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Che dici? Sopravviveremo? Sopravviveremo. Il problema e’ che sopravviveremo.
What do you think? Will we survive? We’ll survive. Trouble is we will survive.
Papa’

Si ti vi ka than Kavajsi.
Do as the people from Kavajé.
Roccia’s mom



Abstract

In the last two decades, cavity optomechanics has gained a central spot in the research on quantum
physics, thanks to its premise to integrate macroscopic oscillators of different nature — optical and
mechanical — into a single platform. Here lies the challenge though, as mechanical resonators are
typically not in their ground state at room temperature, unlike light. In the sideband unresolved
regime, where the optical damping rate is much larger than the mechanical angular frequency, feed-
back cooling has proven to be a valid approach to overcome this problem. Its working principle
consists of a continuous measurement of the mechanical displacement and application of a pro-
portional damping force. Unfortunately, so far its success has relied on operation in a cryogenic
environment, which represents a major obstacle when scaling up experiments. In this work, we set
to explore the possibility to use feedback cooling to steer a millimeter-sized mechanical resonator
into a state of phonon occupancy as low as possible starting from room temperature. Although the
minimum occupancy we achieve is 1800, far from the onset of quantum behavior, we pave the way
for future success by offering a discussion of which parameters need further optimization in order
to obtain a truly macroscopic quantum state. Our experimental scheme operates at 1550 nm, ensur-
ing the viability of integration with other computation and telecommunication protocols. We use
phase-sensitive detection of light reflected off high-finesse optical cavities to monitor the mechan-
ical motion and pay great attention to minimizing optical losses, thus making our platform suitable
for interface with sources of non classical light such as squeezers. Finally, the low frequency and
high quality factor of our mechanical resonators produce long coherence times, particularly appeal-
ing for implementing quantum protocols such as state transfer.

I de sidste to artier har kavitets optomekanik faet en central rolle inden for forskning i kvante-
fysik. Det skyldes dens evne at integrerer forskellige typer af makroskopiske oscillatorer — optiske
og mekaniske — i én enkel platform. Udfordringen er dog at mekaniske resonatorer typisk ikke
er i deres kvantemekaniske grundtilstand ved stue temperatur - modsat optisk lys. I det uopleste
sidebénds regime, hvor den optiske dempningsrate er meget storre end den mekaniske frekvens,
har feedback cooling vist sig som en valid metode til at overkomme denne udfordring. Metoden
bestar af en kontinuerlige maling af den mekaniske oscillators forskydning og anvendelse af en
proportional dempningskraft. Desverre er denne metodes succes indtil nu athaengig af kryogene
temperaturer, hvilket er en keempe forhindring for at skalerer eksperimenterne op. 1 dette arbe-
jde vil vi udforske nye muligheder for at anvende feedback cooling til at styre en millimeter stor
mekanisk resonator ind i en kvantetilstand med den lavest mulige fonon okkupans startende fra
stue temperatur. Selvom den mindste okkupans vi opnar er pa 1800, hvilket er lang fra der hvor
kvantemekaniske effekter begynder at spille en rolle, sa viser vi vejen til fremtidig succes ved at
diskutere hvilke parametre, som skal optimeres yderligere for at opnar en makroskopisk kvantetil-
stand. Vores eksperimentelle forsgg opererer ved 1550 nm, hvilket gor at muligt at integrere med
andre beregnings og telekommunikations protokoller. Vi anvender fase-folsom detektion af lyset
reflekteret fra hej finesses kavitet til at folge den mekaniske bevagelse af resonatoren og derudover
er vi meget opmarksomme pé at minimere det optisk lys tab, hvilket betyder at vores platform kan
fungere med ikke-klassisk lyskilder, s& som squeezers. Endelig, vil vores lav frekvens og hgj
kvalitets faktor mekaniske resonatorer producere lange koharens tider, hvilket gor dem sarlig in-
teressante at anvende til kvanteinformation protokoler, som f.eks. tilstand overfersler mellem lys
og mekanik.
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2 Theory

2.1 Quantum mechanics

2.1.1 Quantum measurements

Non-commuting observables constitute the backbone of quantum mechanics. They represent phys-
ical quantities such as position and momentum, whose measurement corresponds to applying an
operator Otoa quantum state |¢)). The outcome of the measurement is given by the operator
eigenvalues O; that can be found solving the equation

O i) = O; |¢i) (2.1)

Hence, if our system is prepared in an arbitrary state |1), the probability that a measusurement of
the observable O returns O; is given by the expectation value of O

(0) = wlOw) 22)

while the uncertainty of the measurement outcome is given by the operator’s variance

. A\ 2 A2 A\ 2
Var (o) - (AO) - <o >— <o> 2.3)
If two operators A and B share a common set of eigenvectors, their commutator {fl, B} = AB —

BA is null and we have AB = BA. This means the order in which the two measurements A
and B are performed does not produce different outcomes, which is not true for non-commuting
operators such that [fl, B} # 0. This results in an uncertainty relation fixing a lower boundary on
the precision of subsequent measurements

AAAB > ) [A, B] ‘ (2.4)

DN |

2.1.2 Quantum harmonic oscillator

In quantum physics many different wave-like physical systems can be modeled as harmonic oscil-
lators, such as the light field in an optical cavity and an isolated vibrational mode in a mechanical
resonator. The energy quantum of the harmonic oscillator is then referred to as photon in the case
of an electromagnetic field and phonon for a mechanical-displacement field. The behaviour of a
harmonic oscillator of mass m and frequency w is described by the operators of position ¢ and
momentum p and by the Hamiltonian

~2 ~2
g="0 P (2.5)
2 2m

Please note that the position and momentum operators do not commute, as we have [¢, p| = ih.
They can both be expressed by a linear combination of the creation &' and annihilation é operators

= % (a* + a) (2.6)
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[Xq,XP} — 9 (2.16)
from which an uncertainty relation stems
A (Xq) A (Xp) > 1 (2.17)

2.1.3 Quantum states of light

2.1.3.1 Fock states
We already encountered Fock states |n), eigenstates of the number operator 7

nin) =nin) (2.18)
described by eigenvalues fiw (n + %) These Fock states have null variance
Var (R) = (n| A% |n) — (n| @ |n)? (2.19)
Also the expectation value of a measurement of an arbitrary quadrature X? is null
(n| X% n) =0 (2.20)

The Fock ground state |0) is called vacuum state and its properties determine the fundamental
limit in the precision of classical-field measurements. Evaluating the corresponding mean value
and variance for the phase and amplitude quadratures, we obtain

<XQ> - <XP> —0 2.21)
and
Var (Xq) ~ Var (Xp) —1 (2.22)

Fluctuations of the quantum vacuum state bring about the standard quantum limit of field quadra-
ture measurements, usually referred to as shot noise.

2.1.3.2 Coherent states
Coherent states provide a quantum approximation of a laser field, as they are defined by eigenstates

of the annihilation operator
ala) = ala) (2.23)

(ala’ = o (af (2.24)

with o = |a|e? being complex due to the non-Hermitian properties of the annihilation operator.
We can then expand the coherent state into a basis of number states
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_ ;} In) (n)a) = e zlol’ ; % In) (2.25)

The number of photons in a coherent state of amplitude « follows a Poisson distribution

2n
P(n) = e|a|2|0;i' (2.26)

The mean value and variance of the quadratures evaluated at the coherent state are

(X9) = a+ o = 2R(a) (2.27)
(XP) = —i(a — a*) = 23(w) (2.28)
Var(X) = Var(Xpr) =1 (2.29)

From these relations we see that coherent states feature minimum uncertainty.

2.1.3.3 Thermal states
A harmonic oscillator in thermal equilibrium with its environment at temperature 1" is described by

a thermal state. Both photons and phonons follow a bosonic statistics described by an occupancy

probability
hw hw
p(n) = exp <_nk:BT> {1 — exp <_k:BT>] (2.30)

The mean occupancy and variance of the oscillator are given by

= ni:o%np(n) = [exp <$> — 1} - (2.31)
Var(n) = (A?) — (R)? (2.32)

At room temperature, the classical limit approximation kT >> hw is usually satisfied for mechan-
ical oscillators and we have

kT
<n>kBT>>fuu = Fo (2.33)

On the other hand, near-infrared light has usually a frequency in the order of w /27 ~ 10'4, hence a
thermal occupancy of (n) ~ 1073, The optical field is then in its ground state at room temperature.
Thermal states represent mixed states and can be described by a density matrix p which in the
number-state basis appears as

=3 ? e ) (o (2.34)

n:0 n
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2.2.3 Amplitude modulation
Sinusoidal amplitude modulation of a light field can be expressed as

aan(t) = a(t) (1 + M cos(wnt)) = age™?! [1 + % (e"mt + e"”mt)] (2.44)

Attenuation can be represented as an amplitude modulation as well, in which case we obtain
M —iwot
aapm(t) = a(t) |1 — o (1 —cos(wmt))| = ape™ ™" |1 —

2.3 Power spectral density

Modulating the phase or amplitude of the light produces sidebands around its carrier and represents
a way to imprint information into the light field itself. The subject of this work consists in the
detection of such fluctuations in the frequency domain. The specific object that we will deal with
is called power spectral density (PSD) and describes the noise intensity at a specific frequency. For
an operator O, the PSD is the limit of its autocorrelation function

Soo(w) = lim + <Oi(w)OT(w)> (2.46)

where O (w) is the Fourier transform of O(t) over a time interval (—7/2;7/2). The Fourier
transform F is defined as

O(w)=F(O)) = /_ h O(t)e™“dt (2.47)

while the inverse Fourier transform is given by

O(t) = F 1 (Ow)) ! /OO O(w)e ™' dw (2.48)

:§ .

Please note that the integration to infinity represents the limit of the window Fourier transform

T/2 )
O;(w) = O(t)e™'dt (2.49)
—7/2

Using the Wiener-Khinchin theorem, we can link the autocorrelation function to the power spectral
density and obtain

Soo(w) = /_ Z et <OT(7)O(0)> dr (2.50)
Sorot(w) = /_O; e <O(T)OT(0)> dr (2.51)

Please note that Spo (w) and Syt o+ (w) are always real.
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where the thermal occupancy of the optical field NV (w.) was assumed null as stated previously.

Using the system Hamiltonian and the Heisenberg equation of motion %O = —% [O, H } + N

with NV being a noise operator, we can derive the quantum Langevin equations of motion

a=—(k+ilo)a +igoad + E + V2kay, (2.62)
é = Qup (2.63)
b == —Tagp+ godla + € (2.64)

The optical input field is typically inhabited by a coherent population, such that its amplitude is
@in{Gin) # 0. Many channels contribute to the cavity damping, some related to losses of the
cavity incoupling/outcoupling port k., and some due to intrinsic phenomena such as absorption or
scattering ko. Since the field inducing intrinsic losses dyq. is in @ vacuum state ({Gyqae) = 0), we
obtain

V2htin — \/ 2kentin + /2kotvac (2.65)

2.4.3 Semi-classical dynamics

This picture can be simplified when a considering an intense intracavity field, such that the system
can be considered to be in a semi-classical steady state. The optical field operator can then be
broken down into the sum of a large mean value and small fluctuation & — a5 4+ da. The steady
state can be found by setting the time derivatives of the Langevin equations to zero, which yields

2
g0 ‘as‘
= Hl%l 2.
q Ous (2.66)
FE
s — 2.6
S AN (2.67)

The bright intracavity field then changes the equilibrium position of the mechanical oscillator and
consequently the detuning into an effective value A

9012
A=Ay— 9o las|” (2.68)
Qup

Considering the fluctuations of the operators around their steady state values, the Langevin equa-
tions can be rewritten in terms of Hermitian amplitude X and phase Y quadrature operators

5X = (5@ + 6t ) V2 (2.69)
5V = (5a _ saf ) Jiv2 (2.70)

6Xin = (8in + 8, ) V2 2.71)
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