we will assume
that the mechanical oscillator has a high Q factor:

Yy < Q, (highQ) (5-20)

First and for most, we must be in the limit where the dynamical BA indeed only
leads to dynamical broadening and the optical spring effect. As we shall see this
requires that the driving be weak compared to the cavity linewidth, as this ensures
that the renormalization is frequency independent:

I <k (weak read-out) (5.21)

Next we need to ensure that the dynamical BA does not broaden the sidebands
enough nor shift the resonances enough to overlap the sidebands. The magnitude
of the renormalizations is set by the read-out rate, and so we must require that it is
small compared to the sideband separation:

I, < 24,20 (seperated sidebands) (5.22)

The weak read-out and narrow-sideband conditions are in fact related to the
same assumption: We assume that the intra-cavity field equilibrates much faster
than the evolution of the slowly varying mechanical oscillator, i.e. we assume an
adiabatic read-out. By far the largest limitation here is assuming that I, < 24,
which essentially states that the read.out must be slow compared to the effective
oscillator, however it is the assumptions which eventually allows us to completely

eliminate the coupling to b®. For the bare sidebands to be narrow enough that the
cavity can’t resolve their frequency dependence we must have:

k >y (narrow sidebands)
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Together with the weak read-out assumption this generally ensures that the
cavity susceptibility is constant over any given sideband, however the cavity can
still in principle vary with frequency over several sidebands. This is in fact a cru-
cial point: we have not made any assumptions on « compared to the sideband
resonances'®, and thus we are not limited to neither the sideband resolved nor
sidebands unresolved regimes; our theory works in both regimes.

5.2.2  Mechanical EOM in the Narrow Sidebands regime

Let us now turn to the practical consequences of these assumptions in the mechan-
ical EOM Eq. (5.16). First and foremost the large sideband separation allows us to
employ a RWA and neglect mechanical terms oscillation like e+ ¢*14* and
e*i2Aefit a5 all of these are fast compared to e*/«i?, This eliminates not only all dy-

namical BA terms which depends on |a. ||az|, but crucially also the coupling to

b

b(t) ~ — (ifu +7) () + e () f (5.23)

2

_ g;la—lz /t dt/e(i(A+Aeff)_K)(t_t/)g(t,)
2 —c0
t A
+gg|a+|z/ dt/e—(i(A—Aeﬂ)HC)(t—t’)l;(t’)
2 -0

2 2 t . P
_ gola:] / dt,e(i(A+Aeﬁ+zQ)—:<)(t—t’)b(t')+
2 -

[oe]

2 2 t o ;
+ gola-| / dt'e_(i(A‘Aeff_ZQ)+K)(t_t,)g(t/)

2 o

+ anom(t) + dextra(t)

By employing the narrow sideband approximation we can neglect the fre-
quency dependence of the cavity susceptibility near the four sidebands. To see how
this is done consider for example the dynamical BA contribution via the sideband
at A.g as seen in thes second line of Eq. (5.16). By transforming to Fourier space,
evaluating the cavity susceptibility at the sideband resonance, and then transform-
ing back we get:

2 2 t A 2 2 o ~
gola-I* / dt'e("<A+Aeﬂ>-'<><f—">b(t’)=g—°|j‘| / dQe ™y (Q + Aer) b(Q)

2 0o 00

(5-24)

gola= \ (Ab(t (5.25)

2

~
~

For the remaining three sidebands the narrow sideband approximations of the
mechanical terms are:

(5) The sideband resonances appear in many expression as y. is evaluated at them. See e.g.
the definition of the four sideband operators in Eq. (5.16)



Chapter 5. Engineering an effective oscillator in the narrow-sideband regime

gg|a|z ! 1 —(i(A- K —’:/ g(z)|a|z* :1
-2 [ e AR () x -2 (—Ab(H)  (526)

Golarl® [* ) (i(ArAg29) ) (1-2) F
Jol7+ dt’e off b(t') ~ (5-27)
2 —00
2
Bl A+ 2001
__gola_| / dt’e—("(A—Aeff—ZQ)JfK)("")g(t’)z (5.28)
2 -0
Zla—lz * N ’
S (A = 2D)b(E)

We can likewise approximate the the nominal QBA Eq. (5.17) and the extraneous
QBA Eq. (5.18):

/ dt’ e TAHAa) =R (=) g (1) eient’ v (Aggr)dipn (£) e ert (5:29)

/ dt’ e ({(A=Aep)+x) (1= t’)A' (' Yeldert o Xe(=Ae)d; (t’)eme“t (5-30)
t ~ . 3 7

/ dt’ e (1(A+Acg+2Q) k) (-1 )din(tl)el(Aefﬁ'ZQ)t ~ (5.31)

Xe (Aeff + ZQ)aAin(t)ei(AeE*'Zf))t
¢ ) | N
/ dr' e~ (H(A-Aa=20) ) =11 ()i (At (5:32)
Xo(—Aer — zﬁ)d;(t)ei(Aeﬁﬂf))t

So the nominal noise simplifies to:

n . K s n .
dnom (1) =i~y e " e (Ae)din (£)e™ " (5:33)
K . . .
+ =T e Pl (~Aetp)dj, (e,
2

and likewise the extraneous noise can now be written:

K . ~ . =
dextra(t) =i—vI} el©Xc(AeH + 2Q)din(t)el(/‘€ﬂ+zg)t (5~34)
2
K
+i— /F el(P *( Aeff_ ZQ)&‘ (t)el(/\eﬂ""'ZQ)t
2
where we now have introduced a readout rate for each drive-tone, defined by:

4gzlo:|?
K

I = (5-35)

We then have a simple first order differential equation for the slowly oscillating
mechanical operator:

b(t) ~ ~ (i +y +12) b(1) +i—= o DO + dnon(®) + o (0). - (536)
where we have defined the self energy resulting from the dynamical BA

z= % [Xe(Aet) = x& (~Aest = 29) ] (5:37)

Kl ~ .
+ 8_l+ [Xc (Aefr +282) — )(c(_Aeff)]

Before we solve the EOM let us first examine the self energy further.
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5.2.3 The Mechanical Self Energy

The first thing we should note is that the self energy is merely the sum of the self
energy associated with the dynamical BA due to the upper and lower drive tone:

X=X,+2_, (5-38)
kl_ . -
Ty= o [Xe(Aet)) = X2 (—Aeip — 29) ], (5.39)
Kl ~ N
X_= 8_l+ [Xc(Aeff+ 2Q) - Xe (_Aeff)] > (5.40)

as we can see by comparing with the single tone self energy® Eq. (3.104). Conse-
quently the shift in the resonance 5Q,<,? P (optical spring effect) and the dynamical
broadening §y°"is just the sum of the contributions from each drive tone. The
optical spring shift is given by:
SOWP) = Re [ =
m e[X] (5.41)
I_ ~ ~
* = [+ DRl - (4428 - A) klr(-A-20F|  Ga42)
I = ~
+ = |(A+ 20+ A) klxe(A+20)F = (A= A) Kl xe(~A)

While the dynamical broadening is:

5},(0pt) =-Im[X] (5-43)
¥ % [1¥1xe (D = 1] e (=4 = 22)17] (5.44)
+ % [ e (A +2Q) 7 = k2| xe (=A) ]

Here we use the weak read-out assumption to justify that we evaluate the self
energy at the bare resonance Q,,, or more precisely we evaluate it at the bare de-
tuning A = Q,,, — Q.

We can now make the following observations. First and foremost we see that
the magnitude of resonance shift 5(2,(: PYand the dynamical broadening 8y(°PY are
both set by the read-out rates I'., as we expected. Another rather important obser-
vation is that we can have dynamical broadening or anti-broadening depending
on the relative strengths of the sidebands, which depends on the detuning and
the read-out rates. If the bare oscillator has a narrow intrinsic linwidth y, and
the dynamical anti-broadening 8y (°?" is larger than the instrinscic linwidth, i.e.

y < |8y‘°PY] the total linewidth will be negative and thus we have a completely
anti-damped oscillator; at such a negative-linewidth instability our theory breaks
down.

Another interesting observation is the fact that there is dynamical BA even for
A = o, in contrast to the single-tone case:

LTI

50 (opt)
m A=o0 8

| AP = (4+20) k(4 +2DF| (549
_ I_-TI

Sy (op)
Y A=o0 8

[ 1xe (AP = 12| xe (A + 29) 7] (5.46)

(6) The factor 2 difference in the prefactor of the single tone self energy Eq. (3.104) and
the self energy X, from the upper drive tone and the self energy X_ , is simply a matter of
convention. The choice of convention is related whether we define the self energy for the
phonon annihilation operator or the self energy for the phonon quadrature.
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Note that for zero detuning” the susceptibility at the inner sidebands is
strictly larger than the susceptibility at the outer sidebands, i.e. | y.(A)|* > |y.(A+
20)|?, as the resonance® of the cavity susceptibility is at Q = o. Thus we see that
for A = o, we have anti-broadening for Iy > I_, as the upper drive tone causes
net anti-broadening. This does of course not necessarily mean that the system is
unstable, as long as the net linewidth is positive i.e. y(°P" = §y(°PY 4 y > 0. Likewise
we have broadening for It < I_.

5.2.4 Solving the Mehcanical EOM in the Narrow Sideband Regime

We will now proceed to solving the mechanical EOM Eq. (5.36). We start by noting
that the renomalized frequency and linewidth are:

Qet = Qpn + 5P, (5-47)
y(0pt) =y+ 5},(0pt)’ (5.48)

and so by using the definition of Acgfrom Eq. (5.15) we see that:

Actr = =5, (5.49)
and thus the EOM simplifies to:
b(t) ~ —yPb (1) + i%e"“eﬂ@)ff(t) Flnom(t) +ora (D) (5:50)
2

It should be no supprise that there is no oscillation as this was done per construc-
tion by choosing a frame rotating at the oscillation frequency Qg of the renormal-
ized oscillator. By direct integration we obtain the steady state solution:

< t opt) ’ . 3 ’ A
b(t) = / dt/e T (t=t) [i—\/Le“eﬂ*‘))ff(t')+amm(t')+aem(t’) (5.51)
—00 2

5.3 INPUT-OUTPUT RELATION AND SIDEBAND OPERATORS

We now have the solution for the mechanical degree of freedom, and so we now
continue the discussion of the output light from the cavity. By virtue of the regime
we are working in, the four sidebands can be described as separate degrees of free-
dom. We define a set of four input and output operators, two sidebands operators
corresponding to the outermost sidebands, and two corresponding to the inner-
most sidebands:

~(out N i 7
GO (1) = Qo (1) Aert2) (5.52)
) (1) = dinjout (1) ™5 (5.53)

We use ’+’ to label the upper and ’-’ to label the lower sideband. Note that four
the inner sidebands we have chosen notation which is sensible for A.s < o, which

(7) For equal read-out rates but non-zero detunning the dynamical BA remains non-zero,
however there are no particular simplifications of the expressions for the optical spring shift

5(2,(; PY and the dynamical broadening 8y (°PY in this limit, so we will not learn anything
new from writing the expressions for Iy = I = I'. The reason we see now simplification
is that we already eliminated the most complicated behavior arising from different drive
strengths when we neglected the fast oscillating terms, as these where the ones depending
on | ||a=|

(8) Remember that we are in a frame rotating at w,, but for A = o this is the same as being in
a frame rotating a the cavity resonance w,
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is the case we are most interested in®). The sidebands operators are independent
degrees of freedom in the sense that they are separate optical modes and satisfy
the canonical algebra:

m/out n ’ m/out m

[ A(lnner/outer)(t) A(lnner/outer)(t/)] — 5n,m5(t _ l'/)

[ (mner/outer)(t) A(mner/outer)(t/)] =0 nme {+ —}

in,/n/out,n ’ m/out m

Using these sideband operators and the input-output relation Eq. (5.15), we can
explicitly see how the mechanical motion is imprinted in four separate components
of the light"?):

e (1) = 00 gm0 1) TR oy )
D (1) = AR D 1) 4 —X“(; Doofi)  (ssab)

(5.54¢)

out +

5 Kxe(Aep +29) _ip?
A(outer (t) = lzec(Aeﬁq-zg)di(sz:er)(t)+l.\/E XC( eff )e—upb

A(outer)(t) _ 129 (= Aef—29) A(outer)(t) + \/—KXC( Aeff ZQ) eidsb:%(t) (554(:1)

out

We can likewise express the nominal QBA Eq. (5.33) and Eq. (5.34) QBA terms from

the equation for b:

nom (£) = i€ ST 0 (A A (1) (5.55)
+ e S xe AV " (1)

N . ipK * SN

esa () = i€ ~\T_xl (= Ae = 22) 2" (1) (5.56)

K ~
+ ie@; T3 xe (A + 23)a°" (1)

We can now note that the extraneous noise is reminiscent of the non-Hermitian
quadratures Eq. (2.21) we discussed in relation to homodyne measurement in

Eq. (5.34), but with the important distinction that the two sideband operators not
are equally weighted. If we consider the commutator:

[dextra(t), ajxtm(t')] - (5.57)

K ~ A ’
= (Fleer + 2D) = I e e = 2D 8¢ = 1),

we see that is does not vanish, so dextra (t) is indeed not a non-Hermitian quadra-
ture measurable by a Homodyne measurement. For the commutator to vanish, it
turns out that the strength of the outer sidebands must be matched according to:

loes [ e (Aest + 2-(2)| =l || xe(=Aer = Zé)l =0 (5-58)
Gestea (1), 8 ()] = 0 (5:59)

We will put this knowledge to use once we start discussing noise removal in the
next section.

(inner)

1n/0ut+(t) = am/out(t)eillAefflt however this becomes

(9) We could define the operators as d
cumbersome to work with in practice.

(10) Yes this could be writtenmore compactly as e.g. @ glinner) t) = ¢120c (FAerr) cislnzer)(t) +

out,+

iV we@beff( t) , but we write the expression explicitely to stress that there are
four distinc sidebands.
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5.4 EXTRANEOUS NOISE SUPPRESSION AND READ-OUT

Let us now consider actually measuring the light from the cavity. We wish to sep-
arate the light form the inner and the outer sidebands, so that we can measure the
light from the outer sidebands. In particular we wish to use the measurement of
the outer sideband light to track the extraneous QBA so that we can eliminate or at
least suppress it, via feedback on the mechanical oscillator, while the light from the
inner sidebands will be used to either probe the effective mechanical oscillator or
as input to other systems (see Fig. 5.2). We can filter the high frequency outer side-
band light from the lower frequency inner sideband light by using a filter cavity.
For simplicity we will assume that the cavity susceptibility is simply a box function
in Fourier space, so the frequencies are perfectly filtered by the cavity.

| V&K, &5
o £ Lo
E/z;\
—_—
w_ a
/‘7 s ~AP
{ee -

back fﬁ /

Figure 5.2: Sketch of the extraneous noise suppression scheme. First the candidate negative
mass oscillator, in this case depicted as a membrane-in-the-middle system, is driven by two
tones at frequency w.. The optomechanical interaction then generates four sidebands (the
four arrow exiting the cavity) Using a filter cavity with linewidth [|Q|] <« xf <« Q, we
separate out the outer sidebands. We then measure the outer sidebands by homodyning
them, and use this to construct a classical feedback force to suppress the extraneous noise
corresponding to the outer sideband. The inner sidebands now contain the signal of an
effective negative mass oscillator and can either be measured or used for e.g. a cascaded
experiment.

5.4.1 Non-Hermitian Quadratures for Homodyne Detection

We will consider the use of Homodyne detection for both the inner and outer side-
bands. This is primarily motivated by the practical consideration that Homodyne
detection is a standard tool in most quantum optics labs. As we use two homodyne
detections we have two new phases at our disposal. We will now use these extra
phase degrees of freedom and redefine the phases of most quantities, such that
they are simpler. By simpler we in particular have in mind the many instances
where the complex phase of . appears and where we would like to eliminate the
cavity phase. We do so to allow us to identify whether or note the extraneous noise
may be measured using a homodyne detection.

The expressions are much easier to understand if we can factor out the cavity
susceptibility phases. We detail how this is done in Appendix E where we also
define what all the primed and double primed operators are, but the end result is
that the mechanical operator now reads

(9]

. t L
bl(t) :/ dt/e_y(OPt)(t—t’) [ie—i[ec(Aeﬂ)—Qc(—Aeﬂ)]/2\/_}ei(Aeff+Q)t’f(t/) (560)

+d;10m ( t,) + déxtra ( t, )]

where the change in phase reference simplifies the nominal QBA Eq. (5.55)so that it
now contains no phase factors:
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o (t) = 1= (VIZ oA, - () + VI L (Al (D) (560)

This simplification happens at the price of introducing additional phase factors in
the extraneous noise Eq. (5.56) which now reads:

@) = l 2P o= il0c(Aet) =0 (= Aet) 1/2 i O (Aer+20) =0c (~ Ae=22) ] /2 (5.62)

(m e (et + 29155, (0 + VT 1 (e = 2D) 151 (1)

note that we have used different phase references for the input noise in the extra-
neous noise and nominal noise operators. We do so to simplify the expressions as
much as possible. The choice to do so is justified by the fact that we use a different
local oscillator for the detection of the inner and outer sidebands. By homodyning
the two inner sidebands with an LO with phase 9L0>
corresponding to the non-Hermitian quadrature (see Eq. (E.25) for the input-output
relation leading to this)

we can measure observables

Glimnen _ Leiwcmeﬁ)—ec(—Aeﬁ)]( 003 e (1) 4 of Loa“““”)’T(t)) (5.63)

00 N
_ ! [
Nz
i (e_m{g\/fkl)(c(—/leff)l _eieig\/ITKIXc(Aeff)l)l;ﬁr(t)]

2 2

( 719() A(mner)/(t) + elGLO A(lnner)/T(t)) (5.64)

And likewise by homodyning the outer sidebands with an LO with phase Gég) we
can measure observables corresponding to the non-Hermitian quadrature:

(outer) _ 1 _i[QC(Aeﬂr-;-z_(N))_QC(_Aeﬂ_zf))] _19 (0) A(outer)n An(outer )T
Q o =—=e (t)+e LOa (1)
0o pe 12
(5.65)
1

,»9(0) N -9(0) oyt (A 3

= o ([e *1lo ai’r/1(t)+el LOa;rll (t)] el( F+2Q)t

pitls) [ KA + 2D gl K|XC(_AeH_ZQ)|]
+ -

2 2

+i

o 10 (Aur+23) =00 (= A =22)1/2 =21 il 0 (Ao)~0c (= Aet) 12 B’(t))

Importantly the output light from the outer quadratures generally also contain
a signal from the oscillator, so when we measure this light we will not only detect
the input light responsible for the extraneous QBA, which we wish to use for noise
cancellation, but also some mechanical contribution.

5.4.2 Feedback with Outer Sideband Matching

We will now consider a particularly simple scheme where the all extraneous quan-
tum noise can be measured using homodyne detection and eliminated completely.
It however relies on fixing the value of the drive power of both drive tones accord-
ing to a certain matching condition. Later we will generalize to arbitrary drive
powers ,i.e. without the matching condition.

Consider the extraneous noise as given in Eq. (5.62). Due to the unequal
weighting of the upper and lower sideband operators, this is generally not mea-
surable by a homodyne detection, unless the strength of the outer sidebands are
matched, as we noted in Eq. (5.58). Let us now pursue the idea of adjusting the
drive power such that the sidebands become matched according to the relation:
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Lte(Aett +2Q)
TRy
Lxe (=Aet = 2Q)I?

(5-66)

The extraneous noise then simplifies to a Homodyne non-Hermitian quadrature:

& (1) = i 110 (Aet) =0 (= Ae) ) /2,160 (Aeirt2D) =0 (— A =22)) 2
2

N7 A1y
L far () +a) (1)
X AL | xe(Aegr +209)| | ——————

2

By setting the LO phase to Gég) =0 in Eq. (5.65) we indeed measure a signal corre-
sponding the desired non-Hermitian quadrature. Incidentally, for 9&’)) = o0 and with
outer sideband matching, the measured signal Eq. (5.65) contains no information
about the mechanical oscillator. We now use this measured signal to construct a
feedback force which will completely suppress the extraneous noise:

ey (1) = —i— g1 = 10c(Ae) ~0c(=Ae) 12l 0c (A +22) ~0c (= Aex—22) 12 (5.67)

X VI e (et +22) 1080 (1)

(0) _
Lo —©°

= _déxtra(t) (5'68)

The scheme for engineering the effective oscillator proceeds as follows. We
separate the inner and outer sidebands signals using a filter cavity, and continu-
ously measure the outer sideband light. Using the measurement results we then
perform continuous feedback on the mechanical system by applying an appropri-
ate classical force fg, (). The feedback operator Eq. (5.67) tells us how the classical
feedback force can be determined from stochastic measurement current obtained
fro the homodyne detection. Including the feedback, the equation of motion, so the
solution to the oscillator reads:

t
B (1) = / d'e V1)

(o]

i 10 (Ae)=0c (= Aet) /210 i (Aea+ Q)1 (47 (5.69)
2

Ao (1) + Al (1) + app (1) =
t ~
/ dt'e_Y<0pt)(t—t’) |:l’Le_ilec(Aeff)_ac(_Aeff)J/Zeilpei(/\efr+9)[/f(tl) " d;om(t,) ’
—0o0 2
(5.70)

We now consider the information contained in the inner sidebands of the output
light. For easy comparison with the single-tone case, we consider the two-photon
homodyne quadratures that one would measure by invoking an LO with w0 = w,.
Due to our clever choice of phases, we easily see that setting the LO phase to 9{3 =
Z in the non-Hermitian measurement quadrature Eq. (5.65), will give the maximum
readout of the mechanical oscillator, in particular we find:

A(inner)/ A(inner)’
A (inner) _ (ain,+ (t) - ain,— (t)) (5 71)

T Vzi

OLo=%

K (A +20 Y

+I — (M—?'U(c(/‘effﬂ +xe(=Ae)| | b T(t)
2 \[xe(=Aegr — 2Q)|

If we define an effective read-out rate:
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K IXC(Aeff"' Zé)l z
Ieg = — (—~|Xc(AeH)| + [ Ye(=Aett) | (5.72)
| Xe (= Aer — 20)|
The non-Hermitian quadrature measured by Homodyning the inner sidebands is
simply:
A(mner)/ (t) A(mner)/]L (t)
Qpyz = ( =t Cin. )+ Lo b7 (1) (5.73)

V2

Going back to the input-output relation Eq. (5.7), we could define a new mechani-
cal operator:

bl(t) = et (1) (5.74)

If we write this mechanical oscillator explicitly, we now see that the effective me-
chanical oscillator which is read-out when Homodyning the inner sidebands, oscil-
lates at frequency Aeg:

a0 = [ 00t = 1) [fnlt) + By 0], (575)

Let us go trough the newly defined operators and function. Using the outer side-
band matching condition Eq. (5.65), the nominal QBA Eq. (5.61) can be written:

c Ae Q A Al
&t =L (Hmmeﬁ)mmm + |xc(—Aeﬂ)|ai,i<t)) (5.76)
c\ T eff —

=Vl (anoma (t)+ﬂnomam(t)) (5.77)

where we have defined two coefficient which determine the form of the nominal
QBA:

_ |XC(Aeff)|
Gnom = | (A )| + \Xc(—Aeﬂf—ZQ)” (—A )l (5.78)
Xl LI F ) ChegraGy)| AL ell
| Xc(—Ae)|
Poom ===~ . (5.79)
=T | e (Ae) | + | xe (= Aef) |

[Xe (= Aer—2Q) ]

We notice that the effective nominal QBA isn’t a balanced homodyne (two-photon)
quadrature. The effective thermal noise is given by:

féff(t ) _ \/_ i[0c (Aest) —Oc (—Aett) ] /2 z(Qt +q§)f(t ) (5.80)

Notably, the effective oscillator couples only to certain frequency components
of the thermal noise, and with a certain phase. If any other forces act on the me-
chanical oscillator, such as a classical force, these would enter into the equation
of motion in the same way. Thus if one wishes to use the effective oscillator as a
sensing probe, it needs to be taken into consideration that the force is folded in
frequency space around frequency Q.

We have defined the mechanical response function for the phonon operator as:

yo(t = 1) = ie~ (et ™) (=) g _ ) (5.81)

The susceptibility for the phonon operator in Fourier space is:

_ ® iQr _ 1
0@ = [ dpme = (5.82)
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The susceptibility yms(£2) for the mechanical oscillator, i.e. the susceptibility for
the Hermitian quadratures:

[/ Na
bl () + b (-Q)

Xer(Q) = " , (5.83a)
X b (Q) - b (-0
Pegr(t) = ar(2) ~ ben(20) (5.83b)

V2

which can be defined from the mechanical operator Eq. (5.61), is the Hermitian part
of the annihilation operator susceptibility*"):

Q *(=Q
smen(@) = D THED (5.84)
Aeff

At Yiopy ~ $2* = 21Q¥(0py)

(5-85)

We note that the resonance is not only modified by the optical spring effect but
also by the linewidth so the resonance is:

Qpes = A [Aéff + Y(Zopt) > (5-86)

this is a direct consequence of having damping in both the position and momen-
tum due to the RWA we made earlier. For A.g < Quf, 2, we see that the resonance
frequency has been down-converted, potentially by several orders of magnitude!

In contrast to the resonance frequency, the evolution frequency is:

Qevo = Aeﬁ,

From the definition Eq. (5.6) of Ag , we see that we can control the sign of the
evolution frequency by adjusting the relative drive frequency Q. This in turn now
allow us to control the sign of the effective mechanical susceptibility or equiva-
lently the effective mass, and thus paves the way for coherent QBA cancellation.
As for the dynamical BA, the renormalized quantities are:

Acr = A+ 5QSPY

Y(Opt) =y+ 5},(0pt)
When the outer sidebands are balanced, the dynamical broadening and anti-broadening
Eq. (5.43) from each of them cancel, leaving only the inner sideband contributions:
L[ Lxe(A+20)P
8 \xe(=A—2Q)2

Note that for general detuning, balancing the outer sidebands necessarily means

5Y(Opt) = |Xc(Aeff)|2 - |Xc(_Aeff)|2 >

that the inner sidebands are unbalanced, as we can see by the prefactor on the
upper sidebands term. The optical spring effect Eq. (5.41) oddly enough retains a
contribution from the outer sidebands:

(A +20)P?

|y (A 2
e =2y X!

r
SQWPY = 5 |(A+ 2K

T -
+ Af:clxc(A +2Q)*  (5.87)

A ” T
(11) i.e the quadrature solution can be written. (Xeﬂ‘(Q) Peﬂ‘(Q)) = Xmet(Q) [---]
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5.4.3 Feedback For Arbitrary Read-Out Rates

Let us now examine to what extent it is possible to remove the extraneous noise,
if we want to keep I's unconstrained. In this case we want to identify which of
the quadratures contributes the most to the extraneous noise and eliminate that
particular quadrature, at the price of keeping the smallest component of the extra-
neous noise. To that end we write the extraneous noise in terms of the canonical
Hermitian quadratures:

’
extra

a (t/ = déxtra,q(tl) + déxtra,y(t,) = (5-88)

i K 021 o =i[0c(Aet) ~0c (= Aetr) 1/2 il 6 (Aer+22) ~0c (~Aei—22) | /25 (5.89)
2

| (V¥ Lo (et + 2201+ VI e (=Aes = 22)1) g5 (1)

+1 (VI e+ 29)] = VT= xe(=Aa = 20)1) 345 (1) | v

Once again, the phase choices we made earlier makes it clear that the predomi-
nant contribution to the extraneous noise is the amplitude quadrature §;/ (¢). Using
an LO with phase 9&)) = o0, we can measure a signal from the outer sidebands
corresponding to non-Hermitian quadrature:

Jpren = G (p)el a1 (5.90)
+ e~ 10 (Acq+202) ~0c(~Acq=29)1/2 ;=21 1[0 (Ae) ~0c (~Aci) 1 /2
xis |V e Ae + 2) = VI oA = 29| 5'(1)
We now define a feedback operator:
ag (t) = _iezi‘Pe—i[@c(Aeff)—t‘)c(—Aeff)]/Zei[Gc(Aeﬁ+zf2)—9c(—/\eff—2f2)]/2 (5.91)
x5 (B bteCer + 20) |+ VI xe(-Aar = 29)1) O =
K 21 = il0c(Ae) ~0c(~ Act) /2 i1 0 (Acr+22) ~Oc (- Aeq—2) 2 (5.92)

2
X (VI Lo (et + 2@+ VT e(=Aai = 20)1) gy (e 2Dt

2

k2T, ~ K
+ [ +|Xc(Aeff+ZQ)|2_ 3

- = (A - zfzw} 40

This feedback force will first and foremost completely suppress the extraneous
amplitude noise dgy,, ,(¢'), but secondly it will also renormalize the mechanical
oscillator due to the oscillator signal contained in the force, leading to a self energy
correction:

S = i

k2T - [ -

T+|Xc(AePf +20)[* - Tl){c(‘AefE - 2Q)Iz] (5-93)
So we can write the feedback force as:

Ay (£) = =g (1)) + T’ (2)

If we now consider the equation of motion for the mechanical operator when we
include this feedback force we have:

(1) = = (P 4 i3, ) DL (1) + (1) + B ()4 (594)

i—— i i10: (Aet) O (= Aei) )2 i (At Q)1 (1)
2
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The renormalization due to the feedback causes additional broadening, which is
exactly the same as the dynamical broadening from the outer sidebands:

2

KT ~ o, K
Sy = = e (e + 20)1° -

— 5},(0Pt)

xe(—Aet = 2D

So to reiterate, the feedback doubles the dynamical broadening induced by the
dynamical BA. Unlike for the matched outer sidebands scheme, we also have the
residual extraneous noise from the phase quadrature:

(t) — _eZiq)e_ilgc(Aeff)_ec(_Aeff)J/zeilec(/‘efﬁ'ZQ)_ec(_Aeff_z-é)J/Z (595)

Al
aextra, y

K ~ A N i 20
x = [latel Lye(Aetr + 22)] = o= Lxe(=Ae = 2D)1] 355D 429" (5.96)

To understand the ramifications of this remaining noise we examine its power
spectral density. To determine this we find the symmetrized correlation function:

Wiray (D, () + Al (), ()
SJ(/e;(tra)(s(t _ tl) — < tra,y extra,y - extra,y tra,y (5.97)
The phases cancel and we are left with:
Sy (- 1) = (5.98)
~ = 2 Ain t Ain t’ Ain t Ain t
[£ (Vb + 201 = VI (=g - 2| {22200 2 3nlE0 0]
2o(t=t")
extra K? A A 2
= 85" = = (VI e (e +29)] = VI (= = 29 (599)

The residual extraneous noise is uncorrelated with all other noise sources, i.e. the
thermal noise and the shot noise and the nominal QBA. this allows us to absorb
the residual extraneous noise into the thermal noise as an effective heating. The
thermal force term:

f/(t) = iLei¢e_i[9C(AEﬂr)_ec(_Aeﬁ)]/zei(Aeﬁ+Q)[f(t),
2

has the correlation function:

1
Srr = (‘m + —) .
rf =2y (7 2 (5.100)
We can then define an effective thermal spectral function:
ff _ 1
S](:}) =2y (neff+ ;) (5.101)

where the effective phonon occupation number is:

S(extra)
Neff = fig + yzyy , (5.102)

Besides this effective heating of the mechanical oscillator and the doubling of the
linewidth we can use the same approach as in the previous section to obtain a
mechanical oscillator where we can control the sign of the susceptibility.
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CHAPTER

CoNCLUSION & WHAT’s NEXT

“ “There is a theory which states that if ever anyone discovers exactly
what the Universe is for and why it is here, it will instantly disappear and
be replaced by something even more bizarre and inexplicable.

There is another theory which states that this has already hap-
pened”

THE NARRATOR

- The Restaurant at the End of the Universe, Douglas Adams

6.1 CONCLUSION

In this thesis we have investigated the dynamics of a two-tone driven optome-
chanical system with the aim of engineering an effective oscillator with negative
effective frequency — a key ingredient in quantum backaction evasion schemes..
In the limit where the four sidebands generated by the two drive tones are suffi-
ciently narrow compared to the cavity susceptibility and sufficiently well-separated
compared to their widths we found a simple theory describing the mechanics,
intra-cavity field and the output light. Importantly this theory accounts for the
dynamical back-action arising due to detuning between the relative frequency of
the two drive tones and the cavity resonance frequency. We have showed that by
adjusting the power of the two drive tones, such that the strength of the outer side-
bands is equal, the extraneous noise generated by these sidebands can be measured
with homodyne detection and thus be completely suppressed using continuous
feedback or subtraction of the measured signal in post-processing. We also went
beyond this matching condition and showed that for general amplitudes of the two
drives, the extraneous noise on the mechanical oscillator from the outer sidebands
cannot be measured fully with a homodyne detection. This more complex noise
structure is partially due to the aforementioned detuning but also due to different
drive powers, and is a new effect not described in the original work by Zeuthen
et. al. However we also showed that by measuring the dominant noise quadrature,
the residual extraneous noise simply amounts to an effective thermal heating of
the mechanical oscillator. In both the matched and unmatched schemes we have
shown that the mechanical signal imprinted on the inner sidebands can be used
as an effective mechanical oscillator with a tunable resonance frequency and mass
sign, where the effective resonance is down-converted compared to the original
mechanical frequency. Hence, the scheme of Zeuthen et al. has been successfully
extended to the experimentally relevant scenario of an optomechanical system
with finite sideband resolution and detuning.
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6.2 FUTURE PERSPECTIVES

Our investigation in this thesis provides an excellent starting point for further anal-
ysis in several directions. Within our simple theory we have yet to estimate the
performance of concrete protocols e.g. generating entanglement of two mechanical
oscillators with disparate energy spectra, or quantum enhanced sensing of a classi-
cal force [9]. A number of corrections to the simple theory presented here should
be investigated. For instance, we assumed that the measurement and feedback for
the extraneous noise removal scheme were perfect, in the sense that we assumed
no optical losses and didn’t account for the spectral response of the filtering cavity
except to leading order. Moreover, it is of interest to include the coupling between
b' and b and examine how this affects the effective oscillator scheme. For example
it would be useful to gain a better understanding of the general structure of the ex-
traneous noise, and in particular investigate whether it can be measured, perhaps
by utilizing synodyne measurements instead of homodyne.
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APPENDIX

CONVENTIONS

In this appendix we provide an overview of the convention used e.g. for Fourier
transforms in this thesis.

A.1 FOURIER TRANSFORM CONVENTION

For fourier transforms we use the convention:

£ = / 4Qf(Q)e (A1)
@=L / dif (e (A2)

A.2 CONVENTION FOR HERMITIAN CONJUGATE IN FOURIER SPACE

By considering the Hermitian conjugate of an annihilation operator in the time
domain:

(o] T [ee)
(a(t)’ =[ / an(Q)e-"Qf] = / dQ (a(Q))" e (A.3)
—00 —00 ——
ar(Q)
/ dQ (a(Q))" ™ = (Ag)
—00 S——
at(Q)
/ dQ (a(-Q))" e, (A.5)
—00 N————
at(-Q)

we define the relation between the time domain and Fourier space Hermitian con-
jugate as:

a'(t) = F5" [a'(-Q)] (A.6)

which is follows from our requirement that:

a'(Q) = (a(Q)’ (A7)

For the quadratures this mean we have the relations
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~ At A AT(_
i = T < o) - LD (a8)
Lo _aw-at) o o a(Q) -a'(-9Q)
y() = Ny B y(Q) = oY (A.9)
With the inverse relation given by:
i) - qm))\/}w(fz)’ @) - AR50 Ao

For the quadratures which are Hermitian in the time domain, we see that taking
the Hermitian conjugate in Fourier space gives:

§'(Q) = (4(Q) = (A.11)
N ~ T

[am)}z*(—ﬂ)} _ (Ar2)
5t A(—
a (Q)J;a( Q) (A13)

So we find:

@) =§(-Q) & (A.14)

4(Q) =4 (-Q) (A.15)

In general for any Hermitian operator:

« i . il
0 =0'1 = (00) & (A16)
0(@)=0'(-2) = (0-2)' (A7)

Where we note that in Fourier space the Hermitian conjugate operator QAT is not
the same as the Hermitian conjugate of the operator Q:

Q') =0(1) = (A.18)
Q'(Q) # 0() (A.19)
A.3 RoTATIONS

We define a rotation as (i.e. anti-clockwise rotations) by the matrix:

R, = cos(8) —sin(6)
9~ |sin(0)  cos(0)
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APPENDIX

TRANSFER MATRIX FOR A CAVITY

B.1 QUADRATURE TRANSFER MATRIX FOR A DRIVEN CAVITY

where x is the HWHM of the cavity susceptibility. Even though the solution is
simple for the annihilation operator, we want to solve the problem for the quadra-
ture operators ¢ and y. Our goal will be to find a transfer matrix T which maps the
T T
input light vector (rjin(_Q) j/in(Q)) to the output light (qout(Q) j/out(Q)) :

Cjout(Q) _ qm(.Q)
(?out(!z))) =T (ym(Q))) (B.1)

First we consider the equation of motion for the intra-cavity field, which can be
write neatly as:

— [G(2)) _ [ gin(Q)

E (ﬂQ))’(ym(Q))): (B-2)
Q(Q) — Qm(Q)

(37(9)) = VaT, (ym(g))) (B.3)

Where we have defined the inverse of the cavity transfer matrix:

o | (k=iQ) A
o=l a4 - iQ)] < .
_1 [ X+ xi(=Q) i (re(Q) - XZ(—Q))] (Bs)
P2 H(e(Q - 1 (-Q) () +x(-Q) '

We can bring the cavity transfermatrix on a more illuminating form by writing
the cavity susceptibility y. on polar form according to Eq. (3.88) and defining:

_0(2) £0(-9)

2

P

If we factor out the relative phase ¢_ and and rewrite the complex exponentials in
terms of sines and cosines we have

(B.6)

1 i .
To = 2e# DRy o) [1 - iR £] (@) (B.7)
1 .
2 DRy (o) [14iR 2 | 1x(-2)] (B.5)
where the R-matrices are two-dimensional rotation matrices defined by:
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_ |cos(8) —sin(6)
Ro = [sin(ﬁ) cos(6)

We note that since rotations in 2D commute:

[Re, Ry] =o,

the transfer matrix is rotationally invariant. By changing the order of the rotations
we find:

8@)-sc-a @Dl (@)=l (-2

To=e = Roowco | @)1 Le@lf )l (B.9)
2 2

This form of the cavity transfer matrix will be useful for discussing how the me-
chanical motion is imprinted on different quadratures, and will later allow us to
define a more mathematically convenient set of light variables.

B.2 TRANSFER MATRIX FORM OF INPUT-OUTPUT RELATION

The input-output relation for the cavity is:

QOut(Q) ) (Qm(Q) ) ( Q(Q) )
R =—1. + V2K | . B.10
(i) =~ (i)~ (ay (510
Using the solution Eq. (B.3)for the intracavity field we can write the input-output
relation:
c?out([)) ) (Qm(Q) )
. =[-1+2«T,] | . B.
[ty ) = e aeml {265 (B:1)

So the transfer matrix T, in the absence of a mechanical DOF is given by:

T=2kT,-1 (B.12)

We can in fact rewrite this purely in terms of a phase and a rotation by making the
following observation: The modulus of the cavity susceptibility can be rewritten in
terms of the argument:

()] = — cos(8(2)) (B.13)

We can then rewrite the matrix containing | y.(££2)| in the expression for T, in
Eq. (B.9) as

[Xe () [+] xe (=) il)(c(Q)l—l)(c(—Q)l 1 $.(2) 6 (D) T
— 1P —=1QP_
_jbe@Eeo)l  re@bfecol | T 50 [e Rg.(a) +e Rj.(0)
2 2
(B.14)
Which reduces the transfermatrix to:
T= eiz¢_ (Q)RZ¢+(Q) (B.15)

We thus see that the cavity simply rotates the input quadratures by 2¢, and change
the global phase by 2¢_.



Appendix C. Formal integration of the classical intra-cavity field EOM for two-tone driving

APPENDIX

FORMAL INTEGRATION OF THE
CLASSICAL INTRA-CAVITY FIELD
EOM FOR TWO-TONE DRIVING

The EOM in question is

a(t) = — (IA(1) — k) a(t) + Vax 2ai cos(Qt) (C.1)
S ’
First we note that by multiplying with the integration factor " Jip 48 GAED) o
can rewrite the EOM using the product rule for differentiation:

a(t) — (IA(t) — ) a(t) = Vak 2ai, cos(Qt) = (C.2)
&(t)ex—i/t: A GA) _ (A(¢) = K) ()_[(t)erc—ift: ' (GA(")) (C.3)

= V2K 2ai, cos(f)t)e’“‘ift: dt’ (iA(t'))
Which gives us the EOM:

d A . b T A (A
= [&(t)e"t if, dt (m(r))] = 2K 20, cos(Qt)e’“ i f, dt' (iA(t')) (C.)

We can now directly integrate the expression, but it pays to by careful:

bo.d xt'—i [1 A (A7)
/(ME7&WR to = (C5)
to t
t ) z/ 1" "
/ dr’ [sz 20 cos(Qt") e —if, 427 (A( ))] -
to
() o AN g (1,)0 = (o)

d ~ , ot o, ”

V2K ZOCm/ dt’ [cos(Qt’)e’“ =i [, dt” (At ))} N
to

a(t) = (y(to)efx(tfto)ﬂf,i dr'(A())

t ~ ’ 3 t 2" " s t, ’” ’”
Vak zain/ dt’ [cos(Qt')e_K('_t )+ i de7 GA(E")) =i [ de” (AE")) (C.7)

to

We can rewrite the exponential in the drive term using:
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d 17 17 _ d 144 144 — d 144 144 ° d 144 144 —
L v (AG) / 7 (AG") / e ))+/t, ' (A))

So the solution reduces to:

a(t) = ato)e T AAE)

t t " 7
2K zain/ dt’ [cos(f)t')e_"(t_tl)”/t’ de” (At ))]
to
Which in steady state, i.e. for t, — —oo becomes:

t ~ ’ ) t ’” ’”
a(t) = \/ﬁzain‘/ dt’ [cos(Qt')e_K(t_t )+ Jpr A7 (A ))]
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APPENDIX

REWRITING THE INTERFERENCE
TERM IN THE INPUT-OUTPUT

RELATION
The interference term can be rewritten as follows:
2K
_Q — - —-—-—— = .

2K ) (2) —1 [(Q+0)—x 1 (D.1)
ei(252) o
_— .2

1-i(24)

Recall that the cavity susceptibility and its phase are given by:

1 K+i(Q+A)

Xe(8) = K—i(Q+A) K2+ (Q+A)?

0.(2) = Arg [ x.(Q)] = arctan (Q : A)

If we now define a complex number:

Q+A
z:1+i( hl )=> (D.3)
K
Arg [z] = Arg [xc(2)], (D.g)
we can use the simpel relation:
L (Q+A
1+l( K ) — z = g?iArg[z] (D.5)

1-i(58) 7
So we find that the interference term just leads to a frequency dependent phase-lag

26k (Q) — 1 = €20:(2) (D.6)

Page 59 of 65



Appendix E. Phase gymnastics for the Nominal and Extraneous QBA

APPENDIX

PHASE GYMNASTICS FOR THE
NomMmiNAL AND EXTRANEOUS QBA

In this appendix we seek to rewrite the nominal and extraneous QBA in a simplet
form by redefining our phase references in a clever maner. Let us start by rewriting
the input-output relations for the side-band operators by factoring out the mean
phase of the caivty susceptibility

¢ T10:(Aar)+06 (=) /20D (1) il0: (Aer) =00~ Aer) /2 (E.1)
out,— °

[ ) A i >
x | gt0e (Aer) di(;nfer)(t) +iyT- Me"pb(t)
N 2

e_i[ec(Aeﬂ')+9c(—Aeff)]/2 A(inner)(t) ~ 110 (M) ~0c (~Ae) 1/2 (E.2)
X 10( Aeff) A(lnner)(t) +i [ |XC( Aeﬂ)l _I(I)bT(t)]

e*i[G (Aefi+22)+0c (— Aer—22)] /2 Agcilliter)(t) ~ ¢l ([0 (Aei+29) = 0o (= Agg—29)1/2 (E3)
X Eei€°(A°ff+2Q)d(°uter)(t) + i\/IT—KD(C(A63ﬁr +29)| e_iqbb:]

e—i[@ (Ae+22) 40 (— Aeg—22) 1 /2 A(outer)(t) ~ e-ilb (Aeii+29) = 0c (— Aei—29) /2 (E.0)

x eff’c(-Aeﬂ-Z@agz“f”)(t) N b L ZQ”e@éT(t)]
B 2

Let us try to do the same rewriting to the remaining phase factors in front of the
input operators:
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10 () +06 (=) /20D () il06 (Aer) ~6(~Ae) /2 (E.5)
out,— .

i[ 0 (Actt) ~0c (~Aeit) 1/2 [ Lil0c (Aett)+0c (~Acgr) 1/2 p(inmer) . K| xe(Ae)| 2
x |e ff ff 2(e’ )+ mza T (t))+1\/1“_ fe’ b(t)|,

10 (Aar)+06 (=) 1 /200D () =110 (Aar)0c(~Aci) /2 (E.6)
out, °

X

o il0c (Ae) ~0c (= Acs) /2 (eiwc(Aeemec(—Am)J/zdi(;nfer)(t)) iy \/ITKIXC(_AeHN e_@gf(t)] ,

—1[9 (Aefi+22)+0c (= Ae— ZQ)]/onuter)(t) ~ el i[0c (Acgr+292) =0 (- Aeg—22) ] /2 (E7)

out

% [ei[ec(Aeﬁ+zs'2>—9c<—Aeﬂ—zs§>1/ (ezwc(Aeff+zm+9c(—Aeﬁ—zrzn/zdgomer)(t))
n,+

Ae +29)| _ip?
+iT, M("Pb] (E.8)
2
e_ilec(Ae(:f+ZQ)+9c(_Aeﬁ_ZQ)J/ng?llifir)(t) ~ e_ilec(Aeﬁ""ZQ)_GC(_Aeﬁ_ZQ)J/2 (E9)
% [e—i[QC(Aeff+2_(~2)—00(—Aeg—2f2)]/2 (eiwc(Amzf))Jrec(—Aeﬁ—zfz)J/zd(outer)(t)) (E.10)
in,—
~Aet = 2Q)| 102
iy K2 (FAdr = 2 )lel‘f’b*(t)] (E.11)
2
Let us define a set of phase shifted output operators
Agﬂtnif) (t) = e~ {10 (Aem) +0c(~Aer) 1 /2 A(lnner)(t) (E.12)
s (1) = A0 AR 1 €13)
and input operators:
A(lnner) i[0c (Aeg) +0c (= Aegt) 1/ a mner)
4y, (D)= R ) 2 (1) (E.14)
dfgujer) (t) = el[9 (Aefp+292)+0c (— Aefi— zQ)]/z A(outer)(t) (E.15)
So the input-output relation reads:
a0 (1) x gfl0(Aan)=0c(~Aa) 2 (E.16)
i[O (Aet) —0c (~Acr) ] /2 s(inmer)’ kX (Ae) | g2
[el ft ft 2ain,_ (t) +iI- fe’ b(t)
Aggtnir) (1) ~ e 10 (Ae) =0c (= Aer) /25 (E.17)
[ 110 (Aer) =00 (= o)) /2 glimmen)’ 1) \/—lec( Aeti)| _lqsbf(t)]
dgﬁlli:r)”(t) ~ ei[9c(/\eff+2§~2)*9c(*/‘eff*29)]/2 (E.18)
il 0c (Acr+22) ~0c (~Ag—22) | /2 A(outer) 1) + \/—K|Xc(/3eff+ 20)| ,qsg]
Afﬁﬁte_r) (1) ~ el (Aefi+20Q) =0 (- Aer—22) 1 /2 (E.19)
—i[0c (Ae+29) =0 (= Agr—29 (outer)” . K|Xc(_Aeff_ 2Q)| it
X |7 10 (Aer+262) =0 (~Acy—2 )]/zainﬁ (1) +iVI- ) eb'(t)

(E.20)

We now try to factor out the phase factor in front of the input noise terms:
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e_i[QC(Aeﬁ)_GC(_AEE)]/ZdSEESr)/(t) ~ ei[ec(Aeﬁ)_ec(_Aeff)]/z (E.Zl)
[ / A . . 2

x | atmmed (1) 4 i\/F'C'X”(Z eft)| e@e—z[ecmeff)—&(—Aeﬁ)]/zb(t)}

oi10c(Aer) =0c (= Aer) /2 A(inner),(t) ~ g~ H0c(Aer) =0c(—Aerr) ] /2 (E.22)

x A(mner) (t)+ \/— |XC( Aeff)l —1<I> z@(Aeg) 0.(— Aeg)]/sz(t)
2

m+

—'HAeQBAeQA(t) o i[O (Aegi+22) =0 (— Aeg—22
i[0c (Aefr+292) —0c (= Aer—292) ] /2 f;uer (t) ~ e (Aefit22) =0 (—Aei—282) ] /2 (E.23)

1n+

% [ A(outer) (t) \/—Kl)(c(Aeff + ZQ)l e—i@g—ilgc(Aeﬁ+2f2)—ec(—Aeﬂ'—ZQ)J/Zg]
2

l[GC(Aﬂ+ZQ) O (—Aes—29)]/2 A(outer) (t) ~e i[0c (Acfr+292) =0 (—Acg—292) /2 (E24)

x e—i[9c(Aeef+zQ)—9c(—Aeff—zQ)1/z&§°uter) (1)
in,—

e (FAer — 20)] ei(pei[ec(Aeﬂﬂ(z)—96(—Aeﬂ—z(z)]/zb:f(t)]
2

i‘pe_ilec(Aeﬁ)_ec(_Aeff)

Let us now try to absorb the phase e into b:

A . _ . , A 2
e—L[GC(Aeff)—GC(—Aeff)]dglrlltnir) (t) ~ [d&nfer) (t) + i\/ITKlXC( eff)l b/(t)] (E.25a)
? i 2

m+

, ~Aet)] 25
o110 0. glmmer 1y [Aoﬂner) (1) + VT Mb :(t)] (E.25b)

—i[0c (Ae+22) —0c (- Aeii—20) ] Agﬁtir //(t) [Afgujer) (t)+ (E.25C)

T e (Aeit +2€2)| e—izcbe—i[ec(Aemfz)—ec<—Aeff—zfz)J/zeiwc(Aeﬁ)—ed—Aeﬁ)J/zg'(t)]
2
(E.25d)

ei[ec(/‘eﬁ+2é)—ec(—Aeff—Z(})]&(OL:ter)’/ (t) ~ [e—i[GC(Aeff+2{~2)—0c(—Aeﬁc—zfz)]/zd(outer)u (l’)
out,— in,—

(E.25€)

+l.\/ITK|Xc(_AeFf —20Q)| eiz@ei[ac(/seﬂnfz)ec(Aeﬂzfz)]/zei[ec(/xeff)9C(Aeﬁ)]/zg/f(t)]
2
(E.25f)

We must now check that we can infact absorb this phase in the phonon operator.
To do so we first note that th nominal QBA can be rewritten as follows by factoring
out the relative phase of the cavity susceptibility at the inner sidebands:

A(lnner)/(t) i[0c(Aer) =0 (— Aeff)]/z —i[0c (Aet) —0c (= Aerr) 1 /2 _1[9 (Aett)+H0c (= Aeg) /2 A(lnner)(l—)

out +

dnem(1) = VIR 2™ ([ e (A € (1) + | 2 (Al 0] (1) e
(E.26)

= iVar T PO 0 A2 g ||y (Agy) /10400012y 1)
o
(E.27)
el [ (~Aap)le 1A 0 AT ()] it
— iﬁ&e—i¢ei[ec<Aeﬂ)_9c(_Aeﬂ)]/ (EZS)
Ve

X (I e (Ae) | () + L] 2 (Al (1)) ettt (E.29)
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We can do the same for the extraneous noise:

dosa(t) = VR 26 [ (e + 20147 i1 (E.30)

a1 (= Ao = 2Q) e AT ()] el(Ara2)e

= ivar Jo Yo 1P pilbc (Aefr+22) =0 (= Aeg—22) ] /2 (E.31)
2

X [lts] e (A + 200) 162200 A=) 2y, 1) (E:32)
Ha| [ (= Ay — 20) e~ 1022040 (~Ag—2D)1 /24 (t)] i(A+20)t
- c

- iﬁgv_ieiéei[ec(Aeﬁ+zQ)—ec<—Aeﬂ—zfz)1/z (E.33)
2

(|a+|Ixc(Aeff+29)|”'(t)+|a Hxe (= Aeff—zQ)|a"T(t)) i(Aart202)t

We now absorb the phase-lag from the relative cavity phase from the inner side-
bands into the mechanical operator and define:

¢ il0 (M) =0c(=A)) 2y )

S
~
—~
~
SN—
1]

Z(t) = e—ifbei[ec(/\cff)_ec(—Acﬂ)]/zl;,(t)

This is possible as we can rewrite the EOM:

1 110 (Aen) ~0c (=212 ) = 1 =110 (o) ~Oc(~Au) 12 (E.34)
L (i8Qm +y +i5) b(t) + 1\/2_ (ATt £y 4 G (8) + dextra (£)
() = — (i6Qm +y +i5) b (£) + i%eiq)e_i[HC(Ae“)_gc(_Ae‘f)]/zei(Ae‘f+Q)t £
2

(E.35)
+ e P10 0 (=Am) /2 (1) 4 oi® =10 M) 0= A) |25 (4) =

B (1) = = (16Qm +y +i3) b/ (1) + iﬁe"‘f’e*i["c<Aeﬂ>*f’c(*Aeffﬂ/Zei(Aeﬂm)f [0

(E.36)
+ d;lom(t) + déxtra(t)’

where the nominal QBA now is written in term of & , but no longer has any ex-
plicit phases:

= - 9 e 0. e N
(1) = e P 10Am 0 (A /25 4y =
i (\/D |xe(Ae)lal, () + VI I)(:(—Aeff)mi/;(t)) e ent

As we used the phases which make the nominal QBA nice and tidy, the extraneous
noise now involve phases from both the inner and outer sidebands:

extra(t) = e e 0 (Adf) 8 ( AEﬁ)]/ Xt a(t) - (E37)

iK 210,110 () ~0c(— Ae) 112,410 (Aci+22) ~ 0. (- Acg—22) | /2

2
X (VI Lxe(Aat + 20)1f5 (1) + T |2 (A = 20)1a (1)) ! (Arr22)1
(E.38)
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