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Abstract

This thesis advances multimode quantum optics through two major theoretical and practical
contributions.

First, we introduce temporal cavities as a novel approach to temporal mode filtering, lever-
aging space-time duality principles to translate spatial mode-cleaning cavity principles to the
temporal domain. Unlike existing approaches, this filter operation does not rely on nonlinear
interactions or phase matching, preserves the carrier frequency, and maintains the temporal
mode structure intact. We demonstrate practical implementation feasibility using electro-optic
time lenses and diffraction gratings, with comprehensive parameter optimization strategies for
both classical and quantum applications.

Second, we address fundamental limitations in quantum state detection through interferome-
ters with memory effect (IME). We establish new criteria for predicting hidden squeezing directly
from system parameters and develop novel smooth decomposition methods for implementing
frequency-dependent unitaries. These innovations enable perfect mode-matching for states ex-
hibiting complex spectral features and morphing supermodes, which are more common than
previously recognized in cavity-based quantum systems. The effectiveness of our approach is
demonstrated through detailed case studies of optical parametric oscillator configurations.

Keywords quantum optics, multimode, temporal cavities, interferometers with memory ef-
fect, hidden squeezing, temporal mode filtering, frequency combs, smooth decomposition, mea-
surement, quantum state detection, homodyne detection, cavity quantum optics, frequency-

dependent unitaries, morphing supermodes, time lens,
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General Introduction

The foundations of quantum mechanics and its interpretation can be traced back to 1927, during
the fifth Solvay Conference, where Einstein first questioned the quantum mechanical uncertainty
principle. In 1935, Einstein, Podolsky and Rosen pointed out the paradoxical fact that for a spe-
cial class of states, say entangled, quantum theory could predict correlations stronger than the
ones predictable by any other theory obeying "local realism” and this led them to conclude that
quantum theory was incomplete [1]. In 1964, J. S. Bell derived his well-known inequalities which
fix an upper limit to the strength of correlations for theories obeying local realism and permitted
to test experimentally quantum theory [2]. After 1964, an increasing number of experimental
tests supported the consistency of quantum entanglement, culminating in the groundbreaking
experiments by Alain Aspect [3], John Clauser [4] and Anton Zeilinger [5], who were awarded
the 2022 Nobel Prize in Physics for their pioneering work in quantum entanglement and Bell test
experiments. This fundamental understanding laid the groundwork for what is called the Second
Quantum Revolution, where quantum effects are not just observed but actively controlled and
harnessed for practical applications. This new era, transforming quantum phenomena into rev-
olutionary technologies has led to entangled states being recognized as the primary resource
in quantum communication protocols (QIP) and quantum information science.

Building upon this foundation, the manipulation of quantum states of light has evolved in a
vast and diverse landscape encompassing discrete variable states like polarization-entangled
photon pairs to states exhibiting nonclassicality in the continuous variable (CV) regime [6, [7].
The latter, of particular relevance to this thesis, is at the heart of many protocols for the pro-
cessing of quantum information such as quantum computation via cluster states [8, 9], quantum

metrology [10] and quantum communication [11, [12]. In particular Gaussian CV states have



General Introduction

been effectively employed in quantum teleportation [13] 6], cryptography [14},[15,[12], and com-
putation [16, (17,8, [7] due to their mathematical simplicity with the existence of well-established
theoretical tools to describe their properties [12),[7]. Single and multimode Gaussian states can
be generated and manipulated experimentally in a variety of physical systems, ranging from
light fields to atomic ensembles [13, [18].

However, the practical implementation of these quantum protocols faces a fundamental chal-
lenge rooted in quantum mechanics itself. The intrinsic statistical behaviour of light, arising from
its quantum nature, induces fluctuations which degrade the precision of measurements. These
fluctuations are unavoidable even when all other classical sources of noise have been cancelled
and are usually referred to as shot-noise. While the shot-noise represents the standard quan-
tum limit for individual quadrature measurements, the Heisenberg uncertainty principle imposes
a fundamental constraint only on the product of the variances of two conjugate observables
(i.e., two field quadratures). This means that the fluctuations of one observable can be reduced
below the shot-noise provided that, at the same time, the noise on the conjugate observable
is enhanced. Such states are called squeezed states of light and they were introduced during
the late 1970s and mid-1980 [19, |20], as states capable of circumventing quantum mechani-
cal limits on measurement precision performed with coherent light, showing the possibility of
manipulating quantum fluctuations and paving the way for advancements beyond the standard
quantum limit.

These states found their way into the new century thanks to their widely proven applica-
tions in ultra-precise metrology such as gravitational wave detection [21], 22}, 23] [24], quantum
sensing [25]) or beam displacements [26] [27], as well as in a wide range of quantum comput-
ing algorithms [12, 28], 29} [30], where the highest-quality entangled states known to date are
currently obtained by mixing squeezed beams with linear optics [13] [31]. The generation and
manipulation of these non-classical states of light, however, requires precise control over light-
matter interactions and careful management of optical modes, something optical cavities excel
at for modern quantum optics experiments.

Resonant cavities play a crucial role in optics and photonics in generating and manipulat-
ing these quantum states by enabling precise control of light at specific frequencies or wave-

lengths. These cavities are typically designed to confine light within a bounded region, allowing
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it to interact with matter or other optical elements in a controlled manner. The ability to en-
hance optical power and matter-light interactions, as well as to impose a defined mode struc-
ture on the electromagnetic field, makes optical cavities essential in many applications in optics.
This enhanced field strength enables for more efficient coupling of light with atoms, molecules,
quantum dots, or other nanoscale materials, leading to enhanced spectroscopic sensitivity and
stronger light-matter interactions. Employed as add-drop (de-)multiplexers, they are integral
to current telecommunications technologies for routing information encoded in the Fourier ba-
sis of monochromatic spectral modes. In astronomy, their use as light accumulators improves
the sensitivity of gravitational wave detection; as filters, they enable the precise calibration of
spectrographs for observing exoplanets [32} [33].

While optical cavities excel at manipulating light on the Fourier basis, quantum optics has
revealed the importance of alternative modal decompositions. Since the foundational work of
Titulaer and Glauber in 1966 [34], it has been understood that the electromagnetic field can
be quantized, not just with monochromatic modes, but using any complete set of modes such
us temporal modes(TM) [35, 136]. TMs are orthogonal broadband wavepackets of light, form-
ing a family over which any pulse can be decomposed. Thus, they represent an alternative to
the usual Fourier basis, in particular, because they offer several advantages for communica-
tion and metrology. In fiber-based communication, TM encodings remain orthogonal throughout
propagation as they are uniformly affected by dispersion. This enables avoiding cross-talk that
constrains data rates and transmission distances, limiting overall performance when employing
Fourier modes. In metrology, mode-selective measurements in the TM basis lead to space-
time positioning and clock synchronisation potentially reaching the yoctosecond range [37] and
allows to elude Rayleigh’s curse in the estimation of separations in time and frequency well
below the spread of the source light [38]. Developing TM-selective measurements would sig-
nificantly enhance the ability to identify and mitigate noise in pulsed laser systems, as these
systems exhibit noise patterns corresponding to the TM basis [39]. Despite mode-selective
techniques have been developed in the last few years such as, for example, the quantum pulse
gate (QPQ) [40], 141142, (43,1441 45| 46], to date, an approach to implement a genuine filter, which
would sort TMs while maintaining their carrier frequency as well as their original shape (in time

or frequency domain), has not been shown. Optical cavities, for example, cannot distinguish
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between different linear combinations of monochromatic modes when operating outside their
natural Fourier basis.

Beyond the challenge of mode filtering, resonant cavities present another fundamental as-
pect in quantum optics that requires careful consideration. When these cavities are used to gen-
erate quantum states - whether in optical parametric oscillators (OPOs), optomechanical sys-
tems, gravitational interferometers, or more broadly in open quantum systems such as cavity-
based quantum optics - they exhibit distinctive temporal characteristics that set them apart from
freely propagating fields. In these systems, the quantum dynamics evolves at frequencies much
slower than optical frequencies, typically on the order of the cavity resonance width. This tem-
poral evolution manifests in the interaction picture through slowly-varying boson field operators,
whose properties must be captured through a correlation matrix [47] that depends on two dif-
ferent times ¢ and t’. For stationary-in-time systems, the correlation matrix depends only on
the time difference ¢ — /. For such systems, one can introduce its Fourier transform that de-
pends only on one frequency w [47], their spectral covariance matrix. This object describes the
frequency-dependent quantum correlations between the spectral components of amplitude and
phase quadratures of single or multimode states. While in the literature this matrix is generally
assumed to be real |48 49| 50, 51! 152}, 53], recent research reveals that scenarios leading to
complex spectral covariances [54].

For the characterisation of these non-classical states, measurement, given its projective
nature, is a valuable tool for the preparation of these quantum states or their evolution in
measurement-based approaches to quantum computation. For example, at the output of a
pulsed parametric down-conversion, the signal can be decomposed into several orthogonal
squeezed modes known as temporal modes (TM). Matching the local oscillator (LO), of say a
homodyne detection (HD) measurement, to a specific modal component of this beam enables
access to the pure state carried by that mode and reliable measurement of its squeezing level.
On the other side, when the LO is not matched to a specific TM of this beam, it behaves as
a filter, leading to quadrature measurement involving all the modal content that overlaps with
the LO. HD capabilities have been also extended to hybrid regimes by including a weak local
oscillator and photon counting detection. This broadens HD’s range of applications, leveraging

the advantages of both the CV and discrete variables (DV) regimes.
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QIP protocols based on HD operate effectively in many cases, but there are more com-
mon scenarios than previously thought where HD is inefficient. Recent studies in the field
of integrated quantum photonics have drawn attention to the dissipative dynamics of nonlin-
ear x® -based microresonators. They revealed a broader category of multimode Gaussian
states characterized by two distinctive features: (i) “hidden squeezing” and (ii) "morphing su-
permodes”. "Hidden squeezing” was first explored and explained in several works by Barbosa
et al. [55, 56]. It is known that the squeezing of a single beam of light actually involves two-
mode squeezing correlations between sideband modes symmetric with respect to the carrier.
In many situations, an effective single-mode description can be applied, but this holds true only
when the noise spectral power between these modes is identical. Conversely, a two-mode de-
scription becomes necessary, and in such cases, HD lacks the necessary degrees of freedom
to detect the correlations between them and reconstruct the complete information. Current re-
search shows that even for devices integrated on-chip, their complex dynamics revealed that
these unbalanced quantum states are more common than believed. Previous analysis of the
quantum properties of these quantum states completely ignored these features because the
covariance matrix was defined as real. It was shown in [57, 54] that the output of these devices
presents indeed a spectral unbalance, or, in our language, a spectral covariance matrix that is
complex. "Morphing supermodes” are the normal modes that decouple the system dissipative
dynamics, mapping the output multimode CV entangled state into a collection of independent
squeezed states that exhibit frequency-dependent coefficients (typically varying at the scale of
the cavity bandwidth). A morphing behaviour of the nhormal modes generalizes for multimode
beams a quite common phenomenon in nonlinear optical cavities. The most simple examples
are given by a detuned single-mode degenerate optical parametric oscillator (DOPO) [58, 59]
and optomechanical cavities [60, 61] [62] where, at the output, optimal squeezing is found in
a frequency-dependent quadrature that varies at scales of the cavity bandwidth. While these
frequency dependent features exist in some systems, they are also wanted resources for exam-
ple in Fabry-Perot cavities that have been considered in order to produce frequency-dependent
squeezed states or frequency-dependent LO for the purpose of improving the sensitivity of the
current generation of gravitational waves interferometers [21],24]. These interferometers exhibit

a sensitivity curve constrained by phase noise at low frequencies and intensity noise at high
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frequencies. To enhance their performance, the frequency-dependent passive transformation
induced by an empty cavity can be employed to manipulate an input frequency-independent
squeezed state.

States presenting these hidden squeezing and morphing supermodes features are expected
to be ubiquitously generated not only in microring resonators but also in a wide range of phys-
ical systems, including optomechanical systems, four-wave mixing (FWM) in atomic ensem-
bles, semiconductor microcavities, and quantum cascade lasers [54]. It was demonstrated that
both aspects can be reduced to a mode-matching problem and that achieving perfect matching
through HD is not possible.

The contributions of this thesis advance the field of temporal mode manipulation and quan-
tum state detection through two significant developments. The first major contribution intro-
duces the concept of a "temporal cavity” [63] as an innovative approach to temporal mode (TM)
filtering. An ideal TM sorter should separate the targeted TM from the other modes avoiding
overlapping with other components and — for quantum applications — with efficiency close 100%.
The temporal cavity design emerges from the principles of space-time duality [64], leveraging
the formal analogy between spatial and temporal degrees of freedom in optical beam propa-
gation. One of the most fascinating results yielded by this analogy is the time lens, a device
that mimics, in the time domain, the effect of thin lenses on spatial images, by imprinting a
parabolic time-dependent phase on an optical pulse. Time lenses have been implemented with
deterministic linear electro-optic phase modulation [65, 166, 67, 68, [69] or non-linear optical pro-
cesses [70, [71] [72] [73, [74], [75] and have recently been adopted for manipulation of pulses in
discrete [76, [77, 67, [78, 79| 180] or in continuous [81] 182, [83] [84] variables for photonic quan-
tum information processing. A temporal cavity is obtained by using the temporal analogue of
a spatial-mode cleaning cavity, whose eigenvectors are Hermite-Gaussian transverse modes,
with mode-dependent reflection and transmission coefficients.

The second major contribution targets the general case of multimode homodyne measure-
ments. We introduce an approach that extends HD capabilities to both frequency-dependent ob-
servables and their hidden correlations by using “interferometers with memory effect” (IME) [85].
The theoretical framework introduces a sophisticated structure combining cavity dynamics with

frequency conversion terms. The IME architecture serves as a bridge between the generation
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of non-classical state stage and homodyne detection (HD), offering enhanced mode-matching
capabilities allowing to deal with both hidden squeezing and morphing supermodes. This was
achieved through the introduction of new smooth single- and two-mode decomposition that al-
lows the decomposition of any arbitrary frequency-dependent unitary into a network of basic
single-, and two-mode photonic components with specific architectures. These new decompo-
sitions allow us to map the implementation of the IME to a network of coupled-cavity arrays.

To establish a connection between a cavity-based system’s parameters and ensure an ap-
propriate choice for the need of IMEs in the context of hidden squeezing, we introduce precise
criteria on these system’s physical parameters to determine whether the corresponding spectral
covariance matrix is real or complex [86]. These criteria allow for the prediction of the nature of
the Gaussian state solely from the system’s interaction parameters without the necessity of fully
characterizing the spectral covariance matrix or the complete quantum state reconstruction. As
a consequence, our results allow the appropriate choice of measurement strategies for better
characterization and exploitation of these quantum states.

Chapter [1] establishes the theoretical fundamentals of quantum optics, beginning with the
quantum harmonic oscillator and its transition from classical to quantum mechanics and then
progressing to the quantization of electromagnetic fields. The chapter delves into multimode
Gaussian states, exploring phase space descriptions and Gaussian unitaries. The latter sec-
tions address practical quantum optics, covering open cavity theory, quantum Langevin equa-
tions, and various measurement techniques from homodyne to synodyne detection.

Chapter [2 develops the concept of temporal cavities through space-time duality principles
and temporal ABCD matrix formalism. Building on the analogy between spatial and temporal
degrees of freedom in optical propagation, we introduce temporal cavities as a novel approach
to temporal mode filtering. The chapter characterizes these devices through eigenvalue con-
ditions and input-output relations, examining implementation strategies with diffraction gratings
and time lenses and addressing current limitations, practical challenges and optimization re-
quirements.

Chapter[3|introduces interferometry with memory effect (IME), a novel detection scheme that
extends homodyne detection’s capabilities to measure both frequency-dependent observables

and hidden correlations in quantum states, Starting with quadratic Hamiltonians in cavity quan-
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tum optics, we establish criteria for predicting hidden squeezing from system parameters and
develop smooth decomposition methods for implementing frequency-dependent unitaries. The
chapter demonstrates IME’s effectiveness through detailed case studies of optical parametric
oscillator configurations, from single-mode to four-mode systems, providing a comprehensive

analysis of performance and scaling.
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Quantum Optics Fundamentals
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1.1 The quantum Harmonic Oscillator

The quantum harmonic oscillator (HO) stands as one of the most fundamental systems in quan-
tum mechanics. Beyond its role in describing mechanical oscillations, it provides the mathemat-
ical framework needed to understand quantum electromagnetic fields. In particular, in the next
section, we show that the electromagnetic field can be seen as a collection of harmonic oscilla-
tors. This section develops the formalism from classical to quantum descriptions of the HO, in-
troducing key concepts like creation and annihilation operators, coherent states, and squeezed
states. These tools will prove essential in our subsequent treatment of electromagnetic field
quantization.

This section follows the formalism presented in Dr. Carlos Navarrete-Benlloch’s lecture notes

on Introduction to Quantum Optics [87] and his PhD manuscript [88].
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1.1. THE QUANTUM HARMONIC OSCILLATOR

1.1.1 Classical Harmonic Oscillator

The classical Harmonic Oscillator (HO) is a fundamental concept in physics that can be ap-
proached from both Newtonian and Hamiltonian perspectives. Consider the one-dimensional
model: a particle with mass m at equilibrium when z = 0. When displaced from this position, a
restoring force F' = —kux, proportional to the displacement z, acts on the particle, where £ is the
spring constant. Applying Newton’s second law yields the equation of motion F' = mfl% = —kux.
Given initial conditions z(0) = z, and 42(0) = vy, the solution to this differential equation is:
x(t) = xg cos(wt) + 2 sin(wt), where w = \/% represents the angular frequency of oscillation.

Writing the solution in the form

2
vh Yo
z(t) = /a3 + 2 cos (wt — arctan(wx0)> , (1.1)

we can see that the particle oscillates between +/x3 + Z—@ with a period of 2Z.
From the Hamiltonian mechanics formalism, we define generalized coordinates of position
g = = and momenta p = m%z. The potential energy of the system is given by V(z) = Lkz?.

Combining this with the kinetic energy, we can write the Hamiltonian:

2
p 1 2 2

H=—+- . 1.2
om 2 (1.2)

The canonical equations of motion in the Hamiltonian framework write:

dg OH p

o _ P 1.
dt dp m (1.3)
dp o0H 2

— == . 1.4
i 94 mw”q (1.4)

With initial condition (zo, %2), these equations yield the phase space trajectory

(q, %) = (Jco cos(wt) + 1;—0 sin(wt), %O cos(wt) — xg sin(wt)) . (1.5)

This trajectory forms a circle in phase space ¢> + 22 > = R? with radius R = /22 + f)—g; The

p
m2w

system returns to its initial state at times ¢,, = 22, where n is any non-negative integer.

11



1.1. THE QUANTUM HARMONIC OSCILLATOR

This description can be further condensed using a complex normal variable:
qlt) + z@ = Rel#(®) (1.6)
mw

whose amplitude remains constant, while the phase ¢ (¢) decreases linearly with time according

to ¢(t) = p(0) — wt.

1.1.2 Quantum Harmonic Oscillator

In quantum mechanics, the harmonic oscillator serves as a classic example of a system de-
scribed by an infinite-dimensional Hilbert space. To understand this, we examine the eigen-

states of its Hamiltonian operator, expressed similarly to the classical Hamiltonian as in Eq. (3.148):
H="—+ -mw?q (1.7)

Here, ¢ and p represent respectively the position and momentum operators and obey the fun-
damental commutation relation: [§, p| = i¢h. For convenience, we introduce dimensionless ver-
sions of these operators, known as the & and g quadratures, using the uncertainties in posi-

tion and momentum for the oscillator’s ground state, often referred to as zero-point fluctuations

h hmw .
2mw’ 2 )

and §=-—2_. (1.8)

hmw

2mw 2

These quadratures satisfy the modified commutation relation [Z,p] = 2i. This leads to the

uncertainty principle for these quadratures
AZAG > 1. (1.9)
Using these quadratures, we can rewrite the Hamiltonian as:

(&2 +9%). (1.10)
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1.1. THE QUANTUM HARMONIC OSCILLATOR

To analyze the eigensystem of this Hamiltonian, we introduce the annihilation (&) and creation
(a') operators, defined as & = @ + i and a' = & — iy, satisfying the commutation relation

[a,a'] = 1. We can express the Hamiltonian in terms of these operators:
- a1
H—hw(aTaJrZ), (1.11)

introducing the number operator 7 = afa, which plays a crucial role in understanding the energy
spectrum of the quantum harmonic oscillator, since finding the eigensystem of the system’s

Hamiltonian comes back to finding the eigensystem of the number operator.

1.1.3 Discrete States
To determine the eigensystem of 7, we consider its properties:

Property 1.1.1. Positivity: For any state |¢), (¥|n]y) > 0, implying that all eigenvalues n are

non-negative.

Property 1.1.2. Ladder structure: Using the commutation relations [, a) = —a and [, a'] = af,

we find that a|n) and a'|n) are eigenstates of i with eigenvalues n — 1 and n + 1, respectively.

These properties lead to several important conclusions with well-known proofs:
- The spectrum of 7 consists of non-negative integers: n € {0, 1,2, ...}.

- There exists a ground state |0) satisfying a|0) = 0.

- The set of eigenstates {|n)} form an orthonormal basis: (n|m) = 6.

The action of the creation and annihilation operators on these states is given by:

any =+vnln—1) and a'|n) =vn+ 1|n + 1). (1.12)

These relations have profound physical implications:

- Energy quantization: The energy eigenvalues are E,, = hw(n + 3), where n represents the
number of excitations or quanta.

- Discrete spectrum: Only specific, equally spaced energy levels are allowed, separated by
huw.

13



1. THE QUANTUM HARMONIC OSCILLATOR

- Zero-point energy: Even in the ground state (n = 0), the oscillator possesses a non-zero
energy of 2.

The states |n) are called number states or Fock states, characterized by a definite number
of excitations (An = 0). The state |0) is referred to as the vacuum state, representing the lowest
energy configuration of the oscillator.

This discrete nature of the energy spectrum and the existence of a non-zero ground state
energy are notable quantum features, marking a significant departure from the classical de-

scription of the harmonic oscillator.

1.1.4 Continuous States

Unlike the number operator 7, the quadrature operators i and § possess continuous spectra.
For the position quadrature &, we denote its eigenvectors by |x) with corresponding eigenvalues
x € R: &|z) = z|z). The continuous nature of Z’s spectrum can be demonstrated using the

relation:

e 03e 130 = 3 4y, (1.13)
coming from the Baker-Campbell-Hausdorff lemma :

i_o:nl CTAB (1.14)

where we have chosen A = ij and B = 7.

This implies that if |z) is an eigenvector of & with eigenvalue z, then e~?%%|z) is also an
eigenvector of & with eigenvalue x + y for any real number y. Consequently, the spectrum of &
spans the entire real line. Similar results hold for the momentum quadrature ¢, with eigenvectors
ly) and eigenvalues y € R: §ly) = yly).

I's important to emphasize that these results are not exclusive to the harmonic oscillator.
Rather, they stem from the fundamental canonical commutation relations and thus apply univer-
sally to any quantum system. It’s also important to note that these eigenvectors while forming

a continuous basis of the Hilbert space (with Dirac normalization (x|y) = d(z — y)), are not
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1.1. THE QUANTUM HARMONIC OSCILLATOR

x-squeezed

Figure 1.1: (a) Phase space sketch of a coherent state obtained from displaced vacuum state,
(b) x-Squeezed state obtained from displaced vacuum squeezed state.

physically realizable states due to their non-normalizability.

Before discussing more specific continuous states of the HO, it's important to introduce the
broader class of Gaussian states, which play a crucial role in quantum optics and quantum
information theory. Gaussian states are completely characterized by their first and second
moments. These states maintain their Gaussian character under linear transformations and
measurements, making them particularly useful for theoretical analysis and experimental imple-

mentations.

Coherent States

We define minimum uncertainty states, states verifying the equality of the uncertainty principle
for their quadratures in Eq. (1.9): AZAgj = 1. Among these minimum uncertainty states, coher-
ent states represent the simplest type of Gaussian states, introduced by Roy J. Glauber [89] to
explain the quantum properties of laser light. It consists of the simplest Gaussian state, vacuum,
transformed by the simplest type of Hamiltonian, one that is linear in the quadratures, as shown
in Fig. [T.1] These states, as we will show in the next subsection, allow us to bridge the gap
between quantum and classical descriptions of the harmonic oscillator.

We define coherent states as displaced vacuum states |a) = D(«)|0) where D(a) is the
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1.1. THE QUANTUM HARMONIC OSCILLATOR

displacement operator:

D(a) = exp(ad’ — a*a). (1.15)

Here, a = ”“EJ is a complex parameter. Some key properties of coherent states include:

« They are right eigenstates of the annihilation operator with complex eigenvalues: a|a) =

ala).

» Consequently, using the displacement operator, they are also left eigenstates of the cre-

ation operator: (a|a! = a*(a/.
Regarding the displacement operator:

« Asits name suggests, it transforms the creation and annihilation operators as Df(a)aD(a) =

a+aand Di(a)a’D(a) = af + a*.

« It equivalently transforms the quadratures as: D' (a)zD(a) = 2+2Re(a) and D («)gD(a) =

4+ 2lm(«), effectively inducing a displacement in the Phase-space as shown in Fig.[T.1j.

» The displacement therefore, as for any Gaussian state, displaces the mean vector of

2 (Re(a), Im(a)T) in the phase-space but leaves the variances unchanged.

Coherent states as a bridge between Quantum and Classical Physics

The classical and quantum formalisms of the harmonic oscillator appear strikingly different at
first glance. Classically, the oscillator can possess any positive energy value and follows a well-
defined trajectory in phase space. In contrast, quantum mechanics allows only discrete energy
values and introduces position and momentum uncertainties that preclude well-defined trajec-
tories. Coherent states, however, provide means to reconcile these seemingly contradictory
descriptions.

The key to this reconciliation lies in examining the quantum predictions for measurement
statistics. We seek a quantum state that yields statistics closely matching classical expectations.

Coherent states with large amplitudes (|| > 1) fulfil this requirement, as we will show.
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1.1. THE QUANTUM HARMONIC OSCILLATOR

Consider a coherent state |a) at ¢ = 0, evolving under the harmonic oscillator Hamiltonian.

The time-evolved state is given by:

o0

[W(t)) = e ") = Ze*lalgﬂﬂe*iwt\m =[e"“"a). (1.16)

|
n=0 n:

This remains a coherent state with a time-dependent amplitude a(t) = e~*“*«, which equals
the expectation value of the annihilation operator, (a(t)) = «(t). This evolution mirrors exactly
the classical solution in the complex representation in Eq. (1.6).

Moreover, the uncertainty in any quadrature &, remains constant: Az,4(t) = 1. As |a] in-
creases, the signal-to-noise ratio % grows, approaching infinity as |a| increases to infinity.
Thus, for large amplitudes, quantum noise becomes negligible compared to classical noise
sources, effectively recovering the classical trajectory.

The energy quantization issue can also be addressed using coherent states. The ratio of

energies between consecutive number states is:

En+1 - n—|—3/2
E, n+1/2

(1.17)

As n increases, this ratio approaches unity, making the discrete nature of the energy spec-
trum less perceptible. Coherent states with |a| > 1 project onto high-order number states with

a narrow Poisson distribution centred at (N) = |a|? and width AN = |a] :

= e lal?/2 oty —lafz/2 & 1.18
a) =e E n) = g e n). .
|a) Z ﬁn!| ) Z ﬁn!| ) (1.18)

This distribution effectively smooths out the discrete energy levels, yielding a continuous spec-
trum.
Squeezed States

In quantum sensing applications, harmonic oscillators are often used to detect signals encoded
as phase or amplitude modulations. While coherent states provide a balanced uncertainty

in both quadratures Az, = Ag, = 1, they still suffer from quantum noise limitations. This
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1.1. THE QUANTUM HARMONIC OSCILLATOR

noise, rooted in vacuum fluctuations, can mask weak signals and limit measurement preci-
sion. Squeezed states offer a solution to this problem by redistributing the uncertainty between
quadratures. Consider a state where Az, <1 and Agyg > 1 while still satisfying the uncer-
tainty principle Az,Ag, > 1, as depicted in Fig.[1.1]b for the case of ¢ = 0. Such a state allows
for more precise measurements in the squeezed quadrature Az, at the expense of increased
uncertainty in the orthogonal quadrature Ag, > 1.

Formally, we define a squeezed state as one in which a particular quadrature z, has an
uncertainty below the vacuum level Az, < 1.

A special class of squeezed states are those that satisfy the equality in the uncertainty
relation for all quadratures Az,Ag, = 1 for all ¢. These minimum uncertainty squeezed states

can be generated using the squeezing operator:
S(¢) = exp (geﬂ — ga”‘) : (1.19)

where ¢ = re' is the complex squeezing parameter, associated with the Hamiltonian of the

form :
H = —(¢*a® — ¢a™). (1.20)
The action of the squeezing operator on the annihilation operator is given by:
ST(0)aS(¢) = acoshr — e“alf sinhr. (1.21)
In terms of quadratures, this transformation becomes:

ST Q) da/25(C) = e asa ST(O)G0/25(C) = € T2, (1.22)

where &y, = cos(¢)Z + sin(¥)y and gy = 244z for any angle 1». When applied to the vacuum
state for example, this transformation produces a state with Az, = e™" and Agy/, = e’
Thus, the squeezing operator creates a minimum uncertainty squeezed state, reducing the

uncertainty in one quadrature below the vacuum level while increasing it in the orthogonal
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1.1. THE QUANTUM HARMONIC OSCILLATOR

quadrature, all while maintaining the minimum uncertainty product.

1.1.5 The EPR Paradox and Quantum Entanglement

The year 1935 marked a pivotal moment in quantum physics when Einstein, Podolsky, and
Rosen introduced a groundbreaking thought experiment that challenged the foundations of
quantum mechanics. Their analysis centred on a unique quantum state exhibiting perfect cor-
relations between two particles’ position and momentum measurements. This led to a funda-
mental dilemma: either quantum mechanics permits instantaneous non-local effects between
distant particles, or the theory is inherently incomplete.

The possibility of quantum mechanical incompleteness suggests the necessity of additional
"hidden” variables governed by classical probability distributions. However, Bell’s theoretical
work in 1964 [2], followed by numerous experimental validations [3, 90, [91], [92], definitively
demonstrated that local hidden variable models cannot adequately explain quantum mechanical
phenomena. This revelation established quantum mechanics as an inherently non-local theory,
with entangled states serving as crucial resources in quantum information processing.

To recognize quantum correlations, we describe Quantum Non-Demolition (QND) measure-
ments [93]. A QND measurement involves performing a measurement on a first system that
is highly correlated with a second system, enabling information extraction from the latter with-
out perturbation. When the quadratures #; and Z of two distinguishable electromagnetic field
modes are perfectly correlated, a QND measurement allows us to determine the expectation
value of Z, without uncertainty by measuring the first quadrature. The QND measurement esti-
mator is characterized by the conditional variance of i-:

(6p16p2)?

(A%(palpr)) = (A%pa) — A% (1.23)

where §p; = p; — (pi). When (A%(ps|p1)) falls below the shot-noise limit, this indicates the
presence of quantum correlations between the two modes, confirming the QND nature of the
measurement.

Now, consider two spatially separated particles with position and momentum operators de-

noted as %1, 91, &2, and go. The original EPR argument demonstrates that perfect correlations
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1.1. THE QUANTUM HARMONIC OSCILLATOR

between these operators lead to a paradoxical situation: measuring #; determines particle 2’s
position without interaction, implying a reality element for 2’s position. Similar logic applies to
momentum measurements, contradicting the quantum mechanical uncertainty principle.

The theoretical framework was later extended to continuous-variable optical systems. Reid’s
formulation [94] demonstrates that EPR correlations can manifest even with non-maximal cor-

relations between conjugate quadratures of optical modes. The paradox emerges when:
(A%(22]21)) (A (pa|pr)) < 1. (1.24)

A bipartite quantum system described by density matrix p exhibits inseparability when it cannot

be expressed as:
p# > pibh @ ph (1.25)

where 5% and p5 represent individual mode density matrices with probabilities p; .
To discuss the connection between squeezing and entanglement, we consider a 50/50 beam

splitter mixing two modes. The transformation equations are:

gt = Wt e \jﬁ a2 (1.26)
ao) = “1\;“‘ (1.27)

The quadrature variances for sum and difference modes are:

(A?)) = (A%(py — pa)) (1.28)

(A2E)Y = (A%(#y + &2)) (1.29)

For EPR-correlated modes, both (A2(p; — po)) and (A%(#; + 22)) approach zero, resulting in
squeezed sum and difference modes. Conversely, EPR-correlated states can be generated by

combining two squeezed modes at a 50/50 beam splitter.
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1.2 Quantization of the Electromagnetic field

The main goal of this section is to provide an introduction to the quantization of the electro-
magnetic field, focusing on the concept of modes and their application in describing optical
beams. The section starts by explaining the concept of the analytical signal, which allows for
a complex representation of electromagnetic fields. It then discusses the quantization of the
field in different mode bases, including travelling plane waves (TPW) and transverse modes like
Hermite-Gauss (HG) modes, which are more suitable for describing real-world optical beams.
Finally, the section introduces optical cavities and their use in confining light and briefly mentions
the quantization process within a cavity.

For more details, the reader is invited to check multiple lecture notes and books [95, 71,96, [87]

that use the same approach.

1.2.1 The analytical Electromagnetic signal

Consider a real vector field E(7, ¢), where 7 denotes the position vector and t represents time.

The Fourier transform of this field can be expressed mathematically as:

B ) = \/% / E(7, w)e ! du. (1.30)

A key property of this transform comes from the real nature of E. Specifically, the Fourier

transform exhibits a conjugate symmetry, which can be demonstrated as follows:

- 1 RO
B(Fw) = —— / B, t)etar
21 J
* (= 1 * oz - iwt "
E*(F,w) = — E(7,t)e*™"dt
21 [J o
1 > Pk (= —iwt
= — E* (7 t)e™ " dt
21 J
1 * = > —iwt
= — E(T7t)6 dt
21 J
E*(F,w) = E(F, —w). (1.31)

21



1.2. QUANTIZATION OF THE ELECTROMAGNETIC FIELD

This conjugate symmetry in Eq. (1.31) introduces redundancy in the Fourier decomposition. To

eliminate this redundancy, we introduce the complex field, defined as:

Etﬂ(ﬁt):AQ%: E(F,w)e " dw. (1.32)
™ Jo

This formulation selectively incorporates only the positive frequency components of the spec-
trum, effectively addressing the redundancy issue. The original real vector field can be recon-

structed from this complex field using the relation:

—

E(Ft) = ED(Ft) + EC(7)1). (1.33)

Here, E(-)(7 ) is equivalent to E(T)*(7,t). It's worth noting that for free electromagnetic
fields, which lack static components, the lower integration limit at w = 0 does not pose compu-

tational difficulties or divergence issues.

1.2.2 The electromagnetic wave nature of light

The conceptualization of light as an electromagnetic phenomenon represents a pivotal develop-
ment in the history of physics. This understanding emerged gradually, beginning with Michael
Faraday’s mid-19th-century observations of the interaction between light and magnetic fields.
Faraday’s work hinted at a profound connection between optics and electromagnetism, suggest-
ing that light might propagate as an electromagnetic disturbance without requiring a medium.

The mathematical foundation for this idea was later established by James Clerk Maxwell in
his comprehensive theory of electromagnetism [97]. Maxwell’s work predicted electromagnetic
waves travelling at a speed consistent with measurements of light’s velocity. Heinrich Hertz’s
subsequent experimental confirmation of these waves in the 1880s solidified the electromag-
netic theory of light [98].

The foundation of electromagnetic theory lies in Maxwell’s equations, which describe the be-
haviour of electric and magnetic fields. These equations, reformulated by Oliver Heaviside [99]

in the vector calculus form we use today, consist of four fundamental relations. The homoge-
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neous Maxwell equations are:

— — o 1 0B
i = =——=— 1.34
divB=0 rot £ 2 o (1.34)

while the inhomogeneous Maxwell equations take the form:

.= — = OFE -
divE =2 rot B = poeo—— + toj- (1.35)
€0 ot
Here, p(7,t) and j(7, t) represent charge density and current distribution, respectively, while
and py denote the electric permittivity and magnetic permeability of vacuum.
In the absence of sources (p = 0 and j = 0), these equations simplify to:
OE

div E =0 rot B = & (1.36)

where ¢ = —L

represents the speed of light in vacuum.

The hoﬂneous equations allow for the derivation of fields from scalar and vector poten-
tials:
BorotA E:-W¢—%§, (1.37)
These potentials exhibit gauge invariance under the transformations:
A= A4 grad A ¢—>¢—%, (1.38)

where A(7,t) is an arbitrary function. Incorporating these potentials into the inhomogeneous

equations yields:

N N R — -
2x 9 _ Y 2 :
(c*A BT )A atgrad ¢+ c“grad (div A),
o o . -
Ag + adw A=0. (1.39)
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By adopting the Coulomb gauge (div A = 0) and therefore ¢ = 0, these equations simplify to:

1 02

(B-555)

A=0. (1.40)

This wave equation for the vector potential components, in conjunction with the Coulomb
condition, reduces the system to two degrees of freedom from the previous six.

In general, many different solutions are possible for this wave equation. They are coined
spatiotemporal modes that adhere to the slowly varying envelope approximation and satisfy
temporal orthonormality conditions over an integration time T that exceeds all other relevant
timescales in the problem. They are determined by boundary conditions. In many optical sys-
tems, these solutions can be represented as €A(7,t), where € is a constant unit vector and
/T(F, t) is a scalar function. This scalar approximation is applicable when the system exhibits
symmetry for both independent components of the vector potential.

Seeking separable solutions of the form /T(F, t) = u(F)/T(t), we find that the spatial compo-

nent must satisfy the Helmholtz equation:
Au(7) + ku(F) =0, (1.41)

with k2 as a separation constant. The solutions to this equation, subject to appropriate boundary
conditions, constitute the spatial modes of the system. These modes {u,(F)}, corresponding
to the eigenfunctions of the Laplacian operator A, are fundamental to the quantization of the

electromagnetic field.

1.2.3 Mode of Electromagnetic fields and mode basis

Building upon our discussion of electromagnetic waves, we now turn our attention to the concept
of electromagnetic field modes. An electromagnetic field mode is characterized as a normalized
vector field @, (7,t) that satisfies Maxwell’s equations in vacuum. This field must satisfy the
following wave equation and divergence condition:

1 92

(A—Cj@)

@o(Ft) =0 and div i(F,t) = 0. (1.42)
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Furthermore, it must meet a normalization criterion at any given time ¢:

i/ dr|do (7, )] = 1. (1.43)
Vv

In this context, V' denotes the encompassing volume containing the entire physical system.
From one mode satisfying these conditions, it's possible to construct an orthonormal mode
basis {u,,(7,t)}. This basis serves as a powerful tool for decomposing any solution of Maxwell’s
equations, with 4y (7, t) as its initial element. An alternative approach to generating a mode basis
involves imposing specific boundary conditions on Maxwell’s equation solutions, such as those
encountered in resonator systems.

For our analysis, we consider fields confined within a finite spatial volume V. This constraint
leads to a discrete basis, indexed by a set of integers collectively denoted as m. Under these

conditions, any complex field E(+)(F, t) can be expressed as a superposition of these modes:
EM(F ) = Emtim (1) (1.44)

The orthonormality of this basis is ensured by the following conditions:
1 3 ok o o o
e d°r Uy, (T’ t) cUp (Ta t) = 57rm,- (1 45)
V V :

Here, 0., represents the Kronecker delta function, which equals 1 when m = n and 0 otherwise.
In this formulation, &, represents the complex amplitudes associated with each mode, fully
characterizing the EM field.

The modal decomposition of the electric field in Eq; (1.44), as presented in the previous
section, can be reinterpreted in the context of a Hilbert space. In this formalism, a given solution
of Maxwell’s equations E (7, t) can be represented as a vector in a Hilbert space, which we

call the modal space. We denote this with a vector representation:
E=> Eniim. (1.46)
Here, i, represents a unit vector in the modal space, corresponding to a column vector of

25



1.2. QUANTIZATION OF THE ELECTROMAGNETIC FIELD

zeros with a 1 at the mth position. Consequently, E can be expressed as the column vector
(€1,&,...)T, where T denotes the transpose operation in the modal Hilbert space.
Consider a unitary transformation U (UU' = UTU = I) with complex components U,,,,,. We

can define a new set of modal vectors:

N

m=1

It can be demonstrated that these vectors form another complete set of orthonormal modal
vectors, satisfying the condition 4, - #,, = d,.,,». Consequently, any electromagnetic field can be

expressed in this new basis:
EM(Ft) = Vatia (1) (1.48)

This mathematical approach to modes offers considerable flexibility in choosing the unitary

transformation U and, by extension, the mode basis.

Plane Waves

Our first analysis focused on fields that are superpositions of plane waves with wave vectors
close to a mean value ko (paraxial approximation) and frequencies near a central frequency
wo = c\Eo| (narrowband approximation). Assuming k, is parallel to the z-axis, we can express

the electric field as:

EM(7,t) = elhoz=o) N "¢ i, (7, 1) (1.49)
In this expression, e!(koz—wot) represents a carrier wave, while i,, (7, t) are envelope functions
for different modes. These envelope functions vary slowly compared to the rapid oscillations of
the carrier wave, both in space (relative to the wavelength) and in time (relative to the optical
period). While plane wave modes are commonly used due to their mathematical simplicity, they
often lack physical realism. Other mode bases may better suit specific light sources or optical

systems.
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1.2. QUANTIZATION OF THE ELECTROMAGNETIC FIELD

To simplify our analysis further, we’'ll consider only those unitary modal transformations that

can be separated into transverse and longitudinal components. We can then write :
i () = Ty (7, 1) = & ulD (w,y, 2)ulP) (¢, 2), (1.50)

where, €; (i = 1, 2) represents one of two orthogonal polarization unit vectors in the (z, y) plane.
The function u,(,T) describes the transverse (spatial) part of the mode, while ull) represents its

longitudinal (temporal) part. For the spatial mode basis, we can employ any set of orthonormal

i

(EEN.

o
-
-
| ]
-

Figure 1.2: 10 first transverse Hermite-Gaussian spatial modes.

functions u,(z,y) in the transverse plane, provided they satisfy the paraxial approximation by
varying slowly over distances comparable to the wavelength. The full spatial mode functions
u,(,T) (x,y,2) can be derived from their values at z = 0 using the Huygens-Fresnel principle to
account for diffraction effects. An example consists of Spatial Hermite-Gauss modes, which are
well-suited for beams produced in cavities with spherical mirrors. We plot in Fig.[1.2] the 10 first
HG modes. The temporal mode basis can be constructed using any set of functions u,(t, z)
that adhere to the slowly varying envelope approximation and satisfy temporal orthonormality
conditions over an integration time T that exceeds all other relevant timescales in the problem.
The longitudinal mode functions can take the form ulH (t,2) = u,(7), where 7 = t — z/c, de-

scribing pulses that propagate undistorted at the speed of light along the z-axis. Examples

include Temporal (Fig. or frequency Hermite-Gauss modes, which provide a convenient
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1.2. QUANTIZATION OF THE ELECTROMAGNETIC FIELD

Figure 1.3: An ultrafast pulse decomposed into an orthogonal basis of Hermite Gaussian tem-
poral modes.

1/T
/o0

T
A T e
. Transform
+

+ ...

Figure 1.4: Decomposition of a train of pulses into an orthogonal basis of trains of Hermite
Gaussian (HG) pulses whose Fourier transform are HG frequency comb modes.

orthogonal basis for light pulses of various temporal or spectral shapes and Hermite-Gaussians
frequency combs modes, which can be represented either as a superposition of equally spaced
monochromatic waves in the frequency domain or as a train of identical, equally spaced pulses
in the time domain (Fig.[1.2).

This formulation allows us to treat polarization, spatial, and temporal effects independently,
which is a consequence of our simplifying assumptions. This approach is particularly useful
when examining optical phenomena where the temporal characteristics of the light do not sig-
nificantly influence its spatial distribution, or conversely, when spatial diffraction effects have
minimal impact on the temporal profile of light pulses.

When we're dealing with a single temporal mode uf)L)(t, z), the electric field can be written

as:

B (1) = el Foem0Dugh (1,2) 3~ EufD (7) (1.51)
p
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1.2. QUANTIZATION OF THE ELECTROMAGNETIC FIELD

This allows us to define a transverse electric field:

E(+) (z,y,2 Zé’ u(T) (z,y,2 (1.52)

Conversely, for a single spatial mode uo (F) we can express the electric field as:
ED(7 1) = e~ 0ul (7)Y &P (1, 2) (1.53)
This leads to a definition of the temporal or longitudinal field:

BNt 2) Zs uF)(t, 2) (1.54)

1.2.4 Quantization of the EM field in the basis of TPW

In this subsection, we're interested in an electromagnetic system enclosed within a cubic volume
(V) with side length L. For any complex field A(H)(7,t) within this volume, we can define its

spatial Fourier components as:

AP () = @L / dr AD(F,t) - g Fe T, (1.55)

This decomposition enables us to express the complex vector field as a discrete sum of travelling

plane waves:
A7) = 37 A )z (1.56)
J4

The index ¢ represents a set of four integers (n,, n,,n.,s) and define the components of the
wave vector Eg: keo = nﬂf” kye = nyf and k., = =n, 7. The index s = 1,2 denotes two
orthogonal polarization unit vectors &, and &5, which are perpendicular to ke. These polarization
vectors may be complex to accommodate circular polarizations.

The time evolution of the Fourier components is governed by the wave equation, Eq. (1.40)
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which in this representation takes the form :

42 AL .
St WA = 0. (1.57)

where wy = CHE@” represents the angular frequency of each mode. This represents the equation
of motion of the harmonic oscillator, with a little difference, we cannot interpret the ffff’ as modal
amplitudes since they are complex.

Given that A (7, t) encompasses only positive frequencies, the solution takes the form:
A () = Agetot (1.58)

where A4, is a time-independent complex vector. This leads to a first-order differential equation

for the time evolution:

d .
i A () = we A (1), (1.59)

reminiscent of the Schrédinger equation.
The complex electric and magnetic fields can be expressed in terms of these Fourier com-

ponents:

E(+) (7 t) = —szgff( é’ge“” v (1.60)

B 0) =i Ky x & A (1) (1.61)
14
The total energy H of the free electromagnetic field is given by the volume integral:

H= 60/ Pr(E(7t) + AB(7,1)). (1.62)
(v

Utilizing the expressions for E(+) and B(™) in Egs. (1.60) and (T.61), this energy can be rewritten
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as.
H =261 wi| Ay (1.63)
l

This formulation reveals a crucial property: the energy of the free electromagnetic field can be
expressed as a sum of independent contributions from each mode. The excitation amplitude
of each mode is proportional to |/T§+)\2. The travelling plane wave (TPW) modes thus serve to
diagonalize the energy of the system, establishing themselves as the natural eigenmodes for
the free electromagnetic field.

Let us introduce, For the free electromagnetic field, the real and imaginary parts of the

complex field A% ():
AT (1) = Ay o) + i A, 0(), (1.64)
which allows us to express the energy as:
H=2:0L% ) wi(A2,+ A2 ). (1.65)
14

In the process of quantizing the electromagnetic field, we must identify the canonical conjugate
quantities and establish the appropriate commutation relations. This approach parallels the
quantization procedure for the quantum harmonic oscillator in Subsection[1.1.2] Let us consider
a classical system characterized by dynamical variables {¢;(t),p:(t)} (i = 1...n), with energy
given by the Hamiltonian H(¢1,p1,...gn, pn). These variables are canonical conjugates when

the system’s evolution follows the Hamilton-Jacobi equations:

d oH d oH

P pr” = 9a; (1.66)

The quantization procedure associates these classical, time-dependent variables with Hermi-

tian, time-independent operators {g;, p;} that satisfy the commutation relations:

[, Dj] = ihd; 5. (1.67)
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From the time evolution equation (1.59), we derive:

d 1 0H

A mwhygy = —— 1.68
d pl = WeAgp 4deo L3wy 8Aq7g’ ( )
d - - 1 OH

A= —wAy = ——— 1.69
N EN Y (169

These equations are of the Hamiltonian form in Eq. (1.66), allowing us to identify the canonical
conjugate quantities: ¢; <> 2\/50L3wgffq,g and p; < 2\/50L3w4ﬁp7g.
We now associate these classical quantities with time-independent observables flm,g and

A, that obey the commutation relations:

[2\/ EoLSWZAx’@ 2\/ 60L3WgAy’z/} = Z'FL(SZ’@. (1 70)

This leads to the fundamental commutation relation:

A - ih

[A.’E,eaAy,[/] == mé&g/ (1.71)

Introducing the non-Hermitian operator A, = A, , + iA, 4, we obtain:

h

A Al = ——
[Ae, Ap] 2e0L3wy

Suer. (1.72)

Defining:

3 ~
g =1/ 2502 YA, (1.73)

we recover the familiar commutation relation for harmonic oscillators: [ay, d},] = dgp -

The complex vector potential operator can then be expressed from Egs. (1.56) and (1.58)

T = h oo i(Rer—w
AD(F ) = Z‘/TWLS apepetkemmet) (1.74)
L

as:
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and the Hamiltonian of the quantized field takes the form:
H =203 wa(flzz + Af,z)
14
= €0L3 Z w? (AEAZ + AZA@)
)4

H= 2{: TZ(agaz + aZag). (1.75)
This Hamiltonian represents an assembly of independent quantum harmonic oscillators, where
the position and momentum analogues are the real and imaginary parts of the spatial Fourier

component A, of the complex vector potential A (7, t).

1.2.5 Basis Change

While the Travelling Plane Wave (TPW) basis has served us well due to its mathematical simplic-
ity and connection to spatial Fourier transforms, it lacks physical realism as it assumes uniform
field amplitude throughout the entire volume V = L3. We will now explore alternative bases
that may offer more physically intuitive representations but first let’s define this notion of basis
change.

Consider a unitary transformation applied to the set of TPW creation operators, yielding a

new set of operators {b], }:
b, = " Uped] (1.76)
L

Here, U, represents an element of a unitary matrix U as we introduced in Eq. (1.47) for the

mode basis. The corresponding annihilation operator is given by:

b = Ul ap = > Uiy (1.77)
¢ ¢
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One can verify that these new operators obey the standard commutation relation:

[i)m, m/ Z U U m'e! ag, aé/ Z m'l = 5m m/’ (1 78)
2,0
This demonstrates that {b,,} constitute a new set of annihilation operators for independent
harmonic oscillators, preserving the fundamental nature of our bosonic operators.
By inverting the transformation, we can express the original operators in terms of the new

ones:

= Unibm (1.79)

Substituting this into our previous expression for the complex field operator Eq. (1.74), we obtain:

A(+> mevm (1.80)

where the new mode functions #,, () are given by:

h = 7;_‘1/-’)77(.«)]
U (F) = ’/TOLM Upng Ege’FeT=wt) (1.81)
4

The set {¢,,} forms a new basis for decomposing complex fields, with each @, describing the
spatial mode associated with the annihilation operator b,,. It's important to note that this basis
is generally not orthonormal due to the frequency-dependent factor /w, in the coefficient. How-
ever, when the modes are composed only of spectral components centred reasonably around
the central carrier frequency, the modes can be considered orthogonal.

While the field operator transforms straightforwardly, the Hamiltonian Eq. is not invari-

ant under these general unitary transformations. It takes the form:

H="" Epmblbm (1.82)

m,m’

This indicates that the new modes are not necessarily decoupled in energy and may not be

eigenmodes of the radiation field Hamiltonian. The coupling terms E,,, ,,» for m # m’ represent
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interactions between different modes in this new basis.
We can, however, construct a special class of unitary transformations that preserve the
eigenmode structure. Consider a transformation that only mixes modes of equal frequencies:

Unme = 0 if wp # wyny. Under this constraint, the field operator takes the form:

AN = Y\ 5 bnn(7) (1.89)

where the new mode functions are:

1 e
U (7)) = 4/ FUmgé'gel(k‘”T_“’t) (1.84)
4

These v, form an orthonormal basis satisfying:

37 Ty (F) - 050 (F) = S (1.85)
V)
and
Zﬁm(f’) Uy (F') = 0(F = 7). (1.86)

This transformation preserves the number of photons at each frequency and leaves the Hamil-
tonian invariant. The new modes are decoupled and represent new eigenmodes of the radiation
field.

Practical examples of such eigenmode bases include Hermite-Gauss modes such as in

Fig. which are particularly useful for describing light beams in the paraxial approximation.

1.2.6 Paraxial optics and transverse modes

While the plane wave decomposition provided a useful mathematical framework, it has limi-
tations in describing real-world optical scenarios due to the infinite transverse extent of plane
waves. In this section, we introduce an alternative set of modes that more accurately represent

the finite nature of real electromagnetic fields. These modes are particularly relevant to the
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optical systems we will explore throughout this thesis and have the added advantage of being

experimentally realizable in laboratory settings.

Optical Beams and the Paraxial Approximation

In contrast to the plane wave basis discussed earlier, we now focus on optical beams - light
propagating nearly along a specific direction, which we designate as the z axis. The vector

potential of such a beam can be expressed as:
A7 t) = / dk, A (ks 71, 2,t) exp (ik.2) (1.87)

where 7, = (z,y) represents the transverse coordinates, and A (k., 7\, z,t) is an amplitude

that varies slowly compared to |k.| both longitudinally 63/:1" <

kzaz/:l" < k§|/:ﬂ and trans-

versely WL ~/Y‘ <

kz/:f’ where V| = (,, 0y)- These conditions define paraxial waves. Under
these assumptions, the polarization properties of /:f(kz, 71, z,t) decouple from the spatiotempo-
ral aspects, allowing us to work within the scalar approximation. We seek solutions of the form
E(k,) Aky,t)u ks, 7L, z) exp(ikz).

The function u (k., 7, z) satisfies the paraxial wave equation:
(2ik.0. + V) u (k., 71, 2) = 0. (1.88)

This equation has a unique solution when the transverse structure of u (k., 7 , z) is specified at

aplane z = zp:

ik,
2T (Z - Zo) R2

ik,

- — \2
m(rl—rL) . (1.89)

w(ky, 7L, 2) = — &7 u (k,, 71, 20) exp | —

This integral form describes how the transverse pattern of an optical beam evolves due to diffrac-
tion as it propagates along the z-axis.

A special set of solutions to the paraxial equation maintains its transverse shape during
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propagation, changing only in scale and phase:
(k.71 ,2) = o(z)exp iy (FL, 2)] ulks, 0(2)7L, 0] - (1.90)

Their explicit form depends on the chosen coordinate system. The fundamental transverse

mode, which is the same in any coordinate system, has a Gaussian form w (k,,7,,20) =

2
k.7

U exp [i2q(zo):|' Here, ¢(z) is the complex g-parameter of the beam, typically expressed as:

1 Lo,
g(z)  R(2)  kaw?(z)

(1.91)

where R(z) is the curvature radius and w(z) is the spot size of the mode. Introducing this

decomposition into the ansatz Eq. (1.90), we obtain:

2

A 0)] exp {k <ZO N Q;(LO)H (192

After applying the paraxial propagator, this transverse pattern evolves to:

w(k,, 7L, 2)exp (ik,z0) = ug exp {

T

2zl .
O w(z)} (1.93)

where: g(z) = ¢ (z0) + 2 — 2 and ¥(z) = arg {1 n 3(53]

Conventionally, we choose the reference plane z; = 0 as the plane where the wavefront is
flat, i.e., R(zo = 0) = oo and denote w(zy = 0) as wy. With this choice, we obtain:

1+ (;)2] : (1.94)

w?(z) = wg

R(z) =z [1 + (?)2] , (1.95)
¥(z) = — arctan (;) c [—g g] : (1.96)

Here, zp = kng is the Rayleigh length (which can be negative when &, is negative), and ¥(z)

is known as the Gouy phase.
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This pattern u (k., 7, z) relates to u (k., 71, z9) in the form of Eq. (1.89), confirming its nature
as a transverse mode. This is called the fundamental transverse mode. Other transverse modes
have a similar Gaussian structure but are modulated by additional transverse functions.

In Cartesian coordinates, the transverse modes are known as Hermite-Gauss (HG) or TEM,,,,,

modes:
. B 1 V2x V2y oox?4y?
Hmn(kszLa Z) - mw(z) Hm lw(z)] Hn |"U)(Z)] €xp |:Zk22q(2’) + 7/(1 +m + n)¢(z)

(1.97)

m

where H,,(z) are Hermite polynomials H,,(z) = (—1)™ exp(2?) 4> exp(—2?) and m and n are

dtm

the horizontal and vertical indices of the mode, respectively. These modes form an orthonormal

and complete set in the transverse plane:
/R ] PrLHE, (koo 7L, 2) Hrg (K, 710 2) = St Oy V2, (1.98)
and
STH (ke 7L 2) Hy (ks 71, 2) = 82(FL — 1) Ve (1.99)

This formalism provides a powerful tool for describing realistic optical beams and forms the
foundation for understanding more complex optical phenomena in subsequent chapters.
Other sets of transverse modes include Laguerre-Gauss (LG) modes and Hybrid Laguerre-

Gauss modes.

1.2.7 AQuantization in an optical cavity

An optical cavity is essentially a sophisticated mirror arrangement that forms an interferometer.
It's designed to create a specific path length for light to travel. When light completes a round
trip within the cavity and its phase aligns perfectly (a multiple of 27), we get what'’s called con-
structive interference. This results in a boost in optical intensity at the cavity’s outputs, a state

we refer to as resonance between the light and the cavity. Conversely, when the light and cavity
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are out of sync, we see destructive interference, and the light simply bounces back off the input
mirror.

You can observe these resonance effects by tweaking either the light's frequency or the
cavity’s length. As you do so, you'll notice intensity peaks that signal resonance. These peaks
are spaced out in a predictable way - in terms of frequency, they're separated by the inverse of
the round-trip time, while in terms of length, they’re spaced by the wavelength .

While electromagnetic field quantization in optical cavities is the goal of this section, we focus
on the classical foundation: determining cavity modes through geometric optics and ABCD
formalism as they will be relevant in Chapter [2] of this thesis. These modes serve as the basis
for field quantization, which we use in Chapter [2 for the quantum treatment of a novel type of
cavities introduced. For a complete description of electromagnetic field quantization in optical

cavities such as the ones we describe in this section, we refer to these resources [88],[100].

Geometrical Optics in Optical Cavities

Optical cavities, at their core, consist of two opposing spherical mirrors forming a linear res-
onator. These structures excel at trapping light, allowing it to oscillate between the mirrors.
We’ll examine the conditions necessary for effective light confinement.

In the geometrical optics framework, applicable when the Fresnel number F = d? /)l is large
(where d is the beam’s transverse size, A\ the wavelength and [ the propagation distance), we
visualize the beam as a collection of collimated rays. At any longitudinal position z, a ray is

characterized by:

(z) = . (1.100)

Here, r(z) denotes the ray’s distance from the z-axis, and 4(z) is its angle with this axis, termed

transverse position and inclination respectively. Optical elements’ effects on the beam are de-
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scribed by ABCD matrices:

A B
M = : (1.101)
D
. . . o Tin
This matrix transforms an input ray o(z;,) = to:
ein
N . Arin + Bbin
U(Zout) = MU(Zzn) = (1102)
Crin + Dbin

For example, for free-space propagation over distance {:
M

rop = : (1.103)

A spherical interface with curvature radius R between media of refractive indices n; and n. also

has the following ABDC matrix:

1 0

Minterface = . (1 104)
1 —n2 ni
TLQR ’nig

From these, we derive ABCD matrices for lenses and mirrors:

Mlens = ; Mmirror = ) (1 105)

e

with f as lens focal length and R as mirror curvature radius.
For any ABCD matrix M that describes the transformation between two planes with refractive
indices n;, and n.yut, a fundamental property holds: det(M) = ;’—; This relationship can be

derived by considering that any complex optical system can be decomposed into a series of

simpler elements, each represented by either a propagation matrix (as in Eq. (1.103)) or a
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refraction matrix (as in Eq. (1.704)) and that the determinant of the overall system matrix is
equal to the product of the determinants of these individual element matrices.

Because as we mentioned earlier, transverse modes maintain their shape through ABCD
systems, a mode with initial g-parameter ¢(z;,,) and Gouy phase ¥ (z;,) through an optical sys-

tem characterized by its ABCD matrix, will transform into the exact same mode such that:

A(zout) = 2L Zin) =B
out Cq(Zm) —f—D’
V(zZout) = V¥ (2in) — arg [A—i— il ] : (1.106)
ou m q(Zzn)
r
In an optical cavity, a ray ©(z) = ™| at reference plane z = z; undergoes a roundtrip trans-

9in
formation:

AL BL
MLoop = P °® . (1 A 07)

CLoop DLoop

After N roundtrips, using Sylvester theorem applied to the N’ 'th power of a 2 x 2 matrix with

determinant one:

. . 1 |ALloopsin N¢ —sin[(N — 1)¢] Bioopsin N¢ .
Un(20) = Mﬂgopv(zo) == b (z0)
S Cloop Sin N ¢ Dioop sin N¢ — sin(N — 1)¢
(1.108)
Where COS 9 = (ALon + DLoop)/Q.
For cavity confinement, 6 must be real, leading to the stability condition:
1 < Atoop T Dhoop (1.109)

2

Else the trigonometric functions of 8 become hyperbolic, leading to divergent ray coordinates.
This also could be found by looking at the characteristic equation of the cavity A% — Tr(Motal) A +

1 = 0 that we solve for A\s with no-nonpositive modulus to ensure stability. This condition,
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independent of the reference plane choice, defines a stable optical cavity. The trace of the

roundtrip matrix remains constant regardless of the chosen reference plane.

1.2.8 Particular examples of cavities

Let’s consider a basic linear cavity. Imagine two flat mirrors facing each other, separated by
a distance L. For a plane wave with wavelength )\, you would expect resonances when the
round-trip length (2L) is a whole number multiple of the wavelength A\. However, this setup
isn’t practical in the real world because it's not geometrically stable - a real laser beam would
eventually spread out too much.

To create a stable cavity, we need at least one optical element with a finite focal length to
handle Gaussian modes. Typically, we use concave mirrors for this, as they can counteract the
beam’s natural tendency to diverge over multiple round trips.

As a Gaussian beam travels, it picks up an interesting phase shift known as the Gouy phase.
This phenomenon was first noticed back in 1890 by Louis Georges Gouy [101], a French physi-
cist who observed it in thermal light passing through a focal point. For a laser mode of order N,
the Gouy phase ¢y (z) is given by: ¢ (z) = (N + 1)tan~!(z/zr) [100]. Here, = is measured
from the beam’s waist, and 2 (the Rayleigh length) equals mw?2/A. This phase shift causes
a slight displacement ¢y in where the resonance peaks occur, compared to what you would
expect with plane waves. So, for the Nth-order mode, resonances happen when the round-trip
length is 2L = p\ + e, where p is an integer.

In a cavity with one flat mirror and one concave mirror spaced L apart, the Gouy phase
accumulated over a round trip gives us: ey = (N + 1)2 tan~'(L/zr). Notice how £y grows
linearly with N. This creates a regular spacing between resonant peaks for different mode
orders.

Interestingly, cavities with an odd number of mirrors, like triangular cavities, behave differ-
ently from those with an even number. In even-mirror cavities, all modes of a given order N ac-
cumulate the same total phase in a round trip. But in odd-mirror cavities, some modes can pick
up extra phase shifts. This peculiarity allows triangular cavities to distinguish between certain

modes, like TEMp; and TEM;o. Their resonance peaks end up separated by half the distance
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g
Q

Figure 1.5: Mode cleaner cavity: When a paraxial monochromatic beam with a specific
transverse-mode distribution impinges on a spatial-mode cleaner that is tuned on a particu-
lar transverse mode, the desired mode is transmitted while the rest of the modal content is
reflected.

between consecutive TEMy peaks [102]. In frequency terms, that's half a free spectral range

(FSR), or 3 in terms of total cavity length.

Particular case of mode cleaner cavities

A triangular resonator is an optical cavity configuration that supports Hermite-Gaussian (HG)
modes. This resonator consists of three mirrors arranged in a triangular geometry, enabling the
confinement and propagation of light within the cavity. The analysis of such a resonator involves
understanding the mode structure, stability conditions, and the behaviour of the electromagnetic
fields within the cavity and it is the basis of widely known and used mode-cleaner cavities as
shown in Fig.[1.5]

To determine the stability conditions and the complex cavity eigenmodes of the triangular
resonator, we employ the ABCD matrix formalism. This approach allows us to model the optical
elements and free-space propagation within the resonator systematically.

We use the powerful ABCD matrix formalism we developed in earlier top describe the prop-
agation of Gaussian beams through optical systems. For the triangular resonator, the optical

path consists of:

1. Passage through coupler r;.
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2. Free-space propagation over a distance L.

3. Passage through coupler rs.

4. Free-space propagation over a distance Ls.

5. Reflection from a spherical mirror with radius of curvature R.
6. Free-space propagation over a distance Ls.

The total propagation length in a round trip is given by:Ly + Ly + L3 = Lioop. The ABCD
matrices for these elements are:
1 L 1 0
]V[free(L) = s Mirror = 2 (1.110)
0 1 —— 1
The total ABCD matrix M for one round trip in the resonator is the product of the individual
matrices in the order of propagation. Note that the couplers r; and r, affect the field amplitudes
but do not alter the ABCD matrices, which are concerned with the ray optics. Thus, the ABCD

matrix sequence is:
Motal = ]\/[free (LS) . Mmirror . ]V[free(L2) . Mree(Ll) (1 A1 1)

Doing the multiplication and simplifying the elements:

2L 2L
AL BL 1- > LLoop 1- 2 + L3
M _ oop oop _ R R 1112
total 2 9L 2L . ( . )
C D _2 et e C
Loop Loop R R R

The stability of the resonator is determined by the trace of the total ABCD matrix. For a resonator

to support stable modes, the following condition must be satisfied:

—2 < Tr(Miotar) < 2 (1.113)
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Calculating the trace yield:

L5 9Ly  2L,Ls 2Ly +Ls)  2L1Lo
_(1_ _ b2 —9_ _ 1.114
Tr(Mictal) (1 R ) + (1 R R ) 2 R R ( )

and applying the stability condition gives:

2(Ly+ Ls)  2LiLy
R R

—2<2- < 2. (1.115)

Solving both inequalities and combining the results, the stability condition is:

0< Ly+ Ly + LiLy < 2R. (1.116)

This condition ensures that the resonator supports confined modes without divergent beam
propagation.

The eigenmodes of the resonator are determined by solving the characteristic equation de-
rived from the ABCD matrix. The characteristic equation is: A2 — Tr( Mioa) A +1 = 0. Substituting

the trace, we get:

A2—<2—2(L2gL3)—2L§L2>A+1:0. (1.117)

Solving for X using the quadratic formula:

N\ = Tr(Mtotal) + vV -I—r(]wtotal)2 —4 (1 11 8)

2

For stable resonators(Eq. (1.116)), the discriminant A = Tr(Mioa)? — 4 is negative.
The modes of the resonator can be described by the electric field distribution U(7), where
7 = (x,y) represents the transverse coordinates. For HG modes, the field distribution is given

by:

Wo Wo

Uin(7) = Ay Hyp, (ﬁx) H, (ﬁy> exp (-“”Q,L:;f) = Upn(7), (1.119)

where A, is the amplitude coefficient, H,,, and H,, are Hermite polynomials of order m and n,
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respectively and wy is the beam waist.

After n round trips within the resonator, the field distribution evolves as:

Un(F) = tl (7'17n2)nAmnH7n (ﬁx> Hn < ﬁy) eijknLLOOp ej(ernJrl)w(nLLoop) (1 1 20)
wo

Wo

where ¢, is the transmission coefficient of coupler r; and r; and r, are the reflection coefficients
of the couplers. v(z) represents the Gouy phase given by Eq. (1.106). The total field within the

resonator is the sum of all round-trip contributions:

+oo
Utot = ZUn = tlUl (1121)
n=0 1-— 172 €Xp j [—kLLoop + (m +n+ 1)¢(LLoop)} ]

The transmission coefficient T' can be written as:

Tm ax

T = (1.122)
1+ 72 SiIl2 kLLoop N (m +n+ 1)w(LLoop)
2 2
It is expressed as a function of the finesse F and the maximum transmission 7p,.:

Fo v (1.123)

1-— T17T2

r1ro
max = ———————. 1.124
T (1 — 7“17“2)2 ( )

The triangular cavity’s ability to distinguish between transverse modes with the same m + n
arises from its geometric configuration, which introduces mode-dependent phase shifts and
frequency splitting. Specifically, modes like TEy; and TEqy have the same m + n = 1, but
their different spatial distributions interact uniquely with the cavity’s asymmetry. This leads to
slight differences in their resonant frequencies, allowing the cavity to differentiate between them
based on their distinct transmission peaks. In the triangular geometry, the asymmetric path
lengths and coupler placements result in different Gouy phases for modes with identical m + n,
thereby lifting the degeneracy. Consequently, TEq; and TE;q modes resonate at slightly different
frequencies, enhancing the cavity’s capability to selectively amplify or suppress specific modes.

This is true for odd numbers of cavities [102].
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Quantization in optical cavities

As discussed previously, the quantization of electromagnetic fields in optical cavities builds upon
the understanding of cavity modes. In this section, while we establish the classical foundation
using geometric optics and ABCD formalism to determine these modes, a groundwork that
is particularly relevant for Chapter [2, where we employ these results to develop a quantum
treatment of novel cavity configurations. While we focus here on the classical description, com-
prehensive treatments of electromagnetic field quantization for the example of optical cavities

we considered, can be found in [88] [100].

1.3 Multimode Gaussian States

To introduce the section on multimode Gaussian states, we remind the discussion we had in
Subsection on continuous variable (CV) systems. These are systems whose relevant
degrees of freedom are associated with operators having continuous spectra. An example of a
multimode case of a bosonic CV system is a quantized field, such as the electromagnetic field.
Such a system can be modelled as a collection of non-interacting quantum harmonic oscillators
with different frequencies, each referred to as a mode. To simplify our discussion, we will focus
on systems with a discrete number of modes (e.g., an optical cavity), each with one spatial
dimension.

Here, we adopt the formalism developed by Adesso et al. [7] and the reader is advised to
refer to [103][104] for a different or a more detailed treatment.

An N-mode CV system is described by a Hilbert space H = ®ﬁ:1 H.n, Where each H,,
is an infinite-dimensional space associated with a single mode. The Hamiltonian for such a

system can be expressed as:
N N 1
H=Y H,= m | af dm + = 1.125
S =Y hw (ama + 2) , (1.125)

where a,, and af, are the annihilation and creation operators for the m-th mode with frequency

wm. These operators, we remind, obey the commutation relations:
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[, @] = Omns [, an) = [af,,al] = 0. (1.126)

We define quadrature operators analogous to position and momentum for each mode as we did

in Subsection [1.1.2| for the HO: &, = &”\J/rgiﬂ and g, = 71% with [Zy, §n] = @0pmn. For

compact notation, we introduce the vector of quadrature operators:

=

R=(&1,..., &N, 0n) . (1.127)

This allows us to express the commutation relations as: [Rm,Rn] = 1Q,n, Where Q is the

symplectic form:

: (1.128)

where Iy is the N x N identity matrix and © verifying QT = —Q = Q1.

1.3.1 Phase Space Description

We previously discussed in Subsection [1.1.4when talking about continuous variables quantum
states that position and momentum observables lack common eigenstates, and their eigenvec-
tors don’t represent physically realizable states of the Harmonic Oscillator. Consequently, these
observables cannot have definite values simultaneously. Instead, for a given state characterized
by its density operator p, we can only provide probability density functions (x|p|x) and (y|p|y)
that govern the measurement statistics of these observables. This implies that well-defined
trajectories in phase space don’t exist quantum mechanically, as position and momentum are
always subject to quantum fluctuations.

This leads us to a natural question: Is it possible to describe quantum mechanics using a
probability distribution in phase space that essentially blurs classical trajectories? The answer is

nuanced, as quantum noise exhibits more intricate characteristics than its classical counterpart.
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Let's introduce the probability distribution W, (i) as in the lecture notes [87], where i = (z|y)"
encapsulates all phase-space variables, and the subscript denotes the corresponding quantum
state p. We construct this distribution to yield the position and momentum probability density

functions as its marginals:

(lplz) = / dyW,(7), (1.129)

and

wlply) = /R dz W, (7). (1.130)

These conditions uniquely define W, (), known as the Wigner function.
To facilitate the analysis, let us stick to the single mode case where the quadrature vector

writes R = (z, %) and we introduce the following concepts:

+ We define the displacement operator, reminiscent of the one defined for coherent states

Eq. :
D(7) = exp (;ﬁmf) — exp (;(yx - a;g;)> . (1.131)
» The quantum characteristic function is given by:
Xo(5) = tr{pD(5)} = (D(5)). (1.132)

The Wigner function is then defined as the Fourier transform of the characteristic function:

d?s
g2 (47)?

W, (7) = e (3). (1.133)

This function exhibits several crucial properties, whose proofs can be found in [88, 87]:

1. It yields the correct marginals as defined in Equations [1.729|and[1.130]

2. ltis real-valued throughout the whole phase space.
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3. Itis normalized: [g. d*rW,(F) = 1.

4. For orthogonal pure states g; and g, the overlap between their corresponding Wigner

functions writes :

/ d*rW, (F)W,,(7) = 0. (1.134)
RQ

This mathematical relationship reveals a crucial aspect of the Wigner function: it must
exhibit negative values in certain regions of phase space. If it were non-negative every-
where, the integral of the product of two Wigner functions would always yield a positive
result. Consequently, the Wigner function deviates from the classical notion of a probabil-

ity density function, highlighting its unique quantum nature.

5. The Wigner function is bounded and can always be visualized in phase space:

2 12 Lo 1
/Wd W) = (i) < (1.135)

The upper bound of ﬁ stems from the property tr{5?} < 1, which holds for all density
operators due to their positive eigenvalues being constrained to values less than or equal
to unity. This constraint ensures that the Wigner function remains finite throughout phase

space, enabling its visualization and analysis without encountering divergences.

6. It uniquely determines the quantum state:

26 .
i= [ B . (1.136)

This property shows the equivalence between the Wigner function (or its characteristic
function) and the quantum state itself. By encapsulating all the information contained in
the state p, the Wigner function serves as an alternative, phase-space representation of
quantum states, offering a complementary perspective to traditional quantum mechanical

formalisms.

These properties reveal that the Wigner function closely resembles a probability density function
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in phase space, with the crucial distinction of potentially taking negative values. This negativ-
ity is fundamental, indicating that quantum mechanics cannot be fully simulated using classical
means. While not a true probability density function, the Wigner function serves as an invaluable
tool for visualizing quantum fluctuations in phase space. Many experimentally accessible states
of the harmonic oscillator exhibit positive Wigner functions, allowing us to apply classical prob-
ability theory intuition to quantum fluctuations in these cases. The appearance of negativities

serves as a clear indicator of genuine quantum phenomena.

1.3.2 Gaussian States

Gaussian states are frequent in quantum physics laboratories. They can be generated and ma-
nipulated experimentally in a variety of physical systems, ranging from light fields to atomic en-
sembles [13,[18]. They encompass a wide range of important quantum states, including coher-
ent states (such as those produced by lasers), thermal states (emitted by black body sources),
and even the vacuum state. The defining characteristic of a Gaussian state is that its charac-
teristic functions (Eq. (1.139)) and quasiprobability distributions (Egs. and (1.130)) are
Gaussian functions in the quantum phase space. For pure states, this property also manifests
as a Gaussian wavefunction in the quadrature (position or momentum) basis [105].

A key feature of Gaussian states is that they are fully characterized by their first and second
moments. The first moment vector d of a state is defined as: d = <§>, while the second order

moments form the covariance matrix ¢ = (o;;), given by:

argpers

(BRT + (RE)T) — (R)(R) (1.137)

g =

DN | =

and equivalently
<R2RJ + R]R2> — <Rl>p<R]>, (1 138)

with B the quadrature vector (Eq. (1.127)) and the expectation value taken in regards to the

state j: (A) = (A), = Tr[pA] where A is any operator.

The covariance matrix o is a real, symmetric, positive definite matrix. For N-mode Gaus-

o1
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sian states p, both the characteristic and Wigner functions have Gaussian forms, completely

determined by d and o

—5§720QTE-i(Qd)TE (1.139)

1 o AT 1,4
W,(F) = — ———e~ @D (@d), (1.140)

where £ and X € R2V,
Coherent states, which we introduced earlier in Subsection|1.1.4] are examples of Gaussian

states. For a single-mode coherent state |«), the first moments and covariance matrix:

d=+2 Re(c) . o=1. (1.141)
Im(a)
Particularly, the covariance matrix for a coherent state is the identity matrix, regardless of the
coherent parameter . We show that in Subsection [1.4.4] for the simplest coherent state. This
reflects the fact that coherent states are states of minimum Heisenberg uncertainty AzAj = 1,
where we remind that A(A) = (A2) — (A)? is the variance of an observable A for a given state
p-

Coherent states are not the only states we reviewed that saturate the uncertainty relation.
Squeezed states, we mentioned in Subsection also maintain this property while allowing
for unbalanced variances on the two canonical quadratures for each mode. The most general
Gaussian pure state |¢) of a single mode is a displaced squeezed state, obtained by applying
both the displacement operator D(«) (Eq. (1.131)) and the single-mode squeezing operator
S(¢) to the vacuum state: [¢,.c) = D(2)S5(¢)|0). Pure single-mode Gaussian states are thus
fully specified by their displacement vector o ¢ C, squeezing degree s € R, and squeezing
phase 6 € [0,21] : [tha.c) = [t'a,s.0).

Despite the infinite dimension of the associated Hilbert space, an arbitrary Gaussian state
p can be completely described (up to local unitary operations) by its 2N x 2N covariance ma-

trix o. The physical validity of a covariance matrix is ensured by the condition: o + i >
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0. This inequality, which is a consequence of the uncertainty principle in its strong Robert-
son—-Schrédinger form [106, [107], is necessary and sufficient for o to describe a physical Gaus-

sian state [108},[109], and is necessary (but not sufficient) for non-Gaussian states.

1.3.3 Gaussian Unitaries and the symplectic group

Building upon our discussion of Gaussian states, we now explore how unitary transformations
are represented in this framework. This leads us to the concept of Gaussian unitaries. In the
Hilbert space, unitary transformations on Gaussian states map to real symplectic transforma-

tions in phase space, affecting both the first and second moments:

o d = Sd,
p=UpU" = (1.142)

o' =808T.

Here, S represents a symplectic matrix corresponding to the action of U/ on 5. This elegant
transformation rule applies exclusively to unitaries with exponents at most quadratic in the mode
operators {a;,,a,'}. Such transformations preserve the Gaussian nature of states, as higher-
order terms would influence moments beyond the second order.

To fully grasp these symplectic transformations, we must venture into symplectic geometry,
a field deeply rooted in classical mechanics but with profound quantum implications [110} (103,
1111, [{04].

The real symplectic group denoted Sp(2N, R), is defined by the group of real matrices sat-
isfying the condition: SQST = Q, where Q is the symplectic form. More explicitly: Sp(2N,R) =
{S e RZV>2N|SQST = 0}. Symplectic matrices are square (2N x 2N), invertible, and have
determinant +1. Given our quadrature operator arrangement, we can decompose a symplectic

matrix into blocks:

g = , (1.143)

where S1, S2, 53,5, are N x N submatrices that must satisfy certain conditions derived from the
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defining symplectic relation SQST = Q: both $;.5] and S3S5] must be symmetric and S;.5] —
S,57 = Iy. These conditions ensure that S preserves the symplectic structure.

An important result in symplectic geometry is the Williamson theorem, which states that any
symmetric positive-definite matrix can be diagonalized via a symplectic transformation [112].
This theorem is instrumental in finding the symplectic eigenvalues of a Gaussian state’s covari-

ance matrix:

Theorem 1.3.1 (Williamson Theorem). For any 2N x 2N positive-definite matrix o, there exists

S € Sp(2N,R) such that:

ST, (1.144)

Q
I
n

where A is the N x N submatrix that represents the symplectic spectrum associated with o.

Sometimes alternative representations are used in different quadrature bases involving dif-
ferent arrangements of the quadrature operators. For example, let's consider an alternative

representation on a different basis :

T
I
7
2 T
R=|"|=71 (1.145)
i A
TN
A in
YN

Here, T = (T;;) is a basis-changing matrix with elements: T;; = ;21 + di+on2; for i,j =

1,...,2N. This rearrangement leads to a block form for the symplectic form and symplectic
matrices:
N 0 1
O =Puw, w= (1.146)
k=1 -1 0
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and

(1.147)

where the 2 x 2 sub-block s.,,,, represents the transformation between the modes m and n. In

this representation, the Williamson normal form of a covariance matrix o can be expressed as:

. 0
o=5p ST, (1.148)

k=1 0 dk
An alternative representation, known as the complex form of Sp(2V, R) [113], can be obtained
by transforming from the quadrature operators &;, §; to the mode operators a;, aj This trans-

formation is given by: 5: LR

aq T

2 a T

e=|""=c|" (1.149)
a] i
aly in

where the basis-changing matrix L is defined as:

1 |1 il

[— |y (1.150)

V2 \ 1y —ily

In this complex representation, any matrix S in the quadrature basis transforms as S — 5S¢ =

LSL. This transformation leads to the following expressions for the symplectic form and sym-
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plectic matrices:

In 0 Se1 S
O = —ik, K=|" R e (1.151)

0 Iy St St

In this complex form, the defining symplectic relation becomes SEKSE = K, where the transpo-
sition operation in the quadrature basis is replaced by Hermitian conjugation. This leads to the
following conditions for S to be symplectic: Se1 S, — Se2Sf, = I and Se1 ST, = (Se1S5)T.
The Williamson normal form in the complex representation is given by:
Ae O ;
oe =S¢ Se, (1.152)
0 A
where o¢ is the complex form of the covariance matrix, defined in terms of the mode operators

as:

o =

oe = (€1 + (€)1 — 206N, (1.153)
such that
(0e)ij = (€] + E1&5) — 2(E0(E). (1.154)

In this complex form, the symplectic spectrum of a covariance matrix can be computed using:
A¢ = Eigt (K o), where Eig" denotes the positive eigenvalues.
The complex form covariance matrix can be obtained from its quadrature counterpart o using

the transformation with Eq. (1.150), resulting in the block form:

el O¢2

o¢ = , (1.155)
022 ogl

with o, = 0¢; and o, = o¢», ensuring that o is hermitian : of = 0.
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1.3.4 Symplectic representation of linear optics operations

Linear optics forms the backbone of many quantum optical experiments [95], primarily due to the
challenges in achieving high-order non-linear effects on single modes or interactions between
multiple modes simultaneously. The unitary transformations in linear optics are characterized
by exponents that are quadratic in the field operators: U = e‘i%, where the Hamiltonian A

takes the most general quadratic form:

H= hz Gl i + Z;[Fm,na;dg +H.cl. (1.156)
We’ve omitted linear terms as they can be absorbed by local displacements. In this expres-
sion, the matrix F is a complex symmetric matrix F = FT, while G is a Hermitian complex
matrix, verifying G = G'. We will discuss later on what these matrices represent in different
scenarios.
Using the Baker-Campbell-Hausdorff lemma and more particularly its extended form the

Hadamard lemma:

f o g 1 .. .
e Xe A:ZE[A,[A,~~[A,X}-~-]]n, (1.157)
n=0
we obtain:
U0 = iR et = 5¢E, (1.158)

showing the correspondence between unitary transformations and symplectic matrices, where

Se = 7™M = ¢~iKH and M writes:

G F In 0 G F

—-F* -G 0 —In F* G*

H is a Hermitian matrix known as bosonic Bogoliubov-de Gennes (BdG) Hamiltonian related to

the Hamiltonian operator through the following A = h(ET)THg.
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Proof. To demonstrate the correspondence between unitary transformations and symplectic

matrices, we’'ll use the Baker-Campbell-Hausdorff lemma in Eq. (1.157). Applying this to our

case, with A = —i% and X = ay ora), we get:

_iH -H > (—Z)n I;[ ﬁ I;[ ~

e "nage'n :Z [—, [+, [ ax] - ]n,
= nl “hoh h

—GH 4 G H = ()" H H H

e~Halet =3 COH I B,
n=0 )

Let’s evaluate the first-order commutator for a;, :

H . o1 . . R
[ha CLk"| = ;L Gmn [ainana ak] + 5 ;{an [QI,LCLL, ak} + an [anamy ak]}
. 1 . « .
= n; Gmn[a;fn, aklan + 5 ;{anajn [ail, ax] + F o lan, klam

1
= —~Grinnbpmi + 5 > —Fnlaldmk + al,0nk]

m,n m,n

[h’ ak‘| = - Z(kaam + kaajn)

m

Similarly, for a},:

ﬁ ~ * *
[hv a‘;] = Z(Gmk:a;rn + kaam)

m

We can express these compactly using vector notation:

H - 2 G F
%,5 =—-M¢, where M =
Now, let’s consider the second-order commutator:
H H :x H - H & =
[%a [%a H - [ﬁa_Mﬂ - _M[%a ] =M f
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By induction, we can show that the n-th order commutator is:

>

>

>
-

= (—1)"M"§ (1.169)

Substituting this back into the Baker-Campbell-Hausdorff expansion:

St

R
e tne’ "

_ i (=9)" Mng‘: e—ng' (1.170)
n=0

This demonstrates that the unitary transformation e~'% on the operators 5 corresponds to the

symplectic transformation S¢ = e=*™ in phase space. O

These Bogoliubov transformations in Eq. map linear combinations of field operators
to other linear combinations.

Let us remind the commutation relations for the mode operators [¢,,, £f] = K. The unitarity
of U imposes conditions on S; to preserve commutation relations: SgKSg = K, which is the

definition the complex form of Sp(2/N, R) in the gbasis.

Proof. We can go further and for unitaries expressible as a single exponential, we can de-
rive the following unique correspondence between quadratic unitary operators and symplectic

matrices:

U=e®"HE 5 = e KA, (1.171)

Passive and active transformations

The symplectic group Sp(2N,R) consists of real 2N x 2N matrices S that satisfy the condition
SOST = Q, where Q is the symplectic form defined earlier. This non-compact group contains
the orthogonal group SO(2NV) as a maximal compact subgroup. Symplectic matrices with de-

terminant +1 form a connected subgroup of Sp(2N, R).
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Passive transformations are those that preserve the mean energy of the system, character-
ized by Tro, when acting on the covariance matrix o by congruence. These include operations
such as phase shifters and beam splitters. In contrast, active transformations, generated by
symmetric operators, do not preserve the system’s energy and include operations like single-
mode and two-mode squeezing.

Let's examine some standard symplectic matrices S associated with key linear optics trans-

formations:

Phase shift

A single-mode rotation by an angle ¢/2 in phase space is represented by the unitary opera-
tor U = exp(i%afax) for mode k. The corresponding symplectic transformation R(¢) in the

quadrature basis is:

® (@
COS| 5 — SN 5
R(¢) = ) ) (1.172)
sin(%) COS(%).
Proof. Defining the hamiltonian from the unitary evolution H = —%dldk for and matching it to
the expression in Eq. (1.156)), we can deduce that G = —%. This yield a M matrix:
,% 0
M = (1.173)
0 <
Recalling Egs. (1.171), (3.14) and (1.150), we can write:
R(¢) = LTe *KH, (1.174)
11 ci%/2 0 1 i
— |2 V2 V2 V2 (1.175)
- i 0 e—io/2 1 =i
V2 V2 V2 V2
[ _gsin(@
= COS<2) Sm(Q) : (1.176)
sin (%) cos (%)
O
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Beam Splitter Operation

The beam splitter is a fundamental component in quantum optics, representing an ideal (phase-

free) unitary operation. Its action on two modes i and j can be expressed as:

G; = G;cos ¢ — a;sin¢
(1.177)

= a;sin ¢ + a; cos ¢

This passive transformation is characterized by its transmissivity =, which relates to the
rotation angle ¢ in phase space through 7 = cos?(¢). A notable example is the balanced 50:50
beam splitter, where 7 = 1/2 and ¢ = = /4.

In the symplectic formalism, using the process we used for the phase shift operation, the

beam splitter transformation is represented by the matrix:

0
BS(¢) = ! 0 . (1.178)
0 cos(¢) —sin(¢)

0 sin(¢)  cos(9)

Proof. This symplectic representation encapsulates the beam splitter’s action on the quadra-

ture operators of the two involved modes, preserving the Gaussian nature of input states. O

Single-Mode Squeezing Operation

The single-mode squeezing operation shows an active transformation. It's described by the uni-
tary operator Sy (re*)(Eq. ({.19)), where r represents the squeezing magnitude, ¢ the squeez-

ing angle and & the number of squeezing modes. In this case, k = 1. In the symplectic formal-

ism, using Eqgs. (1.19), (1.20) and (1.21), this operation is represented by the matrix:

Sy(r.0) = cosh(r) 4 cos(0) sinh(r) sin (@) sinh(r) ' (1.179)
sin(#) sinh(r) cosh(r) — cos(f) sinh(r)
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For 6 = 0, this simplifies to:

S (r,0) = . (1.180)

This operation, when s > 0, reduces the momentum variance exponentially while increasing
the position variance. The case 8 = 7/2 reverses this effect, squeezing the position quadrature

instead.

Two-mode squeezing

Similarly, this active transformation, important for creating CV entanglement, is described by the

"

unitary U, ;(r) = exp[r(”i&; — a,a;)] and has the symplectic representation:

coshr sinhr 0 0
sinhr coshr 0 0
Sa(r) = . (1.181)
0 0 coshr —sinhr
0 0 —sinhr  coshr
Proof. O

Mode-wise squeezing

To generalize the previous example, we turn into the class of mode-wise squeezing. This type
of transformation is characterized by a particular form of the Hamiltonian, in Eq. where
F is diagonal and writes: F' = diag{r1, ..., 7, }, containing real squeezing parameters r1,...,m,
and G is null.

It's worth noting that while we could consider complex parameters ¢, = r.e'®*, as we did
for the single mode squeezing case and the phase ¢'** will act as a passive Gaussian unitary
transformation. To maintain a clear distinction between transformation classes, we focus on
real squeezing parameters r;. Moreover, the sign of r, can be absorbed into the phase, so we

typically consider non-negative values for rq, ..., 7.
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In mode-wise squeezing, each field mode, represented by the operator £, undergoes squeez-
ing according to its corresponding parameter in R. The complex symplectic matrix for this trans-
formation takes the form:

F cosh(F) sinh(F)

0
S¢ = exp = . (1.182)
F 0 sinh(F) cosh(F)

The unitary operator corresponding to this transformation can be expressed as:

F - . TN (At2

. (o0 _1 o )
U = exp f_af 2 3 :6*7(@ —af) | o @f k) (1.183)

This decomposition illustrates that mode-wise squeezing can be understood as a series of

single-mode squeezing operations applied independently to each mode.

1.3.5 Bloch-Messiah Decompostion

We now turn our attention to a crucial decomposition in multimode quantum optics: the Bloch-
Messiah decomposition (BMD). This decomposition provides a powerful tool for understanding
and implementing any Gaussian unitary transformations in terms of simpler, physically realiz-
able operations.

The Bloch-Messiah decomposition states that any Gaussian unitary S transformation can
be decomposed into two passive transformations and one mode-wise squeezing transforma-

tion [113, A 14, A15]:

"
U o 0 DY [V

0
S = exp = UDV, (1.184)

0 U* D 0 0o v
where U and V' are unitary matrices, and D is a diagonal matrix with non-negative entries. This
decomposition was originally introduced by Bloch and Messiah for fermionic systems [116] and
later extended to bosonic systems [117]. The physical interpretation of this decomposition is

profound: it demonstrates that any Gaussian unitary transformation can be realized through
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LI [11---1

Interferometer
MUltidee Eloch—l\/[essiah> ...
Interaction | Decomposition

Interferometer

TTT1 TTT1

Figure 1.6: lllustration of Bloch-Messiah decomposition of a multimode interaction (gaus-
sian unitary) into an input linear multiport V followed by single mode squeezers D and an output
linear multiport U.

a sequence of two multiport interferometers (represented by U and V) and a set of single-
mode squeezers (represented by R). This concept is illustrated in Fig. More explicitly, the
symplectic transformation is related to Bloch-Messiah decomposition through the following:
o S1 Sy _ Ucosh(D)VT  Usinh(D)VT . (1.185)
Sy St U*sinh(D)VT  U* cosh(D)VT
This formulation, used by Braunstein [114], clearly shows how the passive transformations
(U and V) and the active squeezing operations in (D) combine to produce the overall Gaussian
unitary. The dimensionality of the symplectic group, as revealed by this decomposition, is 2N? +
N, which accounts for the two passive transforms and the mode-wise squeezing operations.
Interestingly, the Bloch-Messiah decomposition can be reduced to a Takagi decomposi-
tion [118], a variant of singular value decomposition for complex symmetric matrices [119]. For

a complex symmetric matrix M = MT € CVN*¥, the Takagi decomposition states:
M = PD'PT (1.186)

where D’ is a diagonal semi-definite matrix and P is unitary .

By setting M = S;5], we can derive the Bloch-Messiah decomposition from the Takagi
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decomposition using the following expression:

U=P

)

D= %arcsinh(ZD’), (1.187)

-1
V= SglP {cosh (;arcsinh(QD’)ﬂ = SglP[cosh(D)]‘l.

This connection to the Takagi decomposition provides a practical method for implementing the

Bloch-Messiah decomposition, which will be of practical interest in Chapter 3]

Multimode squeezing

To explore an application of the powerful tool of the Bloch-Messiah decomposition, we can
now explore multimode squeezing within the framework of symplectic matrix formalism. This
approach allows us to understand more complex squeezing operations that involve multiple
modes simultaneously.

In the case of multimode squeezing, we consider a free Hamiltonian H, and an interaction
Hamiltonian of the form in Eq. where G = 0 and F' is, we remind, complex symmetric
matrix (F = F'T) that is not necessarily diagonal. The corresponding Gaussian unitary operator

takes the form:
~ 1 /-~ ~ ~ ~
U = exp {2 (&’TF*&‘ - a'TFaTT)] , (1.188)

where & = (5)3") where & = (ai,...,an)T. This expression bears a formal resemblance to the
squeezing operators we encountered earlier.

It's important to note that when F' contains only diagonal elements, this operator describes
mode-wise squeezing, as we discussed in previous sections. However, the power of this for-
mulation becomes apparent when F' is non-diagonal, allowing for more complex squeezing
operations that involve interactions between different modes.

Interestingly, even in the case of a non-diagonal F', we can always reframe the operation
in terms of mode-wise squeezing by choosing an appropriate mode basis. This insight comes

from applying the Bloch-Messiah decomposition to this class of operators, where the symplectic
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transformation takes on the form of Eq. (1.184), where U = V is related intimately to the Takagi

decomposition of the matrix F = URU .

1.4 Quantum Theory of open cavities

In this section, we explore cavity-based open quantum models, building upon our previous dis-
cussion of electromagnetic field quantization within a closed optical cavity. We now extend our
analysis to more realistic scenarios where optical cavities have at least one partially transmitting
mirror. This configuration allows for the injection of light into the cavity and the observation of
intracavity processes through the emitted light. We follow the formalism in [87] that we extend
to the multimode case.

We begin by developing a model for an open cavity with a single partially transmitting mirror.

From this foundation, we derive the evolution equations for the intracavity field in the Heisenberg.

1.4.1 The open cavity model

Qi (t)

—>

CA’fm,out (t)

Figure 1.7: Open cavity model: each mode (here only one) couples to the environment via a
semi-transparent mirror interface. The environmental modes exist as a continuous spectrum,
which can be conceptualized as an extended resonator sharing the semi-transparent mirror but
extending infinitely in one direction.

From previous sections, we start with the field vector operator defined as:

EOFE ) =i 3 it (1) (1.189)

m

where &/ = Q’Zf—gs and we have considered the longitudinal modes of an optical cavity

gnetkmz—wmt) of length L and section S. The corresponding potential vector operator is given
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by:

=

A7 1) =3 EmiyEpe! Brzmem?), (1.190)

where &, = \/%

In this model, each cavity mode of index m couples to a set of external modes through
the partially transmitting mirror, which matches the cavity mode in polarization and transverse
shape. We represent them as modes of auxiliary cavities (>, ) of length Ley that share the
partially transmitting mirror with the real cavity but have their second mirrors at infinity.

The field corresponding to this auxiliary cavity for mode m can be expressed as:

ext Log—r00

AR =3 tim Y Spbenrn(t)Ere ™GO | with L <z < L+ L. (1.191)
k

Here, the boson external operators satisfy the usual commutation relations [Ge: 1 (%), &th’k/(t)} =
Ok, and wyr = ZEK'. As the auxiliary cavity length approaches infinity, the longitudinal modes
become infinitely dense in frequency space. This allows us to replace the sum over m with an

integral:

. L
}ﬁg_m/m, (1.192)

and the Kronecker delta converges to a Dirac delta limy,_,o dxrr = F26(w — w’), where the
term Z¢ is for normalization ensuring limp,, 00 >_p—; 0k = 1. Even though going as high
w — oo makes no physical sense, it is irrelevant to our description, since we will see that only
frequencies around the transitions of the cavity Hamiltonian will effectively play a non-negligible
role.

We define new continuous boson operators:

L . .
Giext,m (W) = — LIL»H;O b, (1.193)

which satisfy [dext,m (w), &lxt,m’ (W] = §(w—w")dmm. The vector potential of the field outside the
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cavity can now be written as:
/Afé;ft) (7)) = Z/dwg(u))&extﬂn(w)g(w)ei[k(w)szt]7 (1.194)

with £(w) = ,/ﬁ. It is crucial to emphasize that the frequency dependence of the con-
tinuous annihilation operators does not represent a Fourier transform of the time-dependent
operators. Instead, it serves as a label for the available external electromagnetic modes, analo-
gous to the discrete index m used for the cavity with finite length.

The free evolution of the cavity mode and external modes is governed by the Hamiltonian

Hy = Heay + Hex, Where:
Heay =Y hwpma,am + Hr and  Hea = » / dw hw kg (@) aextm (). (1.195)

Here, H; represents any additional intracavity processes we choose to include, such as those
described in Eq. (1.156) for example.
The coupling between the cavity and external modes through the mirror is described by a

beam-splitter Hamiltonian:

Hy=ihy " / dw T (W) [ (@) — @, Gextym (W)]. (1.196)

This form can be justified through various considerations. Mirrors are typically constructed from
dielectrics operating in the linear regime to avoid altering the fundamental properties of light.

Consequently, we anticipate the mirror’'s contribution to the Hamiltonian to be quadratic in anni-
T

ext,m

hilation and creation operators. Terms like a (w)al, are excluded as they would necessitate
an energy fi(w. + w) from an unspecified source. This formulation aligns with the classical be-
haviour of mirrors and beam splitters, which split incident beams into reflected and transmitted
components while preserving spatiotemporal properties and conserving total intensity.

The parameters T,,(w) depend on the mirror’s transmissivity for each mode and satisfy
T? (w) < wy, for optical frequencies. Assuming only frequencies near the cavity frequencies

contribute significantly (resonant interaction), we can approximate 7,,,(w) = /=, where v,
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is the mode-dependent, w-independent damping rates. This allows us to write the interaction

Hamiltonian:

mZ \/Tn / it (@) — 1] et i ()] (1.197)

This model forms the basis for our analysis of the open cavity. In the following sections, we will

now derive reduced evolution equations for the intracavity mode in the Heisenberg picture.

1.4.2 Heisenberg picture approach: The quantum Langevin equation

In the Heisenberg picture, we derive the N set of equations of motion for the annihilation oper-

ators:

dam,

“+o0
T O,y = ] \/7/ dwaext(w (1.198)

Ddextm (W, T . m
G“T(”) = —iwleam(w) + 1 /%am. (1.199)

The formal integration of Eq. (1.199) yield:

Goxt,m (W, 1) = Ay (w)e (™ t0>+\/7’” / dt' eV, (1), (1.200)
0

where ag,, ,, (w) represents the external annihilation operators at the initial time ¢,. Puting this

solution in Eq. (1.198) leads to:

o
anu e
ih

y “+ o0 ) y t 400 ) ,
— = (/ dwaly ,, (w)e wt=to) +,/ﬂ/ dt’/ dwe(t t)am(t')>. (1.201)
™ —00 ’ ™ to —00

We consider the following identities:

= — W +

da,
dt

= iwmam +

/+oo dwe (1) = 5(¢' —¢) and /t At —ta(t') = QLT(t) (1.202)

— 00
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Proof. To support this property, let's consider the following property :

/tz dt' f(t)6(t' —t1) = f(t1) for to <ty <ta. (1.203)

to

Using the natural property of integrals:

/2dt’f(t’)6(t’—t1):/1dt’f(t’)6(t’—t1)+/2dt’f(t’)5(t’—t1) (1.204)

0 0 1

. For this expression to be independent of the function and integration limits, we must choose:

t] t2
[ s — )= [ ar s - 0) = fe)/2 (1.205)
to tl
. which aligns with our chosen interpretation when t, =ty andt, =t in Eq. (1.202). O

Introducing also the input operator as the inverse Fourier transform of the external annihila-

tion operators :

1 [t

Bin,m (t) — _E

dwe ™" gy 1 (W), (1.206)

which satisfies the commutation relations [bin (), b5, (#)] = 8(t—t')mm @Nd [bin. g (£), binms (£)] =

»Yin,m/’

2t 2 o . . . . . .
O () bﬁ,_’m,(t’)] = 0, the resulting evolution equation for the intracavity mode is:

. Hy(t)
@m>

day,
dt

= —(Ym + Wi )am + + /27 binm (2), (1.207)

known as quantum Langevin equations, with the b, m(¢) acting as input quantum noise terms.
We can consider different configurations for this quantum noise. When the external modes are

initially in the vacuum state, since they verify the properties: (a3 ,,,(w)) = 0, (agy (W) age m (@) =

0 and <&2L’m(w)&gxt7m (w’)> = 0, we can derive the following first and second order moments:
(Binm(®) ) = (B, (Db (#)) = 0, (1.208)
(binmn (B, s (#)) = 8t = )8y, (1.209)
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For a laser injection with monochromatic frequencies wy, .., for example, we have: (a8, ,,,(w)) =

amd(w —wr, ) and < Qext m(w)dgxt’m(w’)> = |ap m|*0(w — wr.m)d(W —wr.m), where ar,, is the

amplitudes of the monochromatic modes :

A1) Zs Qe Wrmt, (1.210)

We define in this case a new input operator ain ,, (t) = Bin,m(t) - <Z3in7m(t)> which satisfies vacuum
correlations in Eq. (1.208).

The N-quantum Langevin equations become:

da i . .
== Ma,,Le WLmb _ (’Ym + Z(-‘)m)af’m, +
dt T

A convenient transformation is a change of basis of each mode’s reference frame to the ro-

. H(t)

Qs 7 + 2’7mdln,m (t) (1 .21 1)

tating frame of the corresponding laser mode: a,, — an,e™*t, where the quantum Langevin

equations in Eq. (1.211) become :

. Hy(t)
@ms

dAm m . ~
ddm _ Lam — (Ym — 1AR)am +

ot - + \/27@in,m (1), (1.212)

where A,, = wr.» — wy, correspond to the detunings from cavity resonances and the input
noise terms have suffered the transformations ain ., (t) — Ginm(t)e™ =t Eq. (1.212) can be

condensed in a singular vectorial quantum Langevin equation that writes :

=

d&(t " 2 5
B0 _ dut)— 0 - mn) + |0, 20| 1 varén, (1.213)
where A (t) = ( Dagewrat /Eay ye~“rNtH.c.)T is the (coherent) driving term. Itis

equivalent to adding a time-dependent term Hy(t) = ih Y, /I= (amale wrmt — o geiwrmt),
to the intracavity Hamiltonian A; while considering the external modes to be in vacuum. Both
I = diag{v1, -, 7|7, - ,ynv} and D = diag{Ay,--- ,Ax| — A1,--- ,—Ay} are 2N x 2N
diagonal matrix, respectively accounting for the damping rates and the detunings from cavity

resonances and &n(t) = (ain1(t),. .., ain N (t)laf ,(t),... .4} v ()T the vector of input bosonic
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modes entering the system through losses.

Eq. (1.213) can be simplified even further by absorbing the detuning terms into the intracavity

Hamiltonian since it corresponds to a Hamiltonian in the form: Ha = —hY>, Apal am. It
becomes

dé(t A N s Hi(t 5

B _ dutn) el + |, 1O |+ var g, (1214)

A particular example of intracavity Hamiltonian that will be relevant to this thesis is the nonlinear
dynamics of a system of NV bosons that can be linearized around a stable classical steady-state
solution. We previously introduced this Hamiltonian in Eq. (1.156) as the most general quadratic

Hamiltonian and we remind that ﬁ; writes :

Hr=hY_ Grnihan + SZ[FM&M; +H.cl, (1.215)

m,n

where F'and G are N x N complex matrices describing respectively pair-production processes

and mode-hopping processes. If we consider the input quantum noise modes to be in vacuum,

Eq. (1.214) can be rewritten as:

d

/\l>

dtt) — (T 4+ iM)E(t) + V3T én(t), (1.216)

where the intracavity interaction matrix M is defined as Eq. (3.14) in Subsection[1.3.4

Proof. Starting with the Hamiltonian:

Hy =1y Grndin + SZ[mena;aL + H.cl, (1.217)

we calculate the commutator ¢, F;] as we did in Proof and we find that [¢, H;] = ihME.

We remind that € = (a, . ..,anlal,...,al,)T and M is the 2N x 2N matrix:

M = . (1.218)
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Substituting [a;%, Hjlinto the quantum Langevin in Eq. (T.214), we get :

dTi“ — Ay(t) - TE(t) — iMEL) + V2T (). (1.219)

For the case of vacuum input noise (i.e., A4(t) = 0), this simplifies to:

%Sf) = —(I + iM)E() + VA (). (1.220)

O

Using the change of basis with Eq. (1.150) , these quantum Langevin equations in Eq. (1.220)

transform in the quadrature basis E(t) we introduced earlier into :

dRZf) — (=T + M)R(t) + V2T Bin(t) (1.221)

where

Im [G + F) ‘ Re[G — F|

M =LY (—iM)L = (1.222)

—Re[G + F| \ —Im [G + F]"

1.4.3 Open Cavity output

We now move into the analysis of the emitted radiation from open quantum optical systems.
Beyond the internal dynamics of cavities, we shift in the perspective of the emitted light out of
the cavity since that's what we are able to measure and harness for practical applications. We
will show the input-output relations of the cavities, which is the relationship between the output
field and the internal system operators, which we’ve previously characterized using quantum
Langevin equations. Furthermore, we’ll examine advanced techniques for measuring and char-
acterizing the output field such as HD and other techniques.

To begin our analysis, let’s consider the output field associated with multiple modes of our
previous open cavity. We can express the vector potential of the field emerging from the cavity

(propagating along the positive z direction) similarly to the external field of the cavity as in
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Eq. (I-197):
A7) =Y EnBmboum (t)ellEm==omt, (1.223)

where we have considering a typically narrowband response of the cavity around the resonance
frequencies w,,, allowing us to approximate the slowly varying envelops £(w) and £(w) by their
values at the cavity frequencies w;,.

Now, we want to express aoutm (t) in terms of the initial field and the intracavity dynamics.

For that, we can adopt a similar approach to the one used for solving the equation of motions in

Egs (1.198) and (1.199), but using the final conditions (output) instead of the initial conditions

(input). Instead of integrating Eq. (1.199) from ¢, to ¢, let’s integrate it from ¢ to ¢,, where ¢; > ¢:
. v ty o
Gextm (W, 1) = Gextm (W, tp)e @t J 10 / dt' e =Yq, (1), (1.224)
™ Jt

Substituting Eq. (1.224) into Eq. (1.198) we get:

d&m, . N + N HI
= — Wmlam Amy —
dt ih
5 “+o00 ) ~ tf +o00 ) ,
— \/77'7 (/ dwdext_m(w,tf)efw(tfft) —1/ ﬂ/ dt’/ dwe(t 7t>&m(t’) .
™ —00 ' ™ t —00
(1.225)
Using the same development as previously, and defining the output operators:
R 1 too ot
bout.m (t) = Nr [ . dwe =D Gt m (W, 1), (1.226)
we arrive at the N time-reversed Langevin equations :
day, o . H(t .
% = —(Ym + Wi )bm + | dm, 217; )1 = V' 2%m bout,m (t)- (1.227)

Now, subtracting the quantum Langevin equations (1.207) from their time-reversed version, we
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obtain the following input-output relations:
bout,m (1) = bin.m (t) + /2%m am (t). (1.228)

This relation shows how the output field is composed of the input field and the field leaking out of
the cavity. It provides a crucial link between the intracavity dynamics and the observable output,
allowing us to infer information about the cavity state from measurements of the emitted light. In
the case where have vacuum input for example, Egs. can be written in a vectorial way
in the basis of mode operators as {igut(t) + én(t) = \/Té(o, where we have defined éut(t) as
we previously defined én(t) in previous sections. These input-output relations also write in the

quadratures basis : I%n(t) + ﬁout(t) = \/fl?i(t).

1.4.4 Time Correlation Matrix

To simultaneously describe the statistical properties of all field quadratures, one important tool
is the covariance matrix. Since the field inside the cavity is not directly accessible, we do not
study the associated covariance matrix. We instead define it for the input operators I%n(t) and
the output operators ﬁout(t). Note that the operators are defined for each time; therefore, a time
dependence must be included in the covariance matrix. Such an object is known in the literature
as a time-correlation matrix [47].

In this section, we will give its definition and properties.

Definition
The correlation matrix for Gaussian states is given by:

a(t,t') = %<5§(t>5ﬁT(t’)+ SEW)ET] ), (1.229)

where 5§(t) = ﬁ(t) - <§(t)> and <J-gé(t)> is the mean quadrature vector. For Gaussian states

with zero mean values (R(t)) ~ 0, the statistical properties are fully captured by:

s

o(t, ) = = (R ET (') + [ﬁz(t')ﬁﬁ(t)] h, (1.230)

N |

(0]



1.4. QUANTUM THEORY OF OPEN CAVITIES

We define the coefficients of the covariance matrix as:

(R ()R (t') 4+ Ry (t) Ry (1)), (1.231)

N |

Omn(t,t') =

where m and n are the mode labels.

For a discrete set of modes, the correlation matrix must be symmetric under the exchange of
any two mode labels m = n. In our case, we also have a continuous index "t”, representing time.
Therefore, the correlation matrix o(¢,t') must be symmetric under the exchange (m,t) = (n,t)
for it to represent a physical state.

For stationary processes, where the correlation matrix depends only on 7 = |t/ — t|, we
can define its Fourier transform. We write it as o(w). The Wiener-Khintchine theorem links
the Fourier transform of the autocorrelation function of a random variable to its noise spectrum
(power spectral density). The Fourier transform of the correlation matrix is therefore an essential
tool for spectral analysis of electric field fluctuations.

Taking the Fourier transform element-wise:

Omn(w) = /dTei“TUm,n(T)

; dw’ .
_ dre™T 2 oiw TUT " w7w/
Jare | [ e

:/dw/ |:/ d;rei(w+w,)-r:| Um,n(wawl)
= /dw’é(w—&-w’)om,n(w,w’)

Om,n (w) = a'm,n(wa 7(.4]), (1 232)
yields the following spectral covariance matrix:

(B() BT (~w) + [R(-w) FT ()] ). (1.233)

N =

o(w) =

o(w) encodes crucial information about the frequency-dependent quantum correlations and is

constructed from the spectral quadrature operators R(w) which are defined as the Fourier trans-
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forms of their temporal counterparts:
Rw) = | “ZetRy). (1.234)

Properties

Let’s look at the elementary properties of the covariance matrix and its repercussion on the

frequency domain.

* Reality

As long as the quadrature operators are indeed observables, by definition it is obvious that

the covariance matrix is real:
v, t', o (t,t') € My n(R) (1.235)

What is the equivalent property in the frequency domain?

For that, we have to consider the properties of the spectral quadratures. While the tempo-
ral quadratures are Hermitian and obey the standard commutation relations [R(t), R(t')] =
iQ4(t — t’), one can show that the spectral quadratures only need to be skew-hermitian

from their very definition:

R = | dte-mﬁ@)y

vors
_ %eiwtﬁf (t)
_ j%ethﬁ(t)
[Rw)]f = R(-w), (1.236)

in order to ensure the hermicity of their temporal counterparts.
As a result, the spectral operators verify the following commutation relation [R(w), BT (w')] =
Q0 (w + w'), confirming their no commutation at w and —w allowing coupling between the

sidebands R(w) and R(—w) [66,120].
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Proof.
5 dt ity dt it 2, X
[ = | = | e IR, Bl e2)]
fdt [ dty
=0 \/72% \/%e (wir+ t2)5(t1—t2)
dtl o ’
—iQ i(wtw )tl,
/\/27Te

[R(w), B ()] = i96(w + o). (1.237)

O

Using the identity (A)* — (A') for any operator vector A, one can show that (R(w) BT (—w))* —
([R(w) BT (~w)]"), and consequently (R(w)RT(—w))* = (B(—w)RT(w)) using Eq. (1:236).

Therefore, writing the complex conjugate of the spectral covariance using Eq. (1.233):

7" () = LT @) + [RET ()] ). (1.238)

one can see that it obeys the conjugate symmetry property
Vw, 0" (w) = o(—w) (1.239)
This also shows that o(w) can in the most general case be complex-valued, which as we

will show later have implementations of the detection states.

» Hermiciticy

As we previously mentionned, the covariance matrix o(t,t') must be symmetric under the

exchange (m,t) = (n,t’) for it to represent a physical state : o, (£,1) = omn (', 1) .

The stationarity hypothesis is expressed as o (t,t') = o (t —t') = o(7). ThuS o, (t — ') =

Onm (' —t) =0 (—(t —t')) We can therefore conclude that thanks to stationarity :

V1, o'(1) =o(-7). (1.240)

Using that transposition commutes with the Fourier transform, and that the Fourier trans-

78



1.4. QUANTUM THEORY OF OPEN CAVITIES

form of t — f(—t)is w — f(—w), we obtain the equivalent in frequencies:
Vw, o' (w) = o(~w). (1.241)

Combining Egs. (1.241) and (1.239), we can confirm the hermicity of the spectral covari-

ance matrix.

Example : covariance matrix of Vacuum

As an example, let’s express the correlation matrix and spectral covariance matrix for an input
field oin(¢,t') consisting solely of vacuum. Using the bosonic commutation relations and the

definition of the annihilation and creation operators, we can write that :

([ain,i(t), al, ;(E)]) = (aini(t)al, ;) = (al, ;) aimi(t)) = 6ij6(t —t'), (1.242)
N—————
0
where the expectation value is taken in in vacuum state |0) and used the definition of the zero
value of the photon number operator in vacuum <O|azn7j (t")ain,i(t)]|0) = 0. The following expec-

tation value forms the basis for calculating the correlation matrix elements:

(Tin,i () Zin,j (1)) = Yin,i () yin,; () = %5@‘5@ —t), (1.243)
(Tin,i O)Yin,i (1)) = = (Yin,i () Tin,; (') = %aijé(t —t'). (1.244)
Proof.
(im0 () = 50l s (6) + ()0l 5 () + i ()
= 2 (@b (Baby () + (i () + ain i (aly ;) + ain i (D)ain (1)
= %(amﬂz(t)ajny j(t’)> (only this term survives in vacuum)
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Similarly

Win i (Dyin (1)) = %&ja(t _). (1.246)

@im i () in 5 () = %«aln,i(t) + ain,i(t))(al, ;(¢) = ain ()
= Ltal, 0al s (#) = ol s (Oain () + G (ab, () = aina (i ()

2
= %(am’i(t)a;{n, j(t’)> (only this term survives in vacuum)

1

(@in,i(O)yin 3 (1)) = 50556 = 1'). (1.247)

Similarly
!/ 1 /
Win,i(t)Tin,; (1)) = 557:]‘5@ -t (1.248)
]

We can then gather these in the covariance matrix which is expressed as: ain(t,t') = 36(t —
t')I, where T is a 2N x 2N identity matrix. Using the stationarity condition, we can write this

covariance matrix and its Fourier transform as:

1 i 1 oo —iwWT _ L
oin(7) = I0(7) with oin(w) = —— [ o) = 5=l (1.249)

1.5 Measurement techniques

In this section, we want to compare different measurement schemes of field quadratures in op-
tical systems employing diverse experimental approaches. They are all fundamentally rooted
in interferometric methods and share a common principle: they transform phase-sensitive mea-
surements into detectable photon counts, where photodetectors measure the incoming light’s

power allowing to quantify all possible quadrature components of the optical field.
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1.5.1 Ideal Photodetection

a(t) a(t) = a(t)al (¢)

Figure 1.8: Schematic of ideal single-mode detection by Mollow [121].

Photodetection is the most fundamental measurement technique for light. As we shall see
with some particular examples (homodyne detection), any other scheme used for measuring
different properties of light makes use of photodetection as a part of it.

This technique is based on the photoelectric effect or variations of it. The idea is that when
the light beam that we want to detect impinges a metallic surface, it is able to release some
of the bound electrons of the metal, which are then collected by an anode. The same hap-
pens if light is incident on a semiconductor surface, though in this case instead of becoming
free, valence electrons are promoted to the conduction band. The most widely used metallic
photodetectors are known as photomultiplier tubes, while those based on semiconducting films
are the so-called avalanche photodiodes. In both cases, each photon is able to create one
single electron, whose associated current would be equally difficult to measure by electronic
means; for this reason, each photoelectron is accelerated towards a series of metallic plates
at increasing positive voltages, releasing then more electrons which contribute to generating a
measurable electric pulse, the photopulse.

It is customarily said that counting photopulses is equivalent to counting photons, and hence,
photodetection is equivalent to a measurement of the number of photons in the light field. This
is a highly idealized situation.

Consider the following model for a perfectly efficient detection scheme. A single—-mode field
with boson operators @, a' initially in some state p is kept in continuous interaction with a pho-
todetector during a time interval 7'. The intuitive picture of such a scenario is shown in Fig.[1.8}
a cavity formed by the photodetector itself and an extra perfectly reflecting mirror contains a
single mode. By developing a microscopic model of the detector and its interaction with the light

mode, Mollow was able to show that the probability of generating n photoelectrons (equivalently,
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the probability of observing n photopulses) during the time interval T is given by [121]:
1
Pp = <a(1 —e "™ (aTa)" exp (— (1 — e*"T) d%)), (1.250)

where the expectation value has to be evaluated in the initial state 5 of the light mode, and
K is some parameter accounting for the light—detector interaction. Using the operator identity

—(1—e"Tata ._

te e~~Ta'a [122], and the help of the number state basis {|n)},cn, it is straight-

forward to get:

oo
-1

~ m! —kT\" _—kT(m—n) T>k A
Pn = Z(n‘l)‘mm (1—e T) e T( ) I2r (n|p|n). (1.251)

m=n

Hence, for large enough detection times, the number of observed pulses follows the statistics
of the number of photons. In other words, this ideal photodetection scheme is equivalent to
measuring the number operator ata as already commented.

Even though the output of the photodetectors can take only integer values (number of
recorded photopulses), they can be arranged to approximately measure the quadratures of
light, which we remind are continuous observables.

Electronic noise, particularly Johnson-Nyquist noise, presents significant challenges in pho-
todetection systems by establishing critical power boundaries for effective measurement. The
system faces a dual constraint: a lower threshold determined by electronic noise levels, and an
upper limit set by detector saturation. When operating near the lower boundary, which typically
occurs around hundreds of microwatts in optical systems, the signal risks being overwhelmed
by electronic noise. While balanced photodetection techniques can help address electronic
noise issues, these methods only capture second-order field characteristics [123], limiting their
utility. At the upper end of the measurement range, PIN photodiodes experience high-frequency
response saturation around tens of milliwatts, though their low-frequency response remains
functional. Creating measurement systems that maintain linearity across this wide operating
range (spanning two orders of magnitude) demands sophisticated circuit design. Such systems
require regular calibration using coherent state references to ensure measurement accuracy

and reliability across the entire operational range [124].
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1.5.2 Quadrature measurements

The technique of direct measurement faces two significant constraints in quantum optical sys-
tems. First, it can only access one specific combination of quadratures at a time, restricting the
completeness of the measurement. Second, the method requires high-intensity light fields with
non-zero mean values, making it unsuitable for measuring certain quantum states like vacuum,
thermal, or squeezed states where the average field amplitude is zero.

In practice, to overcome these limitations and analyze for example multimode squeezed
light to observe noise reduction, interferometric techniques utilizing an optical reference field as
a local oscillator (LO) where the LO is shaped to correspond to the quadrature one wishes to
observe. These interferometric detection techniques, such as HD, form a broad class of mea-
surement schemes allowing the measurement of specific quadratures ﬁ(t) by shaping the LO
(we call here Q(t)) to match desired measurement quadrature, whether fixed or time-dependent.

Here, we want to treat the general case accounting for this class of measurement, to link the
fluctuations of the quadrature measurement Q(¢) to the correlation matrix (Subsection .
We will later give form to this LO for different detection techniques such as standard homo-
dyne/heterodyne/synodyne detection. We put a particular interest in the quadrature measure-
ment in the frequency domain.

For now, in this general scenario, the photocurrent operator, which is the projection of the

LO vector on the quadrature vector can write i(t) = Q’T(t)ﬁ(t). Its Fourier transform writes:
i(w) = / ' G (w — )R (). (1.252)

Since, we want to characterize the most general quadrature measurement in frequency, mean-
ing the local oscillator (in frequency) will be frequency-shaped to the desired spectral quadrature

we want to measure: we want to have the product
i(w) = GT (W) R(w). (1.253)

While one can notice that this spectral photocurrent in Eq. (1.253) is not always hermitian,

something that’s quite counterintuitive, we want to remind that while the temporal photocurrent
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i(t) is an observable and therefore (i(t)) is real, its Fourier transform is not necessarily an
observable and (i(w)) can be complex-valued.

Through the Wiener-Khinchin theorem when we consider stationary processes, we can re-
late the spectrum of quantum noise that we call the noise spectral power to the Fourier transform
of the autocorrelation function (i(¢)i(t 4+ 7)). To evaluate this autocorrelation function and relate

it to the correlation matrix of the system, let us consider a first identity :

@)t + 7)) = @t + 71)i(t)). (1.254)

Proving this identity can be trivial in the case where the photoncurrent is stationary something
we are not sure about for now. To help, let us evaluate the commutation relation between the

photocurrent at different times.

=

[i(t),i(t + 7)) = Q(t) | R(t), B(t + )| G(t) (1.255)
= Q) [23(7)] Q(1) (1.256)
= Q(H)QG(t + 7)d(7) (1.257)
[i(t),3(t + )] = 0. (1.258)

Eqg. (1.126) shows that the photocurrent at different times always commutes, therefore the iden-
tity in Eq. (1.254) still stands regardless of whether the LO vector is stationary or not. We can

then write :

@)t + 7)) = @t +1)i(t)), (1.259)

@)t +71) = %(i(t)i(t + 1)+t + 7)i(t)). (1.260)

We can now evaluate the two-time autocorrelation function (i(¢)i(t + 7)):

—

(10t + 7)) = 3 @ OROE (¢ + 1) +7) + T+ 1R+ DRTOE0)  (1.261)

The following proof is much cleaner when using the sum of elements >_. ., but | choose to keep

ij?
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it in a more compact form.

Eq. confirms that the autocorrelation function of the photocurrent is not stationary
because the local oscillator is time-dependent. In this case, we need to be careful when it
comes to writing the noise spectral power which will involve multiple convolution functions.

We insist again for a proper spectral quadratures measurement scheme as in Eq. (1.262):

again for a proper spectral detection scheme, we want:
S(w) = QT (w)o(w)@w) (1.262)

While depending on the nature of the LO, the spectral photocurrent can be hermitian (or not)
and correspond to measurable observable (or not), the noise spectral power is always hermitian.
That is why this observable is the one that we will focus more on in terms of interpretation of the
measurement outcome of a chosen detection scheme since it does correspond to the measured
quantity for this type of detection. And as for any measurable quantity, the noise spectral power

is real and always positive. (We show the proof of this in Chapter [3)

1.5.3 Measurement of a Fixed Quadrature : Homodyne Detection

0

. A
Signal N
A —_

Local W 0 W
Oscillator

>

Figure 1.9: Principle of homodyne detection: a stationary continuous field is detected by
homodyne measurements and the resulting photocurrent is a superposition of spectral compo-
nents at opposite sideband frequencies.(left) homodyne detection, (right) balanced homodyne
detection. Frequency axis is such that the signal carrier wy is located at 0.

One way to ensure that the noise spectral power from the photocurrent in Eq. (1.252) has
the form in Eq. (1.262) and ensure proper spectral quadratures detections is by using for @ to be
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a real-valued vector. We show in this subsection that this corresponds to standard Homodyne
detection (HD).

Homodyne measurement is a fundamental technique that extracts quadrature information
from fields, serving as the foundation of coherent detection in physics and engineering while
playing a vital role in quantum information processing. This technique enables various quantum
applications, including non-classical squeezing measurements [125], quantum state tomogra-
phy [126| [127], [128], generation of non-classical states [129], quantum teleportation [130} (13|
131], quantum key distribution, and quantum computing [114, [132]. The process involves com-
paring the optical signal to a strong and coherent quadrature reference (LO), with the specific
quadrature axis selected through LO phase tuning. At its core, a homodyne detector requires
an external LO and a field multiplier. In the radio-frequency (RF) domain, this is achieved by
directly multiplying the input radio-wave and the LO using an RF frequency mixer. However,
optical implementations differ since direct frequency mixers are not available for light; instead,
the technique relies on a beam splitter to combine the optical input and LO, utilizing square-law
photo-detectors nonlinear electrical response as field multipliers to generate electronic signals
proportional to the measured & and y quadrature.

While standard homodyne detection offers quadrature measurements, its performance can
be compromised by noise in the local oscillator. This limitation led to the development of a
more robust technique: balanced homodyne detection [133, [134]. The basic scheme is shown
in Fig. [1.9b. The mode we want to measure is mixed in a beam splitter with another mode,
called the local oscillator, which is in a coherent state |a o). When the beam splitter is 50/50
the homodyne scheme is said to be balanced.

We define our fields:

- Field of an N-mode boson operator (Narrowband) of carrier wq

N N
EM (1) = Z o (t)e™90mt = i@t A(1) = eiwot Z o ()™ (@m—wo)t (1.263)
m=1 m=1
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- A Local Oscillator (reference beam) of the same carrier

N N
EfJ(t) = arom(t)e ™t = ot Ao(t) = €00 Y apom(t)er et (1.264)
m=1 m=1

with &Eo,m(t)laLO,m> = am|aro.m). We define the photocurrent for this case as :

i) = / dt<E§Q(t)E<*>(t) +E’(’)(t)E(LJ8(t)> (1.265)
Taet

i(t) = / dt» " ag, i (t)e'“m ) 4 He. (1.266)
Tact  mn

The detection time is usually in the order of nanoseconds (T,.:). Considering, for example, in
the case of a microring resonator, the characteristic time of the slowly varying envelope 7; ,

is in the order of microseconds (1/10 MHz):
Aw = |wy — wy| = M —n|Qrsr < Qrsr, (1.267)

where Qpgsr is in the order of 100s of THz corresponding to the characteristic time Tq,.,, in the
order of femtoseconds.

Now comparing the characteristic times:

Ta(t) K Taet = an(t) = an (1.268)

TQFSR L Tyer = dt =~ / dt (1 269)
Taet —0o0

The Photocurrent operator then writes:

i(t) o<y {a;"ndn (t) / dt e?@m—wn)t | H.c} (1.270)
< Y [ n (1)6(wpm — wn) + H.c] (1.271)
i(t) o< > [0 am (t) + amal, (t)] - (1.272)

Let’'s take a moment here to underline the nature of the LO, relevant for most of the detection
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schemes we are going to be discussing. Let’s consider the decomposition a,, = |, |e*™, then

we can photocurrent as

oD o | [am(t)e 7 + af, (¢ Z|am|2 $m (1.273)

We can show that the first and second-order moments of this operator can be written as

1) = laml (@0 (1)), (1.274)
0= S lonl (16507 + (250 ) = S lanl (380 0, (1.275)

where we have simplified the Eq. (1.275) in the limit of strong local oscillator limit |am|? >
(al am). The photocurrent of the homodyne scheme has a direct relation with the means and

the variances of the quadratures ¢ (t), and therefore to their quantum statistics.

Coming back to Eq. (1.272)), we can related it to the quadratures modes (Eq. (1.127))

i(t) o< Y [Re(am ) (£) + IM () o (1)] (1.276)

m

Meaning you as we predicted, we can write the photocurrent as the projection of quadrature

vectors in a real vector @: i(t) = QTR as in Eq. (1.253) with

2 T
B(t) = (#10), - an (Ol (1), v (1)) (1.277)

and

. T
G = (Re(al),...,Re(aN)|Im(a1),...,Im(aN)> . (1.278)

Here, as a particular case of Eq. (1.253), we have access to a real and stationary local oscillator

vector (. From here all the theory we have developed in Subsection applies, mainly that
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we can write the noise spectral power as in Eq. (1.262):

S(w) = / dwe Qo (T)Q (1.279)

Y(w) = Qo (w)@. (1.280)

A universally overlooked problem with multimode HD that will be the focus of Chapter [3]is that
while the characterisation of frequency-dependent observables involves two-modes, HD is in-
herently a single-mode measure unable to simultaneously measure complementary quantum
correlations within a light field due to its destructive nature. The real and imaginary parts of
these quadratures can be described using EPR pairs (Subsection [1.1.5) (&s,9,) and (£4,9s):
Re[#(w)] = &5 + & and Im[Z,,(w)] = §s — §4. This limitation means HD cannot provide mea-
surements of both these pairs simultaneously [55] 56]. When measuring therefore the real
component, the quantum state is inevitably destroyed during photodetection, making it impossi-
ble to subsequently measure the imaginary component. While one might consider splitting the
state to perform parallel measurements, this approach introduces unavoidable vacuum noise
that compromises the measurement. Therefore, despite the mathematical compatibility of these
measurements (as the real and imaginary components commute), the technique can only cap-
ture one component per measurement. This limitation can be conceptually compared to an
absorptive polarizer in optics, which measures one polarization component while absorbing the
orthogonal component, preventing a complete characterization of the polarization state in a sin-
gle measurement. This phenomenon is termed “hidden squeezing” [54, 186] and requires more
advanced detection techniques. We show later this phenomenon is related to the complex na-
ture of the spectral covariance matrix in Eq. (1.233), hence the presence of complex spectral
correlations. One other issue we will discuss in Chapter 3 is the case when the interested
quadrature (say optimally squeezed quadrature) is frequency dependent. HD with its stationary
LO, cannot match the optimally squeezed quadrature across the full spectrum, but only at a
single frequency. While the recovery of the full information can be obtained through tomography
by scanning the LO phase, this approach is not applicable to QIP and MBQC protocols, where
the quantum resource must be accessed in one shot. Such tasks require frequency-dependent

quadratures that are known as "morphing supermodes” in highly multimode situations [57].
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1.5.4 Heterodyne Detection

>

VS
~

N—

—— e |

L Ll

Detuned Local 0 w A 2A —w

Oscillator A

Figure 1.10: Principle of heterodyne detection: a stationary continuous field is detected with
a local oscillator with an offset A from the carrier frequency of the signal. The resulting pho-
tocurrent is a superposition of spectral components at w and 2A — w. Frequency axis is such
that the signal carrier wy is located at 0.

Heterodyne detection [135] [136] offers one approach to reveal hidden squeezing. In this
technique, the local oscillator (LO) frequencies are deliberately detuned from the carrier fre-
quency, with the offset being substantially larger than the signal frequencies of interest. This
allows for the detection and characterization single-mode frequency components with otherwise
hidden squeezing effects.

We define our fields, considering the heterodyne detection case where a signal and a local
oscillator field with different carrier frequencies are mixed in a BS.

- Field of an N-mode boson operator (Narrowband)

N
E(+) (t) — _ZWOtA _ZUJO Z —l(UJrn_UJO)t (1 .281)
- Local Oscillator (reference beam)
Egi(‘)) (t) _ efzwLotALO — ¢~ wrot Z aro. m —i(wm—wro)t (1.282)

with dJ]E()’m (t)|O¢LO,m> = a7n|aLO,m>-
When mixing these fields in a beam splitter, we get the sum and the difference fields char-

acterized by A+ (t) = 5 (A(t) - ALO(t)).
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The photocurrent in the case writes:

i(t) = /% dt (N+(t)—N_(t)), (1.283)

with N;(t) = (Al (t)A;(t)), the photonumber operator for the corresponding i field. We can write

these photon number operators as :

Ny = % (N() + Nrolt) £ A1) Aro(r) + Ao (1A() ) (1.284)

Therefore the photocurrent writes:

i(t) = /;F dt <A}O(t)A(t)+AT(t)ALo(t)> (1.285)

i(t) = / dt " ag,dp (t)e!mmenteomeio)l L He, (1.286)
Taet

m,n

If l call A = wro — wg, We can write :

iWt) = dt ey " ag,an (t)e'“m ) 4 Hee. (1.287)
Taet m.n

The detection time is usually in the order of nanoseconds (Ty.).
If we consider the characteristic time of e*2t to be much smaller than the detection time, we

can consider it almost constant. Therefore, we can write the photocurrent as :

i(t) = e At / dt " af,an(t)e’“m ) 4 He. (1.288)
Taet

m,n

Considering, for example, in the case of a microring resonator, the characteristic time of the

slowly varying envelope T}, (¢ is in the order of microseconds (1/10 MHz).
Aw = |wm—wn‘ ~ \m—n|QFSR SQFSRa (1289)

where Qrsr is in the order of 100s of THz corresponding to the characteristic time Tq,.,, in the

order of femtoseconds.
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Now comparing the characteristic times:

T, 1) < Tier = n(t) = an (1.290)

Topsp K Taet = dt ~ / dt (1.291)

Taet —o00

These considerations allow us to write the photocurrent as :

i(t) oy [ I G, (1) / dt e?@m=wn)t 4 H.cl (1.292)
o > [e7 At ag dn ()6 (wim — wn) + H.c] (1.293)
i(t) o< > [e7 Mo, am(t) + e apmal, (t)] (1.294)

m

We can write the spectral photocurrent as the “Fourier transform” of the temporal photocur-
rent. Using the property of modulation of the Fourier transform TF[e*i2ta(t)](w) = a(w F A),

the spectral photocurrent writes

i(w) = Z [, TF[e™ "2 a,, (¢)](w) + am TFle ™l (1)](w)] (1.295)
Z a Gm(w+ A) + ap, @ (w - A))] (1.296)
-y [amam (A +w) + am [am(A — w)w] (1.297)

So compared to Homodyne detection which attemps to probe spectral components at opposite
sideband frequency +w (in respect to the signal carrier), heterodyne detection instead measures
two spectral components symmetric with respect to the detuning between the signal and the LO:
A + w. (Fig.

Heterodyne detection is used to detect a single spectral component, say at +w (something
HD is incapable of doing). This is possible when we choose a detuning A much larger than the
typical bandwidth of the signal |A| > Awy. In that case, the relevant sideband frequencies that

we wish to detect are much smaller than the detuning |w| < |A]. We can see it by writing the
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spectral photocurrent at A F w.

iA-w =Y [a;am(m — W)+ am [dm(w)]T] (1.298)
i(A+w) =3 [07,8m(28 +w) + [ (~w)]'] (1.299)

m

which corresponds to choosing the electronic frequency of the heterodyne photocurrent at A+w.
However as seen by Eq. (1.299), this is possible at at the cost of the presence of vacuum fields
at 2A + w. Therefore heterodyne detection admits additional vacuum noise from frequencies
that do not contain any signal [137,, [133] [138]. This additional noise prevents the heterodyne
signal from reaching noise levels below that of homodyne detection, even after accounting for

hidden squeezing.

1.5.5 Multimode Synodyne Detection

i(t)

Signal

Wm,

Modulated
Local Oscillator

1

W — Ws,m Wm T Wsm

Figure 1.11: Principle of synodyne detection: a stationary continuous field is detected with a
two-color LO oscillator.

A more elegant solution to hidden squeezing exists through synodyne detection (SD) [139],
which effectively addresses hidden squeezing without introducing the additional vacuum noise
that is inherent to heterodyne detection. This approach was proposed by Buchmann et al.
in [139] for the detection of single-mode ponderomotive squeezing and is able to deal with

hidden squeezing. We extend this theory to the multimode case of detection.
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Let us consider, as introduced in [139](for single mode case) the case of a modulated LO:

N
Bro(t) =iy am(t)e ™" + He. (1.300)

m=1

with the decomposition of «,,,(¢) (modulation of the complex envelope)

am(t) = a, e@smt 4ot emWamt, (1.301)

m

implying the final of the LO field :
B (#) =i apeienmwamlt g off eilontwem)t (1.302)

This gives a multimode two-tone LO characterized by («,,,, a;, € C) compared to the multimode

m?

one-tone LO of HD. We can write the photocurrent as we did for the homodyne detection:

i(t) = / dt» " a, (t)an(t)e @)t 4 H.e. (1.303)
Tdet

m,n

Using the same hypothesis that leads to EQUATION and considering again the case of strong

LO, the photocurrent operator transforms to:

i(t) o« ; {afn(t)&n(t) / dt ¢i@n o)t 4 Hog, (1.304)
o D fag, (B)an ()8 (wnm — wn) + H.c.] (1.305)
i(t) o Z [, () am (t) + am (t)al, (1)] (1.308)
3 [Re(@m(®)dm(t) + Im(an () (1) (1.307)

Meaning you can write the photocurrent as the projection of quadrature vectors in a real vector:

i(t) = OT () R(t) with

—

Gt = (Reln (1)...... Refo ()] mfan (1)...... Imfax (1)]) (1.308)
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The elements of C:j(t) are characterized as follow:

1 *
Re(an(t)) = 5 [am(t) + a7, (1)]
= 5[0 a4 (+ ag e
Re(anm () = %arxnei“’“"t +He, (1.309)
and
1 *
IM(an(t)) = 5 |am(t) = @z (1)
= - [(om — azb)emt 4 (@ — agr e
IM(m (1)) = %ayeiwwt +He. (1.310)
Re[a, (t)] = %aﬁe’“" =t 4+ He.,
Im{a (£)] = %age*wwt +He, (1.311)

+
|
*

with X = % (et +a;*) and ) = ﬁ (af —a,*).

Some important conditions are: «;% and «;, must be complex and|a;X |2 + |a} |2 = 1. While
our two-tone LO presents a non-stationary, inducing a nonreal quadrature measurement in the
temporal quadrature basis, something very peculiar happens when going in the Fourier basis.
Considering the following Fourier transform identity TF[e*wsmt X, (#)](w) = Xy(w F ws,m), the

Fourier transform of the different elements of ((t) write :

Sl sl

TF [Re [t (£)] ]

[afflé(w — Wsm) + affl*é(w + wsﬁm)]

TF [Im [t (£)] } = — [aX0(w — wem) + 0% 5(w + wem)] (1.312)

m

95



1.5. MEASUREMENT TECHNIQUES

We can therefore write the Fourier transform of the photocurrent operator:

i(w) = % ;ag(s(w — Wem) @ Xy (W) + X 5(w + wem) @ Xon (W)

a%é(w — Wem) @ f/m(w) + a,};*é(w + wsm) @Y (w),

1 B .
(w)=— ZaﬁXm(w — Wem) + 0 * X (W + We )

X Vi (W — wem) + a2 Yo (w + we ). (1.313)

We can also write the spectral photocurrent in terms of the spectral quadratures vectors at

Wt wgm:
(w) = \% [@Tﬁ(w — wWsm) + Gt B(w + ws,m)} : (1.314)
with § = (5%, -, an,af - ,a%)T, which is unitary, complex and stationary.

The noise Spectral Power finally writes:

—

S(w) = Q" oou(w)@. (1.315)

While this detection technique (proven only for the single mode case) allows to overcome the
limitations of HD in terms of accessing hidden squeezing without additional noise as in hetero-
dyne detection, the two-tone LO presents suffer from an effective stationary profile that does
not solve the problem of frequency-dependent optimal quadrature. Syndodyne detection, as
HD and heterodyne detection, will in the best scenario match the desired frequency-dependent

quadrature only at one frequency.
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Temporal modes (TMs) of optical ultra-short pulses provide a reliable and flexible encoding
for photonic non-classical states [36]. Their noiseless manipulation plays an important role in
the processing of quantum information and communication networks [140, [141] [142] [69], it is
therefore important to have schemes for sorting and distributing them within a network. This
would enable the implementation of protocols for multipartite entanglement sharing, quantum
teleportation, quantum key distribution [36, (140l [143], as well as for the synthesis of multimode
entangled states such as cluster states [144] [17), [145], a fundamental resource for the imple-
mentation of a computation model based on projective measurements [146]. An ideal TM sorter
should separate the targeted TM mode from the other modes and should avoid overlapping with
other components and — for quantum applications — with efficiency close 100%. Mode-selective
techniques have been developed in the last few years such as, for example, the quantum pulse
gate (QPQG) [40, 1411, 142, |43]. Whereas these devices have the capability of sorting the modal
content of the input while preserving its quantum properties [147], they rely on the use of a
reference pump signal in the desired TM and an engineered phase-matching that inherently
modifies both the central wavelength and the selected TM mode and that may not be avail-
able for arbitrary carrier frequencies. On the other side, it is not known whether the complex
approach of multi-stage arbitrary modulations of spectral and temporal phases [44, |46] could
provide genuine filtering capability. To date, an approach to implement a genuine filter, which
would sort TMs while maintaining their carrier frequency as well as their original shape (in time
or frequency domain), has not been shown.

We described in Section[1.2.6|the capability of mode cleaner cavities to sort spatial modes
relying on the occurrence of mode-dependent resonances. When a paraxial monochromatic
beam impinges on them, its modal content at resonance with the cavity is transferred, while
the non-resonant modal content is reflected. A typical design we studied for a spatial-mode
cleaner cavity consists of two flat partially reflecting mirrors (the input and output couplers) and
one spherical perfectly reflecting mirror arranged in triangular geometry as in Fig. 2.1}a. We
observed also in that section that a triangular geometry is not the only possible for implementing
a mode-cleaner. For example, linear geometry, with a flat mirror and a spherical mirror, can

also used. However, for this geometry, two drawbacks limit their usefulness as a mode-sorting
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device:

» The input and the reflected beams are collinear, thus making it difficult to individually

address the reflected beam.

» These cavities present degeneracies for transverse modes that belong to the same family,
such as TEMy; and TEM;,. In general such degeneracies are found for cavities with an
even number of spherical elements, while for cavities with an odd number the degeneracy

is removed.

The goal in this chapter is to leverage the powerful framework of space-time duality [64] in order
to translate the triangular cavity to time domain. We propose the “temporal cavity” [63] as a
novel type of device that is able to perform genuine TM filtering.

For more details, the subsection on space-time duality and temporal imaging follows the

formalism developed in [148] and [149].

2.1 Space-time duality and Temporal Imaging

2.1.1 Space-time duality

The field of Fourier optics emerged from the recognition that manipulating light in the spa-
tial domain provides powerful solutions for information processing applications []. This foun-
dational understanding led to an even more profound insight: the concept of spacetime du-
ality, which enables the translation of spatial-domain techniques into temporal applications,
significantly expanding our capabilities in temporal processing and information characteriza-
tion [150], [64, (151 148} [73]. The theoretical underpinning of space-time duality stems from
a fundamental equivalence discovered nearly six decades ago [152, 153} (154 (155, [156]: the
parallel between electromagnetic beam diffraction and the dispersive propagation of electro-
magnetic pulses. By leveraging this duality, solutions to spatial diffraction problems can be

translated into corresponding solutions for temporal dispersion phenomena.
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Figure 2.1: Spatial mode cleaner translation. (a) Spatial mode-cleaner with spherical mirror,
(b) spatial mode-cleaner with a thin lens replacing the spherical mirror, (c) temporal cavity:
temporal equivalent of the spatial mode cleaner.

Quantized Field for Diffractive and Dispersive Evolution

We start by introducing the quantized field for both the diffractive and the dispersion evolution.
In the quantum description of a monochromatic beam, the positive-frequency part of the electric

field operator can be written as

E' ) (x,z) = Ehelkoz=wod) 4/(g 7). (2.1)
A(z,2) = amul,(x,2). (2.2)
meN

We assume here a beam propagating along the = direction and having a transverse profile
along the z-axis (trivial along y). We show in Section[1.2.6|the case where the transverse plane
doesn’t have a trivial profile along the y-axis.

Equivalently, in the quantum description of ultra-fast optical pulses, the positive-frequency

part of the electric field operator can be written as [96]:

ED)(t, 2) = Eeltkoz=wot) 4(¢, 2), (2.3)
At 2) = amum(t, 2). (2.4)
meN

Here we assume a pulse propagating along the z and having a trivial profile in the transverse
plane (z,y), i.e. a plane wave.

In both definition in Egs. (2.1)-(2.4), wo is the carrier, ko = k(wo) the propagation constant,
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&o, &), are the single photon amplitudes of the mode m and a,,, are the annihilation operators
satisfying boson commutation relations [a,,, a},] = d,.... The slowly-varying envelope operators
A'(x, 2), A(t, z) are each decomposed over a generic orthonormal basis of modal respectively
spatial {u/, (z, z) }men and temporal {u,, (t, z) }men functions.

At the heart of space-time duality lies the mathematical similarity between two key equations.
In the spatial domain, the dynamics of a monochromatic beam undergoing one-dimensional
diffraction in an isotropic medium is described by:

02,7
m(g,5) = 72 Ot
0z 2k 0z2

(2.5)

Analogously, in the temporal domain, the one-dimensional propagation of a pulse in a dispersive
medium in the quasi-monochromatic approximation is governed by:
_ .62 82um

W(Ta z) = j?W (2.6)
where per convenience, we are working in the travelling-wave frame of reference (7, z) that
is propagating with the wave at pulse group velocity where the delayed time is 7 = t — (2,
pr = (%)WO = Ul—q is the first-order dispersion parameter, inverse of the group velocity v, and

B2 = (gi’;)wo is the group-velocity dispersion (GVD) parameter.

The striking similarity between Egs. and forms the basis of space-time duality.
It's important to note that both equations represent approximated forms of the wave equation
Eq. (1.40). The spatial equation employs the paraxial approximation, assuming slow variation
of the field amplitude with z on the scale of a wavelength. Similarly, the temporal equation uses
the slowly varying envelope approximation, assuming the amplitude varies slowly with z on the
scale of an optical cycle.

By leveraging space-time duality, we can apply well-established spatial-domain techniques
to the temporal domain, enabling more powerful approaches to temporal processing and charac-
terization of information. This has led to impressive developments in all-optical signal process-
ing, including temporal Fourier transforms, differentiation, and integration, all achieved using a

limited number of active optical components.
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t:

E%VV

wl(z)

Figure 2.2: Spatial and Temporal Gaussian Pulses. Comparison of Gaussian pulses in space
and time domains. The left pulse shows the spatial distribution with width w(z) corresponding
to the beam waist while the right pulse shows the equivalent temporal distribution with width
v27(z). Both pulses are normalized to the same peak amplitude, with a characteristic decay
marked by the dashed lines.

Spatial Parameters Equivalence Temporal Domain Parameters
Traverse spatial parameter x T T Retarded time 7 =t — 12
Beam waist w(z) w(z) «— V2 0(z) Pulse duration o(z)(Flig.
Wavenumber & k +— —é Group Velocity dispersion (GVD)
Propagation length = z > Paz Group delay dispersion (GDD) 35z

Table 2.1: Mapping between Spatial and Temporal Parameters

We can reinforce this duality by making the following coordinate substitutions from both
propagation equations in Egs. (2.1)-(2.4). These substitutions we collected in Table map
spatial coordinates and wave numbers to their temporal analogues, enabling the translation of
spatial equations to the temporal domain.

It is well known, and we have shown that in Section [1.2.6]that a set of possible solutions of
the Helmotz Equation Eq. (2.5)) are the orthonormal basis of the HG modes we introduced in
Eq. which are defined for the case of a single transverse coordinate, up to a normalization

constant e/, :

i (2,2) = €, { e } G (m) eI, 2.7)

w(2)

102
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where G, (z) = Hm(x)e*% and H,,(x) is the Hermite polynomial of order m. We have also

introduced in Eq. (1.91), the definition of the complex beam parameter ¢(z)

R T Y T
¢z) _R(z) Tm?(z)  RG) Tkw(z)

(2.8)

and we remind the definition of the beam waist w(z), the Rayleigh length zg, the rayon of

curvature of the wavefronts R(z) and the Gouy phase ¢(z) (Egs. (1.94)-(1.96)):

2

Md:w01+<z>, (2.9)

ZR

T 2 2

ZR:%:’C%, (2.10)

ZR 2
R(:) — - [1 () ] , @.11)
¥ (z) = — arctan (Z) (2.12)

ZR

where wy is the beam waist at z = 0 and X is the wavelength.

Using the transformation in Table[2.1] we can derive a set of solutions for the one-dimensional
propagation of a pulse in a dispersive medium (Eq. by introducing the temporal equivalent
of the complex beam parameter in Eq. (2.8):

IS
w(z)  BeRi(z) To%(z)

(2.13)

Since Eq. (2.6) is analogous of the paraxial Helmholtz equation for diffracting beams Eq. (2.5),
the orthonormal basis of temporal Hermite-Gauss (HG) functions in Eq. (2.8) is equivalently a
possible solution of the dispersion equation. Up to a normalization factor ¢,,, these solutions

read, form € N

u(t,z) =em 20 G ! &I R eI (mE2)n(2), (2.14)
o(2) o(2)
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Introducing the temporal phase and its second-time derivative :

2
(t) = QﬂgtTm — (m+ %)wt(z) + --- (z-dependent term) (2.15)
o) _ 1y, (2.16)

dt2 N Bth(Z) -

we can express the temporal ¢ parameter and the temporal HG modes in terms of pulse chirp

C(z) and pulse duration o(z):

(2.17)

In the temporal domain, the pulse width o(z), the chirp C(z), the group delay dispersion (GDD)

B2z and the temporal Gouy Phase play similar roles to the spatial beam parameters and are

defined as:
522 2
o(z) =o04/1+ (2) , (2.18)
)
L 7\’ 2.19
@—522 1+<522), (2.19)
Y¢(z) = — arctan (5222> . (2.20)
)

We summarize in Table (2.2) the direct correspondence between spatial beam parameters and

their temporal counterparts, showing the framework of space-time duality.

Spatial Domain Correspondance Temporal Domain

% (z,2) = 7 54 vt ke L 94y ) = jB2 224

Beam waist w(z) w(z) «— V2 0(z) Pulse width o(z)
Radius of curvature R(z) % +— C(z) Chirp parameter C(z)

Gouy phase (z) Y(2) — Pi(2) Temporal Gouy Phase ;(z)
Complex ¢ parameter ¢(z) ﬁ - jﬁ(z) +— C(z) — ja%(z) Temporal ¢ parameter ¢;(z)

Table 2.2: Comparison of Spatial and Temporal Domain Parameters
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2.1.2 Temporal ABCD matrix formalism

Building upon the space-time duality framework introduced earlier, we extend the formalism to
encompass basic dispersive photonic components and pulse propagation through these com-
ponents, using Temporal ABCD matrix formalism. This section presents a unified approach
to describe the linear distortion of the pulse envelope in systems composed of concatenated
elements that can be characterized within this analogy, referred to as "Gaussian” systems.

The overall system is quantified by multiplying ABCD matrices in the correct sequence, anal-
ogous to the spatial case in the paraxial regime [157,[158,[159] in Section[1.2.6] and adapted to
the temporal domain [65, (160]. The action of any linear system on the input complex envelope

of a short light pulse, Ain(r, z), can be described as a linear superposition:

Aou(7,2) = / dr' (T K (1,7") (2.21)

where the system is defined by the kernel K (r,7), and oy (7) represents the output complex

envelope. For Gaussian linear systems, the kernel assumes the form [149]:

1 { i /2 2 / R
exp | = (At? + D? —2tt')| if B#0,
K(t,¢)=4 V2B 2B (2.22)

/1 iCt? , ,

where the constants A, B, C, and D are the matrix coefficients of the temporal system’s ABCD

matrix. It’s interesting to note that because of the quadratic evolution present in the exponential
term, these systems are considered Gaussian.

Similarly to how when a spatial Gaussian beam passes through optical elements, its modifi-
cations can be characterised by a linear transformation between the ¢ parameters of the output
and input beams characterised by the ABCD matrices of the optical elements, in the time do-
main, we can treat the propagation of a Hermite-Gaussian pulse by using the transformation
between the temporal ¢ parameters from the time domain ABCD matrices of the optical ele-
ments. Therefore, similar to in Section the evolution in Eq. can be solved by using

the following relation for the temporal g-parameter :
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_ Agn+ B

Gout

Spectral Dual Formalism

In the realm of temporal optics, there are certain scenarios where the Fourier transform of the
envelope, fl(w, z), becomes the primary physical quantity of interest. It's important to note that
these two representations are interconnected through a Fourier transform relationship, each
containing an equivalent amount of information. Given that linear systems in the time domain
exhibit linearity in the frequency domain as well, it becomes advantageous to extend our analy-
sis of Egs. and to the dual space. The term "dual” in this context refers to devices
that exhibit identical mathematical behaviour but operate in the Fourier domain. This concept

can be mathematically expressed as:

Ao0) = [ a6 A R (0,) (2.24)

where the frequency domain Kernel forms a Fourier transform pair with its time domain coun-

terpart:
K(w,w') = // dr'dr" K (7', ") expli(wt’ — w'7")]. (2.25)

When considering Gaussian systems specifically, the spectral domain representation also as-

sumes a Gaussian form, mirroring the structure of Eq. (2.22):

R == ERNCIe, P

K(w,w (2.26)

,le exp [%‘“fz} d(w —w/Ay) if B, =0.

The dual coefficients in the frequency domain are intrinsically linked to the matrix parameters

A, B, C, and D in the time domain. By incorporating Eq.(2.22) into Eq. (2.25), we derive:
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-1
A, By A B D -C

= . (2.27)
Co Dy ¢ D -B A

Egs. (2.26) collectively demonstrate that a Gaussian system’s behaviour in the spectral do-

main is mathematically equivalent to that of a Gaussian system in the temporal domain, with

matrix elements provided by the inverse matrix. The full implications of this equivalence will be

explored in the next properties.

Properties of temporal ABCD matrices

Below we underline some properties of temporal ABCD matrix systems which are all adapted
from their spatial counterparts, but interpreted here in terms of temporal behaviour of photonic
components and later on for temporal cavities.

Determinant Condition

Property 2.1.1. The determinant of an ABCD matrix satisfies AD — BC = 1, ensuring the

preservation of the canonical commutation relations.
Temporal Imaging Systems

Property 2.1.2. When B = 0, the Gaussian system conjugates the input and output, resulting

in the output intensity being a scaled replica of the input:

1 T
Tou(T, 2) = Wlm <Z’ z) . (2.28)
Proof. To find the relationship between input and output intensities, consider the complex en-

velope transformation from Eq. (2.21). With B = 0, the kernel from Eq. (2.22) simplifies to:

K(r.7') =/ 5 exp {— iCTQ] 5 (T' - 1) . (2.29)
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Substituting this into the integral into Eq. (2.27):

. 1 iCT2] .
Aot (7, 2) = \/; exp {—’22] A (%z) (2.30)

The intensity is given by the magnitude squared of the complex envelope:

A /1
Iout(7'> Z) = |Aout(7—72)|2 = ’ Z

Thus, the output intensity is a scaled replica of the input intensity, scaled by the factor TAT?

2

A (%z)f — ﬁ[,-,, (%z) (2.31)

confirming the property of Temporal Imaging Systems when B = 0. O
Temporal Afocal Systems

Property 2.1.3. Systems with C = 0 behave as temporal afocal systems, meaning they do not

introduce any quadratic phase modulation to the pulse envelope.

Proof. Consider the ABCD matrix with C = 0:

A B
(2.32)
D
Substituting into the g-parameter evolution equation:
A in + B
Qout = e D y (233)

as we will see there is no dependence on q;,, in the denominator that could introduce a quadratic

phase term.

« Case B = 0 The kernel in Eq. (2.22) simplifies to:

Kir ) =/ Ls (%) (2.34)
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and the output envelope writes to:

Aot (7, 2) = %Am (% z) , (2.35)

meaning no phase is introduced, particularly no quadratic phase.

« Case: B+#0

The kernel from Eq. (2.22) is:

K(r,7') =

7
55 &P [ (AT/Z + D7% — 27‘7”)} (2.36)

2B

Plugging the kernel in Eq.(2.21):

Aoue(7,2) = 1/ 7273B / dr’ exp [QZB (At + Dr* — 27’7”)} A (7', 2) (2.37)

To solve this integral integral, we can approach it by completing the square in the exponent

and evaluating the Gaussian integral :

AT —2r7' = A (7"2 — 227") =A <(7’/ - %)2 — (;)2) . (2.38)

Substituting back in the exponential term :

w13 - () o = (-5 + g5 (0- ) e

The integral becomes:

A 1 i 1 A, T2 .
Aout(7,2) = 5 B exp {23 <D - A) 7'2} /dT’ exp [QB (7’ - Z> } A (7', 2). (2.40)

The integral resembles a Gaussian integral of the form:

/ oo gy = | (2.41)

—00
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where a = 53. Applying Eq. (247) , we get:

[ e [;g (- ;)2} - ﬁ . (2.42)

Substituting back into Eq. (2.40), the expression for Ay (7, z) simplifies to:

) 1 27 B ; 1 .
Ao (7, 2) = ,/%—B : \/ZTAeXp {QZB <D - A) 72] A (% z) : (2.43)
) 1 ; 1 .
Aout(7,2) = Vi P {223 (D - A) 7'2} Ain (%, Z) : (2.44)

When C = 0, using the determinant property AD — BC =1 yield D = %, implying that :

Ague(7,2) = —— A, (% z) : (2.45)

Thus in both cases when B = 0 and B # 0, the absence of the C term in the ABCD ma-
trix guarantees that the system behaves as a Temporal Afocal System, preserving the phase

characteristics of the input pulse envelope without adding any quadratic phase modulation. [
Spectral Afocal Systems

Property 2.1.4. Combining the two previous properties, and utilizing the spectral formalism
developed earlier, any temporal imaging system (B = 0) is also a spectral afocal system, and

vice versa.

Proof. From the Spectral Dual Formalism, the dual ABCD matrix in the frequency domain is
the inverse of the temporal ABCD matrix given by EQUATION. For a Temporal Imaging System,
B =0,

(2.46)
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The inverse (dual) matrix becomes:
= (2.47)

indicating that the spectral dual system has C,, = 0. Therefore, when B = 0 in the temporal
domain, the dual system in the spectral domain also satisfies C,, = 0, classifying it as a Spec-
tral Afocal System. This establishes the equivalence between Temporal Imaging Systems and

Spectral Afocal Systems. O
Spectral Imaging Systems

Property 2.1.5. Conversely, afocal systems (C = 0) act as spectral imaging systems, where

the output spectrum is a scaled replica of the input’s optical spectrum:

W

1
Tout(w, 2) = ﬁlin (5,Z> . (2.48)

Proof. Consider a temporal Afocal System with C = 0:

A B

(2.49)
D
Using the Spectral Dual Formalism, the dual ABCD matrix is:
A, B, D 0
= (2.50)
C, D, -B A

Therefore B, = 0, classifying the system as a Spectral Imaging System.
Applying the kernel in the spectral domain, the output spectrum is related to the input spec-

trum by:

1
Tout(w, 2) = m],- (%z) (2.51)

Thus, an Afocal System with C = 0 acts as a Spectral Imaging System B,, = 0, producing a
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scaled replica of the input optical spectrum. O
Optical Fourier Transformers
Property 2.1.6. Systems with A = 0 function as optical Fourier transformers. In these systems,

the output intensity pulse mirrors the optical spectrum of the input pulse, scaled by B:

1 w
Tow(t, z) = @Im (E,Z) . (2.52)

Proof. For an Optical Fourier Transformer, we set A = 0, resulting in the matrix,

0 B
(2.53)
C D
and the Kernel (Eq. (2.22)) for the case where B # 0:
N — —
K(r,7") = 5 &P {QB (Dr? — 277 )] . (2.54)

Substituting the kernel in Eq. (2.21):

Aot (1,2) =) —= 55 /d’l’ exp [ DT — 27T )} Ain (7', 2)
N D - !/ R
Aout(1,2) = ﬁex (22; > /dT exp ( zg ) Ain (7', 2) (2.55)

Recognizing the integral as a Fourier transform of Ay, (7', z):

7_

TF [Am(T’,z)} (w = E \/ﬂ/df exp (—iwt') A (7', 2) = \/% /dT/ exp <Z7; ) A (7', 2)

Thus:

Agui(7,2) = éexp (“2);2) TF [Aun(r',2)] <;) . (2.57)
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The optical spectrum Ij(w, z) of the input pulse is defined as:
Iin(w,2) = |TF [Ain(7",2)] (@) (2.58)
Taking the magnitude squared of the output complex envelope:

Tou(T, 2) = |A0ut(7—’ Z)|2 - ‘\/gexp (25;2> TF [Ain(T/’Z)} (%)

1
Iout(7'7 Z) = @L’n (%) s (2.59)

indicates that the output intensity I,(t) is a scaled replica of the input optical spectrum Ijn(w),

, .1 ,
where the scaling factor is —- and the argument is scaled by %. O

Bl

Time-to-Frequency Transformers

Property 2.1.7. By dual analysis, systems with D = 0 act as time-to-frequency transformers,

where the output optical spectrum is a scaled replica of the input intensity profile:

1 —t
IOUf(waz) = @L’n (C) . (2.60)
Proof. Consider an ABCD matrix with D = 0:

A B
(2.61)

C
The dual ABCD matrix is:

A, B, 0o -C
= (2.62)
C, D, -B A
We can notice that A,, = 0, meaning that we’re in the case of the dual property of the Optical

Fourier Transformers. Therefore, the spectral output intensity 1,,(w, z) is a scaled replica of the

and the argument is scaled by i.

, L . , 1
input optical intensiry Iin(t), where the scaling factor is Bl B
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Considering that B,, = —C, we get :

1 —t
Iout(w,z) = ml—m (C,Z> . (263)
Thus, when D = 0, the system functions as a Time-to-Frequency Transformer, converting the
temporal profile of the input intensity into a scaled and inverted optical spectrum. O
Scaling Systems

Property 2.1.8. Gaussian systems with both B = 0 and C = 0 perform simultaneous temporal
and spectral imaging of the input signal. These scaling systems yield a temporal image of the

input’s complex field, scaled by the matrix coefficient A:

Ao (7, 2) = \/}Ln (%,z)). (2.64)

Proof. When B = 0, we have proven the system can be considered a temporal imaging system.
Similarly, when the C' = 0, the system can be considered a spectral imaging system.

From the proof of the temporal imaging system, we got in the case B = 0.

- /1 iCT2) . (T
Agu(1,2) = Zexp {— 54 ] in (Z,z) (2.65)

Additionally when C = 0,

Agui(7,2) = \/ZA“”‘ (%, Z> (2.66)

General Gaussian Systems

Property 2.1.9. Any Gaussian system with A # 0 can be decomposed into a combination of
three equivalent subsystems: a temporal lens with an equivalent chirping coefficient —%, a

scaling system with an equivalent scaling factor A, A Group Delay Dispersion (GDD) circuit with
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an equivalent parameter % :

0 A 0 1
(2.67)

Q
»Q =
—
o
= nlw

1
A

This decomposition facilitates the design and analysis of complex photonics components
by allowing the constituent elements to be treated individually before combining their effects

through matrix multiplication.

2.1.3 Photonic Components

Building upon the established temporal ABCD matrix formalism, we will now elucidate the math-
ematical structure of key devices as highlighted in Table [2.3] crucial for temporal cavities in this

thesis.

Space Time

Diffraction of z Dispersion of GDD D = 352

o ) 6 3)

Thin lens of focal f time lens of GDD Dy
( 1 0) < 1 O)
1 1

Table 2.3: Comparison of Space and Time Optical Elements

The first elements elucidate the equivalence between diffraction of a monochromatic beam
and dispersion on a quasi-monochromatic pulse. In this temporal ABCD formalism, the ABCD

matrix My, for a dispersive propagation through a medium of length ¢ and GVD 3, is given by

1 D
Mdisp = ) (2.68)
0 1

where D = f,d is the GDD. However, it's important to distinguish that while diffraction in spa-

tial optics occurs only for positive wave numbers, the GDD parameter in temporal optics can
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assume both positive and negative values, contingent upon the specific material component,
waveguide structure, and the carrier frequency of the signal. Using Property[2.1.3] a dispersive
propagation through a medium behaves as a temporal afocal system, meaning it preserves the
phase characteristic of the input pulse with no added quadratic phase modulation. It equivalently
acts, through Property 2.1.5] as a spectral imaging system and inducing a quadratic phase in
the spectral domain.

In a similar way, we obtain the ABCD matrix of the dual of the thin lens, M7 of a time lens

of focal-GDD Dy:

M = . (2.69)

Using Property[2.1.2] time lens, we know that a requirement for this device based on the form of
its ABCD matrix is to act as a temporal imaging system, inducing additionally a quadratic phase
modulation.

Equipped with these few elements we will develop the theory of a temporal cavity. But first,

let’s give more details about the time lens.

2.1.4 Time lens

The space-time duality extends naturally to optical elements, with time lenses serving as the
temporal counterpart to spatial thin lenses. Just as a thin lens imparts a quadratic phase modu-
lation to a beam’s spatial profile, a time lens applies a quadratic phase modulation to a temporal

waveform. This fundamental analogy forms the basis of temporal imaging systems.

From thin lens to time lens

To better grasp the effects of time lenses, let's exploit again the analogy between diffraction

and dispersion. We can examine their impact in their respective Fourier domains. In k-space,

the diffraction operator applies a quadratic phase shift to the field: ¢(k,) = fk;;, where k,

represents the beam’s transverse wavenumber, and this phase indicates the beam’s divergence

along the z-axis.
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Similarly, in the frequency domain, the dispersion operator imparts a quadratic spectral
phase: ¢(Q2) = %ﬁz = DTQQ where ) denotes the baseband angular frequency.

The impulse response resulting from the diffraction operation can be expressed as:
I,
- - 2.7
h(z) = hg exp (/\Zx > (2.70)

where h, is a constant dependent on the propagation distance z. This response incorporates a
quadratic phase shift relative to the spatial parameter x. A thin lens without aberrations, having

a focal length f, applies a similar quadratic phase shift to the input electric field:

kx?

P(z) = “oF

(2.71)

A comparable phenomenon occurs when a brief optical pulse traverses a lengthy dispersive
medium. The impulse response of the dispersion operator is given by:
ir?
hp(7) = hrexp ~3p | (2.72)
where hp is a constant reliant on D. For a short pulse subjected to substantial dispersion,
the electric field’s phase can be approximated by the quadratic phase in the impulse response.

Analogous to the spatial scenario, a temporal equivalent of the thin lens, known as a time lens,

can be defined. This time lens imparts a quadratically varying phase shift to the input signal:

2

o(1) = 3D; (2.73)

where D/ represents the focal GDD of the time lens.

This fundamental analysis can be expanded to encompass the broader field of temporal
imaging, where spatial imaging systems are adapted into their temporal counterparts [148],[73,
149], enabling the manipulation of intricate optical waveforms. We are not aiming in this thesis at
reviewing all of them in this thesis. Instead, we focus on reviewing key components of temporal
imaging that can be employed for temporal cavities. Therefore our primary emphasis is on the

time lens and its implementation.
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Time lens implementations

While time lens-based temporal imaging systems unlock a broader range of possibilities for
both temporal and spectral processing of ultrafast waveforms, a crucial first step is the practical
implementation of a time lens.

A time lens can be realized by creating a system that applies a temporally quadratic phase
shift to the input signal. This necessitates the use of a phase-modulation technique, either
electro-optical or all-optical (linear or non-linear). Various time-lens approaches have been
demonstrated, each with its own characteristics in terms of processing bandwidth, temporal
aperture size, noise and aberration performance, and operating wavelength range. Before go-
ing into these methods, it's important to define key parameters that determine a time lens’s
processing capacity.

For applications in ultra-high-bandwidth signal processing, the most critical characteristic of
a time lens is its temporal resolution. To define this parameter, we can draw back to an analogy
with the spatial problem of focusing a large Gaussian beam using a thin lens. Consider a lens

with focal length f, where the input Gaussian beam waist size is 2w; and the output (focused)

beam waist size is 2w,. The relationship between these parameters is given by: wy, = wfjl. To
achieve a smaller output spot size, one must reduce the focal length f and increase the input
beam size w;. However, the largest input beam size that can be captured is limited by the lens
aperture size D.

Applying this analogy to the time domain, we define the resolution of a time lens as the short-
est transform-limited Gaussian FWHM pulsewidth §7 that can be generated by compressing a
Gaussian pulse. The time-lens aperture length AT is defined as the longest Gaussian pulse
duration that can be captured. Similar to a spatial Gaussian beam, we can express the tempo-

ral resolution of the time lens in terms of its focal group delay dispersion (GDD) and aperture

length:

0T = 4111(2)% (2.74)

The time-lens aperture is constrained by two factors.

118



2.1. SPACE-TIME DUALITY AND TEMPORAL IMAGING

1. First, the phase profile of the time lens must be nearly aberration-free in the region where

the profile is quadratic.

2. Second, the amplitude transmission profile of the time lens should ideally be flat across
its aperture. Aberrations caused by a non-flat transmission profile are typically easier to

correct compared to those resulting from non-quadratic phase terms.

A key figure of merit for a time lens is the ratio between its aperture length and temporal resolu-

tion, which indicates the number of temporal features that can be processed:

AT AT?

N = — = —
ot  4In(2)|Dy|

(2.75)

This FOM is equivalent to the time-bandwidth product of the time lens. Let us now explore

different interesting techniques used to implement time lenses and compare their performances.

Time-Lens Systems Based on Electro-Optic Modulation

The most straightforward approach to creating a time lens involves using an electro-optic phase
modulator (EOPM) driven by a quadratic voltage. The first experimental demonstrations of time-
lens systems employed this technique. It is usually built using a nonlinear crystal having a high
electro-optic coefficient such as Lithium Niobate LiNbOs. In practice, the RF signal driving the
phase modulator is sinusoidal, which is locally quadratic near its extrema. The induced phase

shift can be approximated as:

o(t) ==+ (FKRF> cos(wrpt) = + (W“;RF> <1 - w%{Ft2> (2.76)

s Tr 2

where Vrr and wgrr are the amplitude and frequency of the modulating voltage, respectively, and
V. is the voltage required for the modulator to produce a phase shift of 7. For standard LiNbOs,
it is possible to achieve typical values around V,, = 5V [148]. Eq. (2.76) can be rewritten in

terms of much-known quantities:

(2.77)

o(t) = d cos(2m frpt) ~ & <1 _ (27Tf§Ft)2> ’
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where § = i’”‘ﬁi, a real constant, is the modulation amplitude and frr is the modulation

frequency. From Eq. (2.77), we can approximate the induced phase :

2542 42
(90 — it en <_i(2”ﬁ12F)5t) _ it iony (2.78)

From Eq. (2.78), we can derive the value of the time-lens focal GDD:

1 V.
= =+ s . 2.79
471'2 fl%F(S WVRFW%F ( )

Dy

It's worth noting that the focal GDD can be either positive or negative. Deviations from the
approximation in Eqg. (2.77) introduce aberrations, but these are tolerable over a time window

that is a small fraction of the sinusoidal drive’s period AT ~ fRLF

Proof. To calculate more rigorously the time aperture AT, let us expand the Taylor expansion
in Eq (2.77) and find the condition on the input pulse duration o for which the quadratic approx-

imation is valid. The Taylor expansion of the cosinus term can be written as:

cos(27 frpt) = 1 — (27T,][‘2R!Ft)2 N (271'];3@5)4 B (271'J§F06

Substitute this expansion into the phase modulation

exp [ié(l - (%J;Ft)Q * (27T$Ft)4 - (2M;R!Ft)6 ’ )}
_ ew exp |:—Z(5( (271'.];;?1:‘”2 _ (271"];1{!1:‘75)4 (271',];I?Ft)6 _ )] . (280)

For the quadratic approximation to be valid, we want the fourth-order term (at least) to be negli-
gible compared to the second-order term, which means
(27TfRFt)4/4! (27TfRFt)2

T TR (2.81)
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Solving for t:

3
<:>t<<\[

2
< (7 frE)? TfRE

(2.82)

Now, if we consider oy as a measure of the pulse duration (e.g., standard deviation for a Gaus-

sian pulse), we can relate it to the maximum time t for which the approximation holds:

3
oy K \[ . (2.83)
T fRF
This proves the statement that
ar— V3 L (2.84)
mfre  JRF

Therefore the pulses over which the EOPM time lens operates must satisfy g < AT to ensure
that the higher-order terms in the Taylor expansion of the cosine function are negligible com-
pared to the quadratic term. When this condition is met, the phase modulation can be accurately
approximated by a quadratic function, which is essential for the time lens to operate without sig-
nificant aberrations. If this condition is not satisfied, the higher-order terms become significant,
introducing non-quadratic phase components. These components lead to temporal aberrations,
analogous to spatial aberrations in conventional lenses, which can distort the temporal focusing

properties of the time lens. O

Before we jump into the theory of temporal cavities, let’s check another component that will

be needed.

2.1.5 Diffraction gratings

A diffraction grating consists of a large number of equally spaced parallel grooves, which diffract
incoming light into several beams travelling in different directions. The grating equation relates
the angles at which these diffracted beams propagate to the wavelength of the incident light
and the spacing between the grooves. We will also describe some parameters allowing to

characterize diffraction gratings from the Grating Equation.
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Grating

(1) Normal (2)

[e%

‘Incident
Wave

Figure 2.3: Diffraction gratings.

Grating Equation

Consider two rays diffracted by adjacent grooves of the grating in Fig. Ray 1 propagates a
distance A B while Ray 2 propagates a distance A’ B’, where A’ B’ exceeds AB by an additional
distance due to the grating’s geometry. The optical path difference § between the two rays is

given by:

§=AB - A'B (2.85)

Expressing AB and A’ B’ in terms of the groove spacing d, incident angle «, and diffraction

angle g gives:

AB =dsina
A'B" = —dsin3 (since 3 < 0)

0 = d(sina + sin f) (2.86)

Constructive interference occurs when the optical path difference is an integer multiple of
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the wavelength \:
§ = mA = d(sina + sin 3) (2.87)
This leads to the grating equation:
mA = d[sin « + sin j3] (2.88)

where m is the diffraction order, A is the groove spacing, « is the incident angle, S is the
diffraction angle.
Alternatively, using groove density f (grooves per unit length in lines/mm), the equation can

be rewritten as:
fmA =sina +sin 3 (2.89)

Lithrow configuration

From Eq. (2.88), the diffraction angle § as a function of wavelength ) is given by:
.1 mA .
B(A) = sin — ~sinal. (2.90)

In the Littrow configuration, the diffracted light is reflected back along the same path as the

incident light, meaning o = 3. Substituting this condition into the grating equation yields:
m\ = 2dsin a. (2.91)

Angular Dispersion

Angular dispersion quantifies how the diffraction angle 8 changes with wavelength . It is de-

fined as the derivative of 3 with respect to A:

_dp
D= (2.92)
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Starting from the grating equation:

sinfl = —sina + mg (2.93)

Taking the derivative with respect to A:

dsing 1
"
dd  m
o= _ 2.94
cosﬁd)\ 7 (2.94)

yielding the expression for the angular dispersion in grating parameters including the groove

density f:

m mf

D= -
deosf /1 —sin?p

The angular dispersion increases with higher diffraction orders m and higher groove densities

(2.95)

f, leading to greater separation of wavelengths.

Temporal Dispersion with Pairs of Gratings (Treacy Grating)

Temporal dispersion arises when different wavelengths experience different path lengths, result-
ing in time delays between them. A pair of gratings, known as a Treacy grating, can introduce
a frequency-dependent time delay in pulses, which is essential in applications like Chirped
Pulse Amplification (CPA). This fundamental principle was instrumental in the groundbreaking
work [161] that earned Gérard Mourou and Donna Strickland half of the 2018 Nobel Prize in
Physics.

Consider a pair of gratings introducing an angle 6,,, and a slight deviation 466,,, for longer

wavelengths (\) compared to shorter ones. The optical path difference § between two paths is:

5 =ABC — AB' (2.96)
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Incident Wave A

Figure 2.4: Grating pairs in Treacy configuration.

Where:

L L
AB= ————M— AB' =
cos(Op, + 60,,) and cos(0m)

The additional path BB’ caused by the angle deviation is:
BB = —L [tan(am + 59m) - tan(om)] 5

since both angles are negative.

Considering the inclination 6;:

BC = BB’ cos (g — 92-) = —L [tan(0,, + 00,,) — tan(6,,)] sin b;
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Thus, the total optical path difference becomes:

1 1
0=L|————— — (tan(0,, + 60,,) — tanb,,)sinf; — ———— 2.1
T (tan(6,, + ) — tan6,,) sin cos(0) (2.100)
The time delay §r associated with the optical path difference is:
o = % (2.101)

where c is the speed of light. The rate of change of the time delay with the 6,,, can be obtained

by the following approximation:

dr B
46, 0060,

(2.102)

By multiplying and dividing Eq. (2.102) by §6,,,, the rate of change of the time delay with respect

to the angle 6,,, can be obtained as:

dr mAfL
df,, ccos?0,, (2.103)

The temporal dispersion parameter measured along the normal direction of the Grating Surface

D, measures the time delay per unit wavelength and is given by:

_ldr 1 dr db,,

Dr= T " Tan, v (@109
which when considering 2%z is the angular dispersion (Eq. (2.92)) gives:
2 2
D, = % in ps/nm. (2.105)
ccos? 0,

This parameter indicates that longer wavelengths experience greater delays compared to
shorter wavelengths, resulting in temporal separation of different spectral components.

The Group Delay Dispersion (GDD) quantifies the dispersion of different frequency compo-
nents in a pulse. To quantify the GDD of the grating pairs, recall that the phase ¢(w) can be

approximated by its Taylor Expansion:
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(w—wp)? + ... (2.106)

where 7 = j—f is the Time Delay / Group Delay and % is the GDD. We can write the

wo

Temporal dispersion as a function of the GDD:

wo

p, _Xdr_1d (dp)\ = 2mc d (d¢
LT Tay T La\dew) LN dw \dw
2me d?¢ 2me d?¢

D, =22 ® _ 2% PapD. 2.107
+ L2 duw? IZdnz ( )

Therefore the GDD is expressed as:

L2 m2)3 2L,
DD=--2p, =—_ 212
G ome 2nc? cos3 0,
213 f2 _3
GoD = "N Np - (m)\ffsinﬁ,;)ﬂ : (2.108)
2mc?

When we consider multiple passes of the grating pairs (N passes), the total GDD becomes:

Ve

213 £2
GDD = N N [ = (Cmaf — sind)?] (2.109)

27mc?

Treacy Configuration Limitations

Eq. clearly demonstrates an already known limitation of the Grating pairs in Treacy
configuration: it produces a GDD that is inherently negative. This explains that the Treacy con-
figuration can only provide negative dispersion, indicating that longer wavelengths (red) travel
a longer path than shorter wavelengths (blue), resulting in pulse compression. For the main
application, this is not a limitation since EOPM and XPM-based time lenses can be made with

negative GDD. However, using a different configuration of grating pairs known as Martinez con-
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Figure 2.5: Grating pairs in Treacy vs Martinez configuration.

figuration [162] as in Fig[2.5p, one can produce both positive (for pulse stretcher) and negative
(for pulse compressor) dispersion. This is achieved by incorporating additional optical elements

(typically lenses or curved mirrors) between the gratings.

Feature Treacy Configuration Martinez Configuration
Dispersion Type Negative only Both positive and negative
Optical Elements Gratings only Gratings + focusing elements

Complexity Simpler More complex

Table 2.4: Comparison between Treacy and Martinez Configurations

2.2 Temporal cavity

In this subsection, we demonstrate the first implementation of a genuine temporal mode filter
utilizing the first (to our knowledge) temporal cavity architecture [63]. A temporal cavity is ob-
tained by using the time-frequency analogue of a spatial-mode cleaning cavity (Section [1.2.6]
Fig. [2.7h), a cavity whose eigenvectors are Hermite-Gaussian transverse modes, with mode-
dependent reflection and transmission coefficients (Eq. (3.2)). This effect is due to a mode-

dependent spatial Gouy phase accumulated in a round trip.
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Similarly, temporal cavities possess resonances generated by the combination of a cavity
build-up effect and the temporal Gouy phase shift [65] and that are distinct with respect to
the family of Hermite-Gaussian TMs (HGTM). Fundamentally different from other TM sorting
approaches, we will show that temporal cavities not only behave as genuine filters but are also
device-independent, in the sense that their operation is based only on the principles of temporal
imaging and it does not depend on whether they are implemented by nonlinear processes or

electro-optic phase modulators [148].

2.2.1 From mode cleaner cavity to temporal cavity

When a paraxial monochromatic beam impinges on a spatial-mode cleaner that is tuned on
a particular transverse mode, its modal content at resonance with the cavity is transferred,
while the not resonant modal content is reflected (Fig.[1.5). A typical design for a spatial-mode
cleaner cavity consists of two flat partially reflecting mirrors (the input and output couplers)
and one spherical perfectly reflecting mirror arranged in triangular geometry as in Fig. 2.7f.
Since we have shown that the principle of space-time duality expresses a formal equivalence
between the spatial and temporal degrees of freedom of optical beams and concluded that the
dispersive propagation of a short pulse in the quasi-monochromatic approximation is the dual, in
time domain, of the diffractive evolution of a paraxial monochromatic beam. As a consequence,
the free space propagation in Fig. [2.1]a must be replaced by the propagation of a pulse in
a dispersive medium. The flat mirrors do not have any special role apart from deflecting the
trajectory of the optical beam without changing its shape.

These elements are kept in the time domain framework with no need for translation. On the
contrary, the spherical mirror plays a major role in the emergence of mode-selective resonances.

Despite “time reflection” being a possible phenomenon [163], at the best of our knowledge
there is no simple practical way of implementing a spherical mirror in the time domain. This
issue can be resolved by observing that the ABCD matrix of a spherical mirror of radius of

curvature R is formally similar to that of a thin lens of focal f whose dual, in time domain, is a
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time lens which, instead, can be easily implemented in experiments [148 [149] [164]:

0 1 0
5 aMhil’HenS: . (2-110)

1 =1 1

1
Mmirror = 2
R ¥

The alternative scheme for a spatial-mode cleaner involves, thus, three flat mirrors (two partially
reflecting, one perfectly reflecting) and one thin lens as represented in Fig. [2.1]b.

The temporal cavity is obtained as the equivalent of the alternative scheme and it is drawn
in Fig. 2.lc. The beam splitters, with real reflection and transmission coefficients r1,¢; and
r9, ta, implement the input and output couplers. The perfectly reflecting flat mirrors deflect the
trajectory in order to create a loop. The dispersive elements are characterised by a total GDD
D; and D, respectively. Notice that, in principle, a scheme with only one dispersive element is
also possible, but for reasons that will be clear later in this section, we consider two dispersive
elements. The time lens is placed between the dispersive elements and it is characterised by a
focal-GDD of D¢. The physical process used for its implementation is not important as far as it
does not change the carrier of the pulse. Therefore, for this application, the best choice would
be electro-optic modulators [65], 166, 67, [165 [69] or processes such as cross-phase modulation
(166, [167].

The translation to the time domain is, finally, completed by considering the input beam. For
mode-cleaners, this is a paraxial monochromatic beam while its dual, in time domain, is a quasi-
monochromatic pulse. However, in order to get the typical build-up effect for resonant cavities,
it is necessary that at the input coupler, the k-th pulse after one round-trip interferes with a
new pulse, say the (k + 1)-th, entering the cavity. As a consequence, a temporal cavity can be
realized only when impinged by a train of pulses such that their repetition period 7' matches the

round-trip time of the loop (or it is a sub-multiple of it):

7 = Hoow (2.111)
c

where Lo, = do + dy + do is the cavity optical length, dy is the distance (in empty space)

between the input and output couplers and d; (for i = 1,2) are the optical lengths of the two
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1T
1/0¢

__Fourier + WML
" Transform

_|_
4 ...

Figure 2.6: Train of Pulse decomposition: (/eft) A periodic train of pulses separated by period
T with pulse duration oq. (right) Its Fourier transform shows the frequency comb spectrum
with spacing 1/7T" and spectral width 1/0,. The spectrum can be decomposed into orthogonal
Hermite-Gaussian (HG) frequency comb modes.

dispersive media. Such train of pulse is a frequency comb in the Fourier domain and can be

decomposed into an orthogonal basis of HG frequency combs modes as in Fig.

2.2.2 Eigenvalue and Eigenmode conditions

The cavity’s behaviour is characterized by its ABCD matrix, as we did with the spatial mode
cleaner. The ABCD matrix for a round trip is derived by sequentially multiplying the matrices of

each component:

1 D\ (1 o)\ (1 D, A Dl(f%f)H)Q
MLOOP - 1 - 1 D
0 1 o1 0 1 — 3 - B
ALoo BLoo 1-— De Dtot — DDy
Mioop = P Pl lDf DDf , (2.112)
C’Loop DLoop ~Dr 1-— ﬁ;

where Dy, = D1 + Ds is the total GDD. For the cavity to be stable, using Eq. (1.109), the

following conditions must be satisfied:

(D1 + D>)
Dy

< Dot | < 4[Dxl, (2.113)

-2<2-— <2
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where Dyo¢ and Dy must have the same sign.

A second condition necessary for assuring an interference-based cavity build-up effect is that

the duration and chirp of the circulating pulse at loop k£ matches that of the (k + 1)-th incoming

pulse at the input coupler. This is formally expressed by requiring that the temporal ¢-parameter

remains unchanged after each round trip ¢x+1 = ¢« (say ¢). By using the ABCD formalism, this

condition leads to the eigenvalue condition

_ Aloopq + Bloop
Cloopq + Dloop

We shown in Section that solving Eq. (2.114) comes back to solving:

C'Looqu + (DLoop - ALoop)q - BLoop =0

to get the eigenmodes of the temporal cavity. This leads to the quadratic equation:

1 2 Dg—Dl D1D2
- 22 L) g —(Dy+ Do) + 212 =
D4 +( D >q (D1 + Dy) + o) 0

¢* = (Dy — D1)q + (D1 + D2)Dy — DDy = 0
Calculating the discriminant:

A = (Dy — D1)? —4Dy(D; + Dg) + 4D1 Dy
A = (D1 + D3)? — 4Dy (D1 + D3) +4D1 Dy

A = Dyott? — 4D Dot < 0.

The roots of the quadratic equation expressed as:

Dy—D Di
q221;|:i\/Dmt (Df ;t>

(2.114)

(2.115)

(2.116)

(2.117)

(2.118)

defines the g-parameter that a train of pulses must have in order to be a cavity eigenvector or,

conversely, it defines the parameters that the temporal cavity needs to have in order to sustain
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the train of pulses with a given ¢g-parameter. From Eq. (2.118), it is clear that with two dispersion
elements it is possible to arrange the setup so that Re[g] = 0 when D; = D,. This allows to
consider the simpler situation of not chirped input pulses.

And using the definition of the temporal ¢ parameters Eq. and for a input pulse duration
o3, the input g parameter writes:

Gin = i05, (2.119)

yielding another condition from Eq. (2.118)

D
od = Doy (Df - Z’t) . (2.120)

This gives the constraints between the input pulse duration and GDD of the dispersive com-
ponents and the time lens. In the case where we have only considered a single dispersive
component D, the input pulse would have to always be chirped with a chirp value correspond-

ing to D to be an eigenvector of the cavity.

2.2.3 Input-output relations

Equations (2.111) and (2.118) represent the two fundamental equations for the temporal cavity.

When they are both satisfied, the input and output fields can thus be written as

+oo

At.z) = >0 DT aft) u(t — kT, 2), (2.121)

k=—o0c0 meN

where the indexes f = {inl,r,in2,t} identify, respectively, the input and the reflected beams at
the first coupler, the input and the transmitted beams at the second coupler (see Fig[2.7). The
modal functions u,,(t — kT, z) form a complete orthonormal set of Gauss-Hermite pulses that
are non-zero in the interval [(k — 1)T, kT)]. In the steady state regime, the quantum formalism

simplifies significantly. Two doubts were raised when using this formalism

1. Do we lose the formalism by not sticking to the frequency comb formalism round trip by

trip?
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Figure 2.7: Schematic of a temporal cavity with two inputs Ei,; and Ei,» and two outputs
E. and E. The two couplers are characterized by real reflection and transmission coefficients
r1,ro and ¢y, t2. A third coupler with reflection coefficient p models possible sources of losses
during a round-trip. The two dispersive elements (two gratings in the picture) have equivalent
GDD D; and Ds. A time lens of focal GDD Dy is inserted between them. The multimode input,
Eq. (2.121), is represented by the first three HGTMs (blue, red and green). Note that, the spatial
mode of the beam remains the same through propagation in the temporal cavity.

2. The ABCD formalism being valid only in the delayed time reference frame, are we neglect-

ing some phases during the propagation?

We deal with both concerns in Appendix [A] respectively and we show that, while more com-
plex, they lead to the same conclusion. We consider a different rearrangement of the compo-
nents of the temporal resonator in Fig. that’s formally equivalent to that of Fig. with the
advantage of allowing much easier tracking of the round-trip propagation.

In the steady state regime, for the k-round trip, the transformation between the annihilation

operators is given by :

g = e2el),

ant) = ealh). (2.122)

with e?1 .92 = ¢ where the &, correspond the propagation between the second coupler and
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Figure 2.8: Temporal cavity resonances: Scheme of the resonances (2.137) of a temporal

cavity. The integers p and m can be interpreted as the longitudinal and transverse orders of the
resonance.
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P —

the fully reflective mirror (see Figf2.7), while 61 = l1.00p — 02 @nd d,,, = ko Lioop — ¥, is the phase
accumulated during one loop.
In the steady state regime, the transformation of the annihilation operators through the cou-

plers can be expressed as:

alk) 1 m e
dfﬁ) -7 tl &52)1
~ (k) ~1(k)
Ay t T am
| = 2 e (2.123)
e AT
Expanding these transformations and plugging Egs. (2.122) lead to:
al = 1,6 —r &M = 1,a%) — ry ek i
e = _ppa/® 4 alt) = —ppa®ein 4 4,6(F) (2.124)
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Figure 2.9: Different schematic of a temporal cavity: We use this configuration to calculate

the input-output relations.

From Egs. (2.124), we get the transformed operator &’ and &5

. . (k R 6. i85 ~ (k
aﬁfi) = tlaz(n)l + 7"17'2a£,’§)e’5"L — 1ytee™® agn)Q
6
alk) — b ey it )
m 1 — rirgetdm L] pipgeidm N2
—rotyetdL r1roteeidm
ak) 2l1€ (k) 17212€ &(k) +t CAL(k)
= —Q. —_— 20,;
m 1— 7’17"26"57” inl 1— 7"17"2626"" in2 in2
—rot; e t
(k) _ T2ty ~ (k) 2 ~ (k)
Cm inl Ain2

© 1= ryrgeidm 1 — ryrgeidm "
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Further transformations yield expressions for transmitted and reflected operators a,,, and s, :

~ ~(k .
ayf% = Tlagn)l -+ tlcgf)e“;m
2 ia i6m
a®) — (€ Ny | ttae™
Apy, = (Tl 1-— 7‘17"261'5771 Uiy t 1= 7‘17"26755711 ino
0 i6
Sk _ T reet gy titee™
App = 1— 7“17"2€i67” inl 1— T1T2€i6m in2 (2127)
0t = el e 4 rpall)
. (k titae™ rt2em N\ o
a§n2 = L(; En)l + (e — 1276 agn)Q
1-— riroetom 1— r1roeidm
91 iGm
(k) titge’ (k) T2 —T1elm iy
Uim = T pgeiom G2 ¥ T, Gin2 (2.128)
We finally obtain the mode-dependent input-output relation, which reads
~ (K) . (k)
Ot,m - M Ainl,m (2 129)
d(k: . (k) .
rm in2,m
where
T, fei‘st*
M= " (2.130)
Rm el‘SM’T;L
with T = % and R, = % In these expressions, « is the phase accumulated

by diffractive propagation from the input coupler to the output coupler. As a reminder, §,, =
koLioop — ¥m, is the phase accumulated during one loop, and it is the sum of two terms: the
first is the phase of free space evolution along the full length of the loop L, and the second,
YGouy = —Arg[Aioop — iBloop/0d), is the mode-dependent temporal Gouy phase accumulated
during the propagation through the two dispersive media of total GDD Dy, = D1 + D,, with a
time lens in between.

The Temporal Gouy phase can be more explicitly expressed in terms of the parameters of
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the cavity:

1 1

Broop Broo
ALoop + = ALOOp + BLoopCin - 7r

Qin Tin

ALoop + BLoopOin + B;_(Qmp (2 131)
= 32 .
(ALoop + BLoopCin)2 - %

Oin

The Temporal Gouy phase corresponds to the argument of the complex expression (Eq. (1.106):

1 1 By,
out = Ar ————— | = —arctan oop ) 2.132
w ' & m 2 <012n (ALOOp + BLoopCin) ( )

For the temporal cavity, Ar.op and Breop are defined by Eq. (2.112) and considering an input
pulse defined in Eq. (2.119), we can write:

1 D¢ Dyoy — D1Do
wGouy = iarctan —_——

U%(Df — Dg)
1 Dtot 4Df - Dtot
uy = —arct 2.133
VGouy = jarctan [ 202 <2Df - Dtot>] (2.133)

The transformation in Eq. (2.130) is symplectic when M is unitary M - Mt = I. Since ¢; and 7;
are chosen real and t? + r? = 1 (for i = 1, 2), one can easily prove that M is a unitary matrix, so
that the boson commutation relations for the output field operators are respected.

The temporal cavity effect becomes evident by considering the transmittance coefficient

Tmax
R
14 (22)sin? (pen — )

2UFSR

[T = (2.134)

where the maximum transmittance 7...x, the Finesse F and the Free Spectral Range vggr of

the cavity are defined as:

tit3
Tmaz = 1—rirs
}_ . TA\/T1T2
a 1-— T1T2
¢ (2.135)
v = .
FSR Troom
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Let us finally find the resonant frequencies wpm):

| Tonl* = Tinax <= sin® ( <0 wm) —0. (2.136)
2vpsr 2

Therefore mode-dependent resonances are found at:

Wip,m) = (27 + Y ) VSR, (2.137)

with p € Z. In close analogy with the spatial case, these resonances are characterized by the
two integers p and m that can be interpreted as the temporal equivalent of the longitudinal and
transverse order of a resonance. First considerations for the temporal cavity were initially for a
full-fioered experimental design. In that case, Dot = B2L1.00p @nd Eq. can be rewritten

as:

T = @Dtot (2.138)
where 5; and [, represent the first and second-order dispersion parameters of the fiber,
respectively.

This equation reveals a critical dependence between the choice of T'and D;,,. As we will
demonstrate later, D;.t is subject to additional constraints, which in turn put the burden on
choosing an appropriate fiber, where the flexibility in the ratio between 3; and g3 is limited.

In order to decouple T' from Dy, a partially fibered design with fibers serving as local dis-
persive components can be considered. However, this approach suffers from high insertion
losses at the free space-to-fiber interfaces. While these configurations are feasible regardless
of constraints, we opt for a fully free-space design to maximize flexibility and potentially min-
imize insertion losses. Furthermore, dispersive components such as diffraction gratings for

free-space applications are readily available in the market.
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2.2.4 Application of temporal cavities in communication protocols

The mode-dependent resonances of a temporal cavity can be employed for filtering multimode
frequency combs. Consider a configuration where a multimode input frequency comb is sent
through the first coupler (port “in1”) while keeping the second input (port “in2”) in a vacuum
state. Since M is unitary and |7,,|?> + |R..|?> = 1, tuning the cavity on the suitable resonance
(p,m) allows for complete transmission (|7,,|> = 1 and |R,,,|> = 0) of the mode “m” in the output
E,. As far as the other resonances do not overlap with the one corresponding to (p,m), the
modes m’ # m are reflected at the first coupler, in the mode E., with |7,,/|2 = 0 and | R/ |2 = 1.
Therefore, this configuration enables the genuine filtering or demultiplexing of mode m without
altering either the carrier frequency or the modal shape of the TM. For a partially transmitted
mode, a non-zero coefficient R,, mixes the mode’s quantum state with the vacuum entering
through “in2.”

A different configuration can multiplex frequency combs of different orders. For simplicity,
consider only two modes and suppose that the mode m is sent through the port “in1”, while the
mode m’ # m enters the cavity through the port “in2”. When the cavity is tuned on the m-th
resonance, the mode m is completely transmitted while the mode m/’ is reflected at the second
coupler. They are now joined in the output mode E.

A key application of temporal cavities lies in quantum communication, where quantum in-
formation must be encoded by a sender (Alice) and transmitted to a receiver (Bob) over dis-
tant locations. Frequency comb temporal modes provide an attractive avenue for encoding
and transmitting such quantum information. By utilizing different temporal modes as distinct
communication channels through temporal mode multiplexing, multiple channels can be com-
bined onto a single transmission line. This multiplexing approach differs fundamentally from
conventional time or frequency multiplexing schemes. Rather than separating channels by non-
overlapping time windows or spectral slices, the intrinsically field-orthogonal nature of the tem-
poral modes enables dense packing of channels in time-frequency space while maintaining
negligible crosstalk between modes.

Figure [2.10]illustrates a possible application where four TMs are used for encoding in differ-

ent communication channels. At the sender’s location, Alice can employ a series of temporal
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Alice: Multiplexing stage

VS SE

4 K W
Bob: Demultiplexing stage

Figure 2.10: Temporal cavities for quantum communication: Multiplexing/demultiplexing
scheme for communication between two parties, Alice and Bob, using orthogonal TMs as inde-
pendent channels. Alice’s multiplexing stage (top) utilizes a succession of temporal cavities to
combine different TM channels into a single communication line, which is sent to Bob through
one single physical fiber. Bob’s demultiplexing stage (bottomn) employs a series of temporal cav-
ities to demultiplex the channels, allowing him to independently read out the information from
each original TM channel.

cavities to multiplex different quantum channels, each encoded in a particular temporal mode,
onto the communication line. After transmission, Bob can then implement a cascaded sequence
of temporal cavities to demultiplex the received signal, separating the individual modal channels
onto distinct output ports for subsequent readout of the encoded quantum information. Com-
pared to alternative multiplexing techniques, this temporal mode approach leverages the math-
ematical orthogonality of the modes to maximize the channel density and transmission fidelity.
Temporal cavities provide a powerful tool to robustly multiplex and demultiplex these modal

channels, enabling high-dimensional quantum communication over optical networks while main-
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taining the original modal shapes and carrier frequencies.
Before we examine the main application of the temporal cavity, one may wonder what the
figures of merit of the cavity are. For that, we have to first account for the intrinsic losses of the

cavity and settle on some characterization parameters.

2.2.5 Cavity Characterisation: Figures of merit

Vm

>
>

»>— V41 — VUm

A 5 VFSR
IR “ | - >
! | ! A ’
i (I o |
o I ! | :
=) | o !
i A I g =
0 : / \ : / 1:\7 _ : :
p m-L m mil pi - 0
(a) Spectral displacement induced by the Gouy p p+l
phase and spectral distance between 2 modes res- (b) FSR and pulse width for a resonance order
onances m

Figure 2.11: Characterisation of the temporal cavity resonances

One of the figures of merit of the cavity is NV which accounts for the number of modes that can
be discriminated. More explicitly, N accounts for the number of resonances that fit in one cavity
FSR. For that, recall that the temporal cavity can discriminate between different HG modes
because the cavity resonances present distinct temporal Gouy phase 1, shifts with respect to
the family of HGTMs. Therefore to evaluate the spectral displacement of a resonance of order
m + 1 with regard to the resonance of order m, we need to evaluate the spectral displacement
induced by the ,,.

Because of the presence of the Gouy phase in the transmission coefficient, the spectral
displacement for every mode will be a function of the mode order m. Considering that for a

round trip (27), the total spectral displacement phase is known as the FSR vrsr, the spectral
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displacement v,,, (Fig. [2.11a)) induced by the Gouy phase alone for one round trip is:

Ui m+1/2
VUm = ?VF = TVF '(bGou}” (2139)

where ycouy is defined as in Eq. (2.133). v, basically quantifies the spectral distance between
resonances of order 0 and m.

We introduced the spectral distance between 2 consecutive resonance orders A = |V, 11 — U,

and using Eq. (2.139), we find

Vp
A= % |7/)Gouy| 5 (2140)

which doesn’t depend on the order m of the HG modes. We might think, looking at this
parameter, that a bigger A means less overlap between the transmission coefficient of different
modes. One could be tempted to attempt to increase v to increase A. But two problems come

to mind:
1. The FSR is fixed by the input train of pulses repetition rate Eq. (2.111).

2. Increase vy would also increase in a similar order of magnitude the width of each res-
onance “£ (Fig. 2.11b), therefore making such an increase almost irrelevant for mode
separation. It will essentially just scale up the resonances. So increasing D requires

increasing ygouy instead.

Using Eq. (2.139), we can rewrite the transmission coefficient as

T/n’]/(lm
14 (22)?sin? (2l )

s VEp

T =

(2.141)

As we can see, it is very similar to the transmission coefficient of a Fabry-Perot cavity, with
the exception of the peaks happening at different frequencies v — v,,,. That allows us to con-
firm, as predicted, that the value of the frequency spacing or FSR is vr and each peak width
will be characterised by vy/F (Fig. [2.11b). This confirms that a better separation between
modes involves a higher finesse, which can be achieved according to Eq. by having

high reflection coefficients for the couplers.
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To evaluate the number of modes we can separate IV, we can use the following expression:

v 2w

=F_-_= 2.142
A |¢G0uy| ( )

Note that this definition is only fitting when the number of modes is approximately an integer.
When N is not an integer, we can theoretically separate an extra mode depending on the values
of its decimal part and the finesse.

Based on Eq. (2.133), the values of Dy and Dx play crucial roles in determining ¢gouy. Con-
sidering that both parameters share the same sign and satisfy the stability condition | Dyot| <
4|Dyl, increasing | Dy| leads to a larger argument within the arctangent function, thereby in-

creasing |¢gouy|, SO reducing N. On the other hand, if |Dy| is increased while keeping Do

4Dt — Diot

constant, the ratio ;5—52

decreases, which reduces the overall argument of the arctangent
function and consequently decreases |ygouy| @and increasing N. This inverse relationship en-
sures that within the specified magnitude constraints, Dy serves to amplify ¢gouy, Whereas Dy
acts to diminish it. However, at fixed input pulse duration o, Eq. defines the constraining
relation between Dy, and D;. So they can’t be tuned independently. Say we consider Dy as the
free parameter for the choice of V; it still requires a good balance between higher dispersion
meaning better separation (high value of |D,..|) and a high value of N (low value of |D;,| so
lower dispersion).

In the worst-case scenario, it's easy to see that N — 2, which means at worst we will be able
to separate two modes with the appropriate choice parameters.

While N tells us the number of modes that can be discriminated, it does not tell us how
well these modes are discriminated. And we introduced a distinguishability parameter §, taking
inspiration from the Rayleigh criteria for spatial or angular separation.

The metric represents a measure of distinguishability between resonant modes. The dis-
tinguishability parameter §, defined as the ratio of peak separation A to their FWHM, directly
indicates how well-resolved modes are in units of peak width. Using Eq. and Fig.[2.71b]

one can give a formula for this parameter:
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5 o W@;ﬂ (2.143)
I8

Through empirical analysis of simulation results, we arbitrarily chose 6 = 1.5 as a threshold,
where values below this limit indicate insufficient separation for the effective implementation of
temporal cavities. A larger ¢ value indicates better mode separation, which can be achieved
either through Eq. by increasing the Gouy phase shift (affecting mode spacing) and/or
by improving the cavity finesse (reducing peak width) Fig. We showed previously that in-
creasing the temporal Gouy requires careful consideration as it reduces N (Eq. (2.142)). When
it comes to the Finesse, theoretically, we could increase it to very high values by increasing the
reflectivity of the beam splitters. However, we show in the next subsection that this increase
comes at the cost of efficiency. Both approaches, as discussed, require careful optimization,
as they can impact other cavity parameters - the Gouy phase affects mode degeneracy and

stability while increasing finesse typically involves trade-offs with cavity losses and throughput.

2.2.6 Intrinsic Losses and Compromises

The development we have done in this section until now didn’t account for the unavoidable
round-trip losses. These losses account for propagation losses, coupling losses, insertion
losses, and inefficient components like beamsplitters and time lenses. These losses can be
modelled as a non-zero reflectance P of an additional beam splitter, as depicted in Fig. (2.7).

The goal is to do the transmission of the cavity similarly to the lengthy development we did
in Subsection To get to the result faster, we will, without loss of generality, instead take
here a classical approach.

Before propagating the chirpless input complex amplitude of an HG pulse A,, (%, 2), the

complex amplitude through the first amplitude
t
t1Amin(t,0) = t1 4, in Gm (T> (2.144)
0
Assuming the conditions outlined in Eqg. (2.111) are satisfied for the cavity, the pulse retains the
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Figure 2.12: Temporal cavities with losses: (Left) Evolution of the maximal transmittance
Tmax Eq. (2.148) and (right) the finesse F (Eq. (2.149)) for different values of the reflectance of
the beamsplitters R.

form of Eq. (2.744) after each round trip. During each round trip, the pulse acquires additional
transmission and reflection factors from the beam splitters and a phase shift induced by propa-
gation in free space and within the grating pairs and the time lens. Specifically, in a single round
trip, we are reminded that the temporal Gouy phase accumulates to ¥,,, = (3 + m)¥gouy. - The
total phase accumulated is d,, = ko Licop — ¥m.-

After n round trips, the complex amplitude of a pulse evolution can be simply written as:

Am(t, Z) = tl(p’l"ng)nAm’inGm <t> eiém (2145)

70

Due to the pulse train structure, each round trip causes the pulse to interfere with all previously

propagating pulses. Summing over all round trips, the total amplitude of the pulse inside the
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cavity is given by the geometric series:

oo

Aout(t, z) = Z Ap(t, z) =

n=0

t1
S S\
1 — prirgedm "™

in(t,0). (2.146)

To obtain the complex amplitude of the output pulse, it propagates to the second beam splitter.
The transmission through this beam splitter introduces an additional transmission coefficient ¢,
and a phase factor. However, since we evaluate the transmission coefficient in terms of intensity
rather than complex amplitude, the phase factor does not affect the final expression.

The transmission of the cavity, therefore, has the same form as in Eq. (2.134), but the finesse

and the maximal transmittance are now

T\/PT1T2
f: —
1 — prire
2 2
T = —112)_ (2.147)
1—prire

respectively, with p? =1 — P.
Considering R = r? = r2 the reflectivity of the input and output couplers, which can be
adjusted to achieve the desired level of finesse and maximal transmittance, we can rewrite

Eq. @.147) as

(1-R)?
Tmax = m, (2.148)

N RVT=P

F=———: 2.149
- RVI-P (2149)

For better mode selectivity for temporal mode filters, a higher value of the finesse is desirable
for achieving better separation between the mode-dependent resonances. However, a high
finesse leads to a longer photon lifetime in the cavity that induces an increased sensitivity of the
maximal transmittance to the cavity losses.

This trade-off is illustrated in Fig. In the left panel, for a given value of losses P, the
finesse can be increased (reduced) by increasing (reducing) the reflectivity R of the input-output
couplers. On the contrary, on the right, an increase of the reflectivity R leads to a decrease of

Tmax- As losses increase, the value of 7., decreases accordingly, and this effect is more
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pronounced for higher values of R, as seen from the steeper drop in 7T...x observed at these
higher reflectivities.

As a result, the choice of reflectivity for the beamsplitters must balance out the desire for a
high finesse and therefore longer photon lifetime with the need for a high maximal transmittance
and therefore greater efficiency. This results in a trade-off between the two quantities that must
be carefully considered when designing temporal mode filters through temporal cavities.

For classical applications, where pulse amplification is possible, the value of Tp,.« is generally
not critical. In such cases, the choice of R should prioritize a high degree of finesse, as it
corresponds to better separation between cavity modes. However, in quantum applications, the
sensitivity of T;,.x t0 losses becomes a much more important consideration since it determines
the efficiency of the filtered mode. Thus, the choice of R for such applications needs to ensure
maximizing the efficiency of the cavity while maintaining a sufficient level of finesse. That will

depend on the overall losses in the cavity.

2.2.7 Parameter choice

Egs. (2.171), (2.178), (2.137) are the three fundamental equations of the temporal cavity from

which the choice of the parameters Liyop, Dior @and Dy must be done.
As an example, let us consider an input multimode frequency comb described by Egs (2.1)
and (2.4) with carrier wy, repetition rate T, and a given g-parameter. Injecting these values in

Egs. (2.111), (2.118) and (2.137) produces three constraints on the cavity parameters Liqop,

D¢, and Dy As a result, for a given input, there is no free parameter for the cavity. For all
examples, we will present, we choose to input a train of oy = 5 ps pulses of carrier A\g = 800 nm
and repetition rate 80 Mhz (Fig.[2.6). Since the repetition rate must match the FSR of the cavity,
from Eq. we get Lioop = 3.74 m.

Since Lioop and the cavity free spectral range vrsr are blocked, via Eq. (2.111), by the train
repetition rate, the remaining parameters can be controlled to induce the resonance condition for
the m-th TM and at the same time to match the input ¢g-parameter. This is an important difference
with respect to the spatial-mode cleaner where there is one free parameter, for example, its

length, that can be used to tune the cavity on a particular resonance. This circumstance does
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not prevent selecting specific TMs by tuning the temporal cavity to a particular resonance, but
it certainly makes the operation more challenging. We finally point out that it is possible to free
one additional parameter by allowing control of the carrier frequency wy, the period T, or the
temporal g-parameter of the input. As for how we choose parameters in this thesis, we always

assume the input parameter is fixed and given as a constraint similar to a realistic experimental
setup.

2.2.8 Experimental feasibility
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Figure 2.13: Constraints on low loss: (7op) diagram of the relation Eq. (2.118). (Bottom)
number of modes fitting one cavity FSR. Full squares correspond to 7., = 0.77, F = 26,
P = 3%. At these points, the distance between neighbour resonances is about 1.5 times their

linewidth. On the left (dotted line) the distance is smaller and the two resonances are not
resolved.
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The shortest focal lengths experimentally available to date for efficient electro-optic time
lenses we have seen in Subsection [2.1.5are about 10 ps? [148, [164]. Figs.[2.13top and
top depicts the relation Eq. constraining the values of D; and Dy, for a wide range (from
5fsto 1 ps) of the pulse duration o of the input train. Because of the “V” shape of these curves,
it would always be possible to find a suitable D, for the experimentally available D;. We note
that these values of dispersion are easily achievable [164, (148] through for example grating
pairs described in Subsection However, as previously discussed, some compromise
needs to be made and three factors limit the choice of Di.: the number N = 27/vYqouy Of
resonances that fit in one cavity FSR, the cavity finesse F and the round-trip losses P. Indeed,
two different modes 0 < m < N and m’ > N cannot be discriminated when a resonance of order
(p',m’) overlaps with the resonance (p,m) (see Fig.[2.8). As in Figs. [2.13}bottom and
bottom, shows, N rapidly increases when D, decreases. In this case, the separation ¥couy
between consecutive resonances of the same longitudinal order p might become smaller than
their line-width vrsg /F. Therefore one should seek high values of finesse. On the other side,
competing behaviour appears when the unavoidable round-trip losses are kept into account.
As we have shown previously, the higher the F, the higher the photon lifetime in the cavity
and the sensitivity of 7.« 1o losses. This can rapidly become much smaller than 1 with P
increasing. Therefore a compromise should be sought between N and F for a given value of
losses. In Figs. we show an example with low losses. In particular, full squares mark
the optimal configurations when P = 3% and 7 = 26 with R = 0.9. Here § = 1.5, meaning
the resonances are resolved with a relative distance of 1.5 times their linewidth. It corresponds
GDD values of Dy = 28.22ps? and Do, = 30.26ps? Tmax = 0.77 is high enough to guarantee
a good efficiency in sorting multimode quantum frequency combs. We show the transmittivity
of the cavity configuration (Eq; in Figs. showing we can separate N = 17 modes
with decent resolution. On the left of these squares (dotted line), while the N is increasing
because | D;.¢| is decreasing while Dy is increasing, 4 is decreasing, therefore the resonances
are not sufficiently resolved because v qouy is decreasing. Overlaps between the resonances
are getting worse than in Figs. As we move to the right side, § is increasing, resonances
are better and better separated than what’s observed in Figs. However, the value of N
decreases and approaches the limit value of 2 (Fig. [2.73}bottom).
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Figure 2.14: Resonances at square: Resonances of a temporal cavity with parameters corre-
sponding to the point in square in Fig [2.73]for an input pulse duration of oy = 5 ps

Cascaded Mode Selection in Temporal Cavities

For temporal cavities, the value of N limits the number of modes that can be handled by the
cavity. When more modes are sent, the periodicity of the cavity will make & group of modes
where each group with the following pattern k¥ + Nm where m = 0,1,2,--- will overlap. This
overlap is always detrimental for mode selection and the degree of overlap entirely depends on
the decimal part of N. The smaller this decimal part, the smaller this overlap, until resonances
of modes inside these groups are completely undistinguishable where N is an integer. With
a finite mode handling capability N, selective mode filtering remains still possible even when
the total number of input modes exceeds N, provided N is an integer. This can be achieved
through a cascaded arrangement of temporal cavities. The first stage groups the input modes
into N distinct sets, where each group k£ (k = 0,1,--- , N — 1) contains modes following the
pattern k + N x m (where m = 0, 1,2, ---). For instance, in Fig[2.15] we show a temporal cavity
configuration where R = 0.85, P = 5%, Dy = 32 ps? and Dy, = 24 ps®. While for this cavity,
N = 7, we input a train of pulses where each pulse can be decomposed into a basis of 21 HG
modes. In this group, each peak of transmission in Fig[2.15]corresponds to a group of 3 modes

whose transmissions are indistinguishable. The grouping is :
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Figure 2.15: Resonances at the first stage for cascaded temporal cavities.
» Group 0: modes {0, 7, 14}
» Group 1: modes {1, 8,15}

» Group 2: modes {2,9,16}

» Group 6: modes {6, 13,20}.

With the first stage of the temporal cavity, 7m.x = 0.764, F = 16.67, and § = 2.38. To select
mode 9 for example, the first cavity stage would isolate Group 2, containing modes {2,9, 16}.
A subsequent stage can then specifically select mode 9 from this reduced set, as shown in
Fig While this cascaded approach enables the selection of more modes, it's important to
note that the overall system losses increase with the amount of losses. In FIGURE for example,

because of the addition of a second stage, the maximal transmittance drops t0 7.« = 0.6.

Current time lens limitations

As a final consideration, as discussed in Subsection[2.1.4] one should ensure that the duration

of the pulse at the time lens is shorter than its aperture in order to minimize aberrations. While
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Figure 2.16: Resonances at the second stage for cascaded temporal cavities.

a time lens based on cross-phase modulation provides large enough apertures (10 — 20 ps), in
the specific case of electro-optic time lenses, the aperture and focal length are not independent
Eq. (2:84).

We verified that this condition can be satisfied for ps-long input pulses. We considered the
condition as met when double FWHM of the pulse was smaller than the aperture. In Figure[2.18]
we compare the pulse duration at the time lens (in terms of FWHM) with respect to the time lens
aperture. We have discussed in Subsection [2.1.4] that the time lens aperture determines the
maximum pulse durations that can be supported before distortions and aberrations take place.
For an electro-optic (EO) implementation, the time lens aperture depends on the modulation
frequency frr of the EO modulator and we showed in Eq. thatitis Ar = Trf% The pulse
duration and the FWHM at the time lens, after propagation through the first dispersive element

are respectively:

2
oL = 00 [ 1+ (Dt;“) : (2.150)
k)
FWHMy. = 2v21In 201y, (2.151)
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Figure 2.17: Constraints on high loss: (Top) diagram of the relation Eq. (2.118). (Bottom)
number of modes fitting one cavity FSR. Full circles correspond to 7,.. = 0.11, F = 8.7,

P = 40%, respectively. At these points, the distance between neighbour resonances is about

1.5 times their linewidth. On the left (dotted line), the distance is smaller and the two resonances
are not resolved.

where we have chosen the FWHM as a better metric for pulse duration. In Figure[2.18] the pulse
FWHM is plotted for different input durations over a range of RF modulation frequencies frr.
The FWHM, represented by the V-shaped curves, is compared against the temporal aperture of
the time lens, represented by the solid black line. For proper operation, the double of the FWHM
should be shorter than the temporal aperture.

There are two values of FWHM for each frr because while the RF modulation frequency

determines time lens GDD Dy = 1/4726 f3 (Eq. (2.79)), for a given value of Dy, there are

two possible values of Dy (Fig. [2.17) and therefore two possible values of pulse durations
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Figure 2.18: EOPM time lens aperture: Analysis of electro-optic time lens temporal aperture
for different pulse durations

(Eq. (2:120)). This analysis shows that with a realistic modulation amplitude of § = 11 rad, RF
frequencies above 10 GHz are necessary in order to provide sufficient temporal aperture to
support input pulses shorter than ps. A 10 GHz modulation can manage ps long input pulses
and verify the experimental feasibility using commercial electro-optic time lens capabilities. As
electro-optic modulation technologies progress, larger temporal apertures are expected at given
RF frequencies. For example, more favourable aperture scaling can be achieved with more
complex RF driving that involves higher harmonics and implements the temporal equivalent of
a Fresnel lens [168]. For a free-space coupled configuration with commercial electro-optic and
dispersive elements, we expect around 40% losses, mainly due to insertion losses. For this

level of losses, the parameter region for which resonances are resolved on the right side of
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Figure 2.19: Resonances at circle: Resonances of a temporal cavity with parameters corre-
sponding to the point in circle in Fig[2.17]

the full circles in Figs. The corresponding transmittance 7,.x = 0.11 is high enough to
be detected in an experimental test. We show the transmission for N = 6 modes in Fig
corresponding to the parameters at the circle points in Fig. The development of integrated
thin-film lithium niobate technologies, where dispersive elements and phase modulators can be
combined [169, [170], has the potential of significantly reducing losses for a better robustness
in the quantum regime. For classical applications where pulse re-amplification is feasible, it is
possible to make Tr..x arbitrarily close to 1. This allows the flexibility to choose higher values

for the finesse, similar to what we observe in Fig.
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In Section[1.1.4], we described CV quantum states of light which are crucial for various quan-
tum information processing protocols such as quantum computation via cluster states [8} 9],
quantum metrology [10] and quantum communication [11,[12]. Among these, Gaussian states
are widely used due to their mathematical simplicity [12, [7] and their ability to be generated and
manipulated experimentally [13} 16]. However, fully characterizing and exploiting these states
requires a thorough understanding of measurement schemes (Section[1.5) and their limitations.
Their characterization is commonly achieved through the use of homodyne detection (HD). A
crucial aspect in HD is the matching of the local oscillator (LO) to the mode of the targeted
beam. The resulting mode-matching guarantees an efficient utilization of the carried quantum
resource. However, when the LO is not matched to the desired mode of this beam, it behaves
as afilter, leading to quadrature measurement involving all the modal content that overlaps with
the LO.

On one side, in a series of papers [55,56], Barbosa and colleagues showed the possibility of
quantum states presenting an unbalance between symmetric spectral components. For these
states, they showed that a full characterization of its quantum properties cannot be performed
through homodyne detection, a phenomenon recently coined as hidden [54] or complex [139]
squeezing. On the other side, integrated photonics has developed recently with the generation
of quantum light being proven on chip-scale devices [171, (172, (173, [174]. The integration in
silicon substrates comes with x () nonlinearities [50,/52] and this increases the complexity of the
quantum light that is produced. Indeed in these materials, the four-wave mixing gives origin to

processes of cross- and self-phase modulation and parametric amplification. In the pioneering
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works of [57), 54], the characterization of the quantum properties of their outputs in terms of
morphing supermodes. These are normal modes, exhibiting frequency-dependent coefficients,
that decouple the system dissipative dynamics by mapping the output multimode CV entangled
state into a collection of independent squeezed states.

In [54, [86], it was demonstrated that both aspects can be reduced to a mode-matching
problem and that achieving perfect matching through HD is not possible. The main goal of
this chapter is to introduce and develop the theory and the possible implementation for a more
general mode-matching strategy that is based on “interferometers with memory effect” (IME).
They operate as an interface bridging the generation stage and the HD and provide the required

mode-matching by exploiting the characteristics of both interferometers and cavities.

3.1 Quadratic Hamiltonian in cavity quantum optics

The nonlinear dynamics of a N boson modes optical system in a cavity can be linearized around
a stable classical steady-state solution and can be associated in the most general case with
an effective quadratic Hamiltonian. In Subsection [1.4.1] we show that these Hamiltonians in
cavities lead to a set of linear quantum Langevin equations that govern the evolution of the
system’s quadratures, in the presence of coupling to the external fields.

First, we explore the different methods of resolution of these evolution equations developed
in [175] and their limitations. We, then, introduce their resolution in the most general case using

Analytic Bloch Messiah decomposition, first introduced in [57].

3.1.1 Quadratic Hamiltonian evolution in cavity

As discussed in Section any multimode optical field can be decomposed over an orthonor-
mal family of modes {,,(7,t)}, involving different degrees of freedom (spatial, time, frequency,
polarization), each associated to boson operators a,,,a!, satisfying the commutation relations

[Gm,al] = dpm.n @and [@m,a,] = 0. With this notation, the positive frequency part of the electric
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field reads as:
§(+) (7, t) = Z EmbmUpm (T, 1), (3.1)

where &, is the single photon electric field.
Here, we will focus on the case of longitudinal modes of an optical cavity, all sharing the

same spatial transverse mode and linear polarization:
U (T, t) = €expi(kmz — Qnt). (3.2)

This covers the very broad category of multi-colour quantum states and quantum frequency
combs out of optical cavities or single-mode waveguides. Nevertheless, the strategies we are
discussing here could be easily extended to other kinds of modes. In this subsection, we do not
take into account the intrinsic losses in the cavity, we will discuss those in the next subsections.

In the Heisenberg picture, we show in Subsection [1.4.2]the nonlinear dissipative evolution of
a system of N bosonic modes is described by a system of coupled quantum Langevin equations.
A standard linearization procedure around a stable stationary solution allows reducing such

evolution to the effective Hamiltonian
R h
H=nY_ Gupilyin+ 5D [Fnildl, +hel (3.3)

which represents the most general time-independent quadratic Hamiltonian, we first introduced
in Eq. (1.217). The N x N matrices G and F incorporate the details of the linearized dynamics
of the considered physical system and verify, respectively, F = FT, and G = G'. The latter
ensures that H is a hermitian operator. In practical situations, the matrix F has the nature
of pairs production, as those arising from spontaneous parametric down-conversion in x(?) or
x®) interactions with undepleted pumps [176, 50]. The very general shape of the matrix G
takes into account various mode-hopping processes whose details depend on the nature of the
boson modes considered. In the case of cavity longitudinal modes, G includes frequency con-

version processes [177], x®-induced self- and cross-phase modulation [50], mode detunings
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from perfect resonance and linear dispersion effects.
We showed in Subsection that using the Heisenberg representation, Eq. (3.3) gener-
ates the set of linear quantum Langevin equations
dR(t)

= M)B(t) + V2T Ran(t), (3.4)

where R(t) = (3(0)[§(t)T, #(t) = (&1, ..., 2n)T and §(t) = (41, ..., n)T are the column vectors
of the amplitude and phase quadratures of the intracavity modes: &,, = %(&jn + a,) and g, =
%(djn —a,,). These equations describe the system’s dynamics below the oscillation threshold.
Rin(t) represents the quadrature vector of input modes entering the system via losses. The
diagonal matrix I" describes mode-dependent cavity losses and the mode coupling matrix M is
expressed as :

Im [G + F] ‘ Re[G — F]

(3.5)
—Re|[G + F] \ ~Im[G + F]"

Because of the properties of G and F (G = G and F' = FT), both Re[G — F] and Re[G + F| are
symmetric matrices. The system threshold is determined by the eigenvalue )y of M — T" with

the highest real part, where Re[\q] = 0:

Re[\o] =0, where \p = max Re[}]. (3.6)
A€eig(M—T)

This will be later used on examples to define how close/far we are from the threshold of the
system considered.

All of the mathematical tools necessary for describing this physical problem have been intro-
duced in Sections|1.2)and First, we want to think about the different resolution techniques

and their limits before we look into the resolution of Eq. (3.4) in the most general case.
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3.1.2 Resolution of the Hamiltonian Problem

To solve the quadratic Hamiltonian described in Eq. (3.3), we must address the dynamics gov-
erned by the quantum Langevin equation presented in Eq. (3.4). The primary objective is to
diagonalize the coupling matrix M to decouple the equations of motion for the quadrature oper-
ators (Eq. (3.4)). This section outlines the methods and conditions necessary for achieving such
a diagonalization, leveraging the mathematical framework of symplectic matrices. For the full
resolution of the Langevin equations, one must find common transformation matrices for both
M and I'. One can consider the case where M and I' commutent, with a particular case being
equal dissipation coefficients: I' = yI;n. Therefore, a matrix diagonalizing M will also always
diagonalize T'. A deeper dive into these diagonalization techniques and their limitations can be

found in [175].

Direct Diagonalization of M

The most straightforward approach to solving the quantum Langevin equation involves the direct
diagonalization of the coupling matrix M. While this mathematically solves the problem, it does
it without considering the physical properties of the bosonic operators involved, which means
through eigenmodes which by default can have any commutation relations. The procedure

involves finding a matrix U such that:

M=UDUT (3.7)

where D is a diagonal matrix containing the eigenvalues of M and U comprises the corre-
sponding eigenvectors. A necessary condition for M to be diagonalizable can be taken from
the well-known spectral theorem, which for a real-valued matrix such as M implies it has to
symmetric: M = M.

To account for the properties of the bosonic operators involved, one can attempt instead
symplectic diagonalization of M. Symplectic diagonalization leverages symplectic transition
matrices to diagonalize the coupling matrix M, ensuring the preservation of the canonical com-

mutation relations inherent to the bosonic quadrature operators (Z,,, §..) and therefore provides
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a clear physical interpretation of the system’s dynamics. The procedure is a particular case of
Eq. where U belong to the real symplectic group Sp(2N,R): UQU T = Q, where we have
already introduced the symplectic form €. Besides, whenever M is diagonalizable, it can be
proven [175] that M is automatically symplectically diagonalizable.

Therefore, for M to be symplectically diagonalizable, it must be symmetric: M = MT to
ensures that U in Eq. is real, orthogonal, and symplectic. D is a real diagonal matrix that

has two opposite blocks:

M=U Ur. (3.8)

Exploring the expression in Eq. and remembering that G and F must verify G = GT and
F = FT, one can see that in order for M to be symmetric, the following conditions must be
verified:

Im(G) =Im(GT) =Im(G*), 3.9

Re(G) = —Re(GT) = —Re(G*).

These conditions correspond to the case where G = 0 in the original interaction Hamiltonian
(Eq. @3)).

One can see this more clearly when moving in the bosonic operators’ basis for U — U and
M — M. Any 2N x 2N real unitary symplectic matrix U can be expressed with real U; and U,

in the form:

UirUl—‘rU;—UQ:IN
U, -Us ) U1U£r+U2U;:IN

U= with (3.10)
Ua Uy UTU, = UJ U,

UUT = U,UY.

The conversion to notations adapted to bosonic operators was already detailed in Section|1.3

We denote U the matrix associated with the transformation for bosonic operators, U = LTUL
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with always:

I I I il
L= | ™ Nandpi= L [YOMN (3.11)
V2 —ilny iy V2 In —ily
By performing the block calculation, we obtain:
- Ui +1Us 0 U, 0
07— = , (3.12)
0 Uy — iU, 0o Ux

with U, = U, + iU, unitary U, U] = UJU, = Iy. This form corresponds to passive interferome-
ters: the a; and d; are not mixed, we will come back to this in later sections when discussing a
new class of interferometers. Additionally, if we now consider a general real symplectic matrix
S, the application of the Bloch-Messiah theorem (Subsection |1.3.5) allows us to write it as the
product of an orthogonal symplectic matrix U, a real diagonal matrix D divided into two blocks

inverse to each other, and a second orthogonal symplectic matrix V:

S=U VT, (3.13)

The associated transformation is therefore interpreted as the succession of a passive interfer-
ometer, single-mode squeezers, and then another passive interferometer, as we described in

Subsection and illustrated in Fig.[1.6] Furthermore, it's easy to see from Eq. (3.13) that S
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is unitary if and only if the diagonal matrix of the Bloch-Messiah decomposition is the identity.
M =iLTML

d 0
=i(LTUL)LT L(LTUTL)
0 —d

~ d 0 ~
=4UL' LUt
0 —d

t
U, O 0 d U, O

0 Ux) \d O 0 U;

a a

0 U, dUf
M =i : (3.14)

UxdUS 0

confirming from Eq. (3:14), the case where G = 0 and F = iU,dU,[. This occurs in systems
with second-order nonlinearities (y(?)) without detuning, which is common in many multimode
squeezing systems [178l179,(144,|180]. Additionally, when all dissipation coefficients are equal,
the matrix U that diagonalizes M also diagonalizes the loss matrix I'. This reduces the prob-
lem to a set of single-mode quantum Langevin equations, which can be solved independently.
However, in the cases where G # 0, the interpretation of symplectic diagonalization becomes

more complex, and alternative approaches may be necessary.

Block Diagonalization

While a method consisting of symplectic diagonalization of M is not always possible, another
possibility, more general, is to try to put the evolution matrix in the form of diagonal blocks. Such
a strategy does not allow direct resolution of the evolution equation or the Langevin equation,
but it has the merit of reducing the problem to that of single-mode squeezing in the presence of
frequency detuning, which is a known situation.

Let us suppose that such a decomposition is possible and let us deduce the necessary con-
ditions from it. We will work in the boson operators basis since it gives a better insight. Suppose

that M (M = iL' ML) decomposes into a block diagonal matrix D via a real, symplectic, and
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unitary passage matrix representing a linear interferometer. This is expressed as :

M — D , (3.15)

_ ul o G F U, 0

D= :
o ull \-F* -G~ 0 U

. UlGu, UIFU? di  dy

D= = : (3.16)
—(UlFU;)* —(UIGU.)* —dy —dj

Eq. (3.16) shows that for the block diagonalization to be possible, there needs to exist diagonal

d; and do, and unitary U, such that:

G =U,d\U}
(3.17)

F =UudyUY.

Note that the decomposition of G is a diagonalization, while that of F' is a symmetric singular
value decomposition. Since F is complex, there are no other constraints on ds than being diag-
onal, in particular, dy can have complex coefficients. On the contrary, since the decomposition
on G is a diagonalization and G is Hermitian, necessarily d; is a real matrix.

It is straightforward from this analysis and Egs. to verify that, only when the simul-
taneous decompositions of F' and G are possible, M is block diagonalizable via a passage
matrix corresponding to a passive interferometer. Note that each of these decompositions is
always individually possible because G = G and FF = FT. However, it is not obvious that
they are simultaneously possible. When F' admits a symmetric singular value decomposition
F =U,dyUJ, FFT = U,|d2|?U]. So such simultaneous decomposition is possible when G and
FF' are co-diagonalizable or equivalently that they commute. This is for example possible in
the context of x(?) type non-linearities, in with mode-independant detuning A: G = Aly. In that

case, choosing a symmetric singular value decomposition on F' that ensures that d, is real will
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automatically realize the diagonalization of G with the same U,,.
The physical interpretation of such a decomposition is that we reduce the problem to a set
of independent modes, recoverable via a passive interferometer, each governed by a squeezing

equation.

3.1.3 Analytic Bloch-Messiah Decomposition

We have seen in Subsection[3.1.2]that standard methods for analyzing multimode quantum opti-
cal systems face significant limitations. Direct diagonalization fails to preserve bosonic commu-
tation relations, while symplectic approaches like Bloch-Messiah decomposition (BMD) require
constraining assumptions for the interaction M (Eq. (3.5)) in the systems. These limitations be-
come particularly relevant when dealing with resonant systems exploiting third-order non-linear
interactions, such as those in silicon and silicon nitride platforms [54].

To overcome these constraints, we present the Analytic Bloch-Messiah Decomposition (ABMD)
[57], a generalized strategy to solve Eq. that extends traditional symplectic approaches like
BMD, which are restricted to problems where dynamic evolution can be ignored. By analyzing
the transfer function S(w) in the frequency domain, ABMD provides a complete description of the
system’s evolution through frequency-dependent passive interferometers and squeezers. This
method enables the identification of supermodes - coherent superpositions of original modes
that decouple the system dynamics - without requiring prior assumptions about linear dispersion
or non-linear interactions. However, this decomposition comes with a cost: the passive inter-
ferometers required by ABMD must be frequency-dependent, matching the cavity’s response
characteristics: a term coined as morphing supermodes [57].

The versatility of ABMD makes it applicable to various scenarios, from low-dimensional sys-
tems with single- or double-mode squeezing [57, 185, [86] to highly multimode states produced
via four-wave mixing in integrated systems [54].

To use ABMD, we look at the steady-state solutions in the frequency domain by using the

Fourier transform of the quadrature vector introduced earlier:

R(w) = %e_mﬁ(t) (3.18)
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Itis important to note here since we work in the interaction picture with fields in the slowly varying
amplitude approximation, w can be taken to rigorously coincide with the sideband frequency

offset from the optical carriers at 2,,,. Eq. (3.4) becomes in the Fourier basis:
iwB(w) = (—T + M)B(w) + VT B (w) (3.19)

The quadratures ﬁout of the multimode state at the device output can be conveniently obtained
as functions of input modes’ quadratures, thanks to standard input-output relations ﬁin +§Out =
\/fﬁ we demonstrated in Section Eq. (1.228). These output quadratures are then given
by:

Rout (@) = S(0) Bin (), (3.20)

where S(w) is the system’s transfer function. S(w) is a complex matrix-valued function of the

continuous parameter w given by the expression
S(w) = V2l (Wl +T — M) " V2r —1 (3.21)

with T the 2N x 2N identity matrix. The input spectral quadrature operators satisfy the commu-

o, o, I
tation rule [Rin(w), RL(w’)} = iQ6(w + w'), where we remind 2 = M1 is the N-mode
—Iy O

symplectic form and I is the N x N identity matrix. The output quadratures R..(w) are the
Fourier transform of bona fide boson quadrature operators in time domain, since S(w) has the

two following properties [57]:

Property 3.1.1. S is conjugate symmetric: S(—w) = S*(w). This assures the reality of S in time

domain.

Proof. Let us define the inverse Fourier Transform of the transfer function:

S(t) = \/%7 /_ " o Sy, (3.22)

Assuming S(w) verify the conjugate symmetry property : S*(w) = S(—w), we can substitute it
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into Eq. (3.22), giving

S(t) = \/% ( /_ OOO dw S(w)e™t + /O - dw S*(w)em> . (3.23)

By changing variables in the first integral and combining them with the second:

S(t) = \/% ( /0 " do St 1 /0 " st (w)e—iwt> , (3.24)

we use the conjugate symmetry property to conclude that

_ 1 ee * —iwt e * —iwt
S(t) = Wors </0 dw S* (w)e™™" dw —|—/0 dw S* (w)e dw)
1 oo * —iwt __ Q*

This conjugate property in frequency of S ensures the reality of the temporal counterpart. [
We define a set of transformations dependent on a continuous real parameter w (frequency)
such that:

S, = {S € C, | Yw € R, S(w) € Sp*(2N, C)}. (3.26)

We call this the w-Symplectic group. Here, C,, represents the set of smooth matrix-valued func-
tions in C2V*2N with respect to w. We refer to elements of S, as "w-symplectic” transformations.
The conjugate-symplectic group Sp* (2N, C) is defined as the set of 2N x 2N complex matrices
such that S(w)QST(—w) = Q, with Q the symplectic form. The temporal equivalent of such

conjugate-symplectic property is :
—+00
/ drS(t —m)QST(t' —7) = Q6 (t —t) (3.27)

Property 3.1.2. S is always "w-symplectic” which means S € S,,

Proof. We begin with the definition of S(w) in Eq. (3.21). To prove the w-symplectic nature, we

need to show that: S(w)QST(—w) = Q where Q) is the symplectic form.
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Let us expand the left-hand side:

S(W)ST (—w) = [V2I (iwl + T — M) 'V2r — 1] Q [V2I (—iwl + T — M)~'Var — 17 (3.28)

We can simplify this expression using the properties of M and T':
1. M is Hamiltonian: (QM)T = QM
2. T is skew-Hamiltonian: (QI')T = —QT

These properties allow us to write: MT = Q'MQ~t and T = —Q~'T'Q~!. Using these

relations and the fact thatl = QIQ~! = —Q "IN, we can rewrite the transpose term as:

(V2T (—iwl + T — M)"V2r — 1T = V2T Q(iwl — T — M)~2QV2T — T (3.29)

Substituting this back into our original equation and using the properties ') = QI' and QQ = —I,

we get:

S(w)QST(~w)
= V2Tl + T — M)~ (2D) (iwl — T — M)~ 1V2TQ
— V2T (iwl + T — M)~ 1V2rQ
+ VT (iwl = T — M)~ W2rQ + Q (3.30)

The key step is to recognize that the terms in square brackets cancel out:

@) — (iwl-T —M) + (iwl+T —=M)] =0 (3.31)

This leaves us with:
S(w)QST(—w) = Q. (3.32)
Thus, we have proven that S(w) is indeed an w-symplectic matrix for all w. O

Since the transformation connecting input and output modes, associated with Eq. (3.21), is
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symplectic in a generalized sense, for any element of S, there exists an ABMD:

S(w) = U(w)D(w)V(w) (3.33)

where U(w), D(w), and V(w) are smooth matrix-valued functions. For any given w, U(w) and
V(w) belong to Sp* (2N, C) NU(2N), with U(2N) being the unitary group and they characterize

the structure of what is coined "morphing supermodes”. The matrix

D(w) = diag{di(w),...,dn(w)]| dl_l(w)7 R dg,l (w)}

(with d;(w) > 1fori = {1,..., N}, for all w) contains their (optimal) anti-squeezing d;(w) and
squeezing d; *(w) levels. All of these functions inherit Property 1 of the transfer matrix, mak-
ing them conjugate symmetric. In general, ABMD differs from a simple point-by-point Bloch-
Messiah decomposition for each w, as it ensures the smoothness of supermodes that allows to

define the continuously evolving physical observables.

Morphing supermodes

In experiments, the characterization of the covariance matrix (Eq. (1.138)) of a multimode state
requires the simultaneous measure of the noise features of the different optical modes and then
retrieving their correlations. This strategy, although quite current in two mode scenarios [48], is
not viable when the number of correlated modes scales up. In many practical situations, a pre-
ferred way to proceed is to introduce a set of normal modes (a.k.a. supermodes) that decouple
the system dissipative dynamics and map the CV multimode entangled state into a collection of
(anti-)squeezed states that, since they are statistically uncorrelated, can be measured indepen-
dently of each other [176, [181]. ldentifying supermodes therefore involves finding linear com-
binations of a,, and ], that diagonalize M while preserving the symplectic structure. However,
as seen in M generally cannot be diagonalized by symplectic unitary transformations,
except when G is null. Consequently, the system typically lacks a set of traditional supermodes
with unchanging shapes during evolution. To characterize the system’s quantum properties,

one requires statistically independent physical observables. As demonstrated in Ref. [57], in
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the general case of a quadratic Hamiltonian, the modes containing the optimal (anti-)squeezing
are “morphing”. Morphing supermodes are a generalization of standard (static) supermodes
and are expressed as linear combinations of the initial system optical modes with frequency-
dependent coefficients that vary with w. A morphing behavior is quite common in nonlinear
optical cavities. It appears, for instance, in single-mode degenerate optical parametric oscilla-
tors with signal or pump detuning [58, 59] and in optomechanical cavities [60} (61, [182]. At their
output, optimal squeezing is found in a frequency-dependent quadrature that varies at scales of
the cavity bandwidth. Surprisingly, it was only recently that it has been unveiled in highly multi-
mode systems such as silicon-based microresonators [54]. It also appears in the description of
non-Gaussian states generated in ultra-fast second-order nonlinear photonics beyond the pump
depletion approximation [183, 1184].

Remarkably, a smooth dependence on spatial and temporal coordinates, rather than fre-
quency, has also been observed in the symplectic eigenvalues when characterizing the spa-
tiotemporal properties of entanglement [47].

The ABMD in Eq. (3.33) allows us to obtain the quadrature of supermodes:

_’gut(w) =Uf (W)R%out(w) (3.34)

assuming an input vacuum state. Notably, the shape of the supermodes depends on the fre-
quency w, indicating that optimal detection modes vary with the analysis frequency in practical
scenarios. These quadratures therefore represent the optimally (anti-)squeezed quadrature op-
erators. Their noise level is given by d;(w) for the anti-squeezed supermode i and by d; *(w)
for squeezed supermode N + i. Since U(w) is w-symplectic and conjugate symmetric, the new
quadratures have a symmetric real part and anti-symmetric imaginary par so to correspond to

Hermitian quadratures in time domain.

3.1.4 Spectral covariance matrix of the multimode state

The transfer function S(w) is in general non-diagonal, leading to a coupling between the quadra-
tures of different output modes. This reflects the presence, at the output of the device, of con-

tinuous variable entanglement among field optical modes at frequencies 2,,. In other words,

172



3.1. QUADRATIC HAMILTONIAN IN CAVITY QUANTUM OPTICS

when measuring the quadrature ﬁout, a correlation appears among noise fluctuations of the
different optical modes. The noise fluctuations can be collected in a global covariance ma-
trix (Eq. (1.138)) that, for Gaussian states, up a displacement leading to zero mean values,
offer a full characterization of these quantum states [124) (185, [186]. However, in cavity-based
optical systems, boson field operators are slowly-varying with time in the interaction picture. To
therefore capture the temporal properties of these fields, second-order momenta are instead
collected in a correlation matrix [47] that is a function of two different times ¢ and #’, introduced
in Eq. (1.230). When considering stationary-in-time systems where the correlation matrix de-
pends only on the time difference ¢ — ¢, such matrix for the resonator output quadrature vector

writes:
(R (0) BT (1) + (Bou () BT, (0)) ) (3.35)

where we have assumed input vacuum states Ri,. Because of this stationarity property, for such
systems, one can introduce the Fourier transform of the correlation matrix that depends only on
one frequency w [47]: the spectral covariance matrix ooyt(w), which we can directly express in

terms of the transfer function S(w):

1
Tout (w) = ﬁs(w)ST(—W)- (3.36)

The passage from the correlation matrix to the spectral covariance matrix and their correlated

properties have been extensively detailed in Subsection where we have also expressed

in Eq. the correlation matrix of an input vacuum field, that we have used for Eq. (3.36).
Using ABMD of S(w) in Eq. (3.33), we obtain the output spectral covariance matrix in terms

of the morphing supermodes U (w).

1

(o w) = w w Tw .
out(w) 2\/%0'( )D? () (w) (3.37)

We proved in Section that oout(w), in general, is a non-real Hermitian matrix and, is

from Property [3.1.1] conjugate symmetric, i.e. o(—w) = o*(w); as a consequence, the real
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part of the spectral covariance matrix is symmetric with respect to the exchange w + —w,
Re[o(—w)] = Re[o(w)], and its imaginary part is anti-symmetric, Im[o(—w)] = —Im[o(w)]. This,
as we will discuss in the next subsection, has profound implications on the full characterization

of the output quantum state.

3.1.5 Hidden squeezing

The complex nature of the spectral covariance matrix is generally ignored in the literature [48|
49, 50}, (187] and only the real part of Eq. is typically considered. This assumption
leads, however, to disregard the presence of correlations among noise components that emerge
from the properties of complex covariance matrices o,,:(w). From a physical point of view, the
full characterization of the quantum state should involve measurement of both quantum noise
components at frequencies w and —w. However, in some situations [58] the qumodes at w and
—w are essentially in the same quantum state and only the subspace w (or the subspace —w)
can be considered: such a state symmetry with respect to w <+ —w makes the assumption of
a real o, (w) correct and justifies the use of standard homodyne detector to fully retrieve the
state quantum properties.

A complex oot (w) implies, instead, a state that is not symmetric with respect to qumodes at
w and —w. For those states, considering only qumodes at w means neglecting quantum corre-
lations between them and those at —w, that are encoded in the imaginary part of the spectral
covariance matrix. As it will be detailed in the following, their measurement is not accessible
to a standard HD, a phenomenon that has been named “hidden” [564] or “complex squeez-
ing” [139] and requires more sophisticated strategies. These extra correlations are essential for
fully characterizing the corresponding quantum state and could also be exploited for enhancing
the performances of QIP and MBQC protocols.

The concept of hidden squeezing was first explored and explained by Barbosa et al. (see for
example [55, 56]). In their works, the authors pointed out that the squeezing of a single beam
of light actually involves two-mode squeezing correlations between symmetric noise sidebands
at w and —w. An effective single-mode description can be applied when the noise spectral

power of these symmetrical components are identical, while in general, a two-mode description
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becomes necessary: in such cases, homodyne detection lacks the necessary degrees of free-
dom to detect correlations between the symmetrical components and, as a consequence, to
reconstruct the complete information [55], 56]. The solution proposed by Barbosa and cowork-
ers showed that a "resonator detection” (RD) successfully detects correlations between noise
spectral components at w and —w [55] 56]. However, such architecture does not easily scale
with the number of entangled modes nor can cope with the frequency-dependent behaviour of
the morphing supermodes.

Theoretically, the characterization of the covariance matrix, either in the original basis of the
longitudinal modes or in the supermodes basis, requires the detection of mode quadratures,
i.e. of the field continuous variables [48] |49, [181]. In experiments, quadratures are typically
accessed via HD by making the fields under scrutiny beat with a bright reference beam called
“local oscillator” (LO) [188]. The optical beat signal, after photodetection, gives a photocur-
rent that encodes the quadrature mean value and quantum noise [188]. For quantum states

generated in the longitudinal modes of a cavity, the LO takes the following form

Ero(t) =1) ame "' + He. (3.38)

m

where each «,, is the complex amplitude of the LO components in the optical mode at frequency
Q... We show in subsection [1.5.3] HD as an example of mode quadrature detection scheme,

showing that the corresponding photocurrent operator can be written as

i(t) X Z (Re[am] fﬁout,m (t) + IIn[O‘m} onut,m(t)) =

m

= T R (1). (3.39)

By defining & = (a,...,an) ", in this expression, @ = (Re[@] |Im[a])" is the normalized col-
umn vector of LO coefficients in the quadrature representation. We concluded in that section
that although LOs with arbitrary spectral amplitudes & are accessible to experiments [181], for
the case of HD, the amplitudes and phases of their spectral components always combine to
give real quadratures, i.e a real Q: this guarantees that, in the time domain, the photocurrent

operator Eq. (3.39) is Hermitian. The projective measurement described by Eq. (3.39) gives
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a combination of the quadratures of optical fields at frequencies (,,, with coefficients given by
Q: by shaping the LO it is thus possible to measure the quadratures of individual longitudinal
modes or of their linear combinations (for example in the basis of the supermodes). For fre-
quency homodyning [188], the Fourier transform of the photocurrent (Eq. (3.39)) returns the

noise spectrum of the chosen quadrature:
$5(w) = Sup (@) = G out (w)Q. (3.40)

As it should be for any measurable quantity, this expression always returns a real noise spectrum
Y5(w) (we prove just after in Proof , even when the covariance matrix o, (w) exhibits an
imaginary part.

When dealing with quantum states that have a complex spectral covariance matrix, the lim-
itations of standard HD can be illustrated with the very simple case of a single-mode state

described by its amplitude and phase quadratures (&, 7)),

aw) Y(w) +1d(w) alw)  y(w) . 0 dw)
Y(w) —16(w) Bw) Y(w) Blw) éw) 0

where a(w), B(w), v(w) and é(w) are real functions of w defined as:

W) = % (W) (—w) + B(—w)(W)) , (3.42)
Blw) = 5 (H@)I(~w) + 3(~)hw)) (3.43)
y(w) +id(w) = % ((W)g(~w) + 9(~w)z(w)) , (3.44)

and as required to guarantee the Hermicity of o,,¢(w). The corresponding noise spectral power

Eq. (3:40), as detected from HD, for a given LO @ = (cos | sin §)T, corresponds to
Egw) = cos? 0 a(w) + sin 0 B(w) + 2 cos Osin 6 y(w). (3.45)

Whatever the choice of 6 (i.e. of the selected quadrature), Zé(w) clearly does not encode
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any information about the imaginary part of the spectral covariance matrix §(w) that, therefore,
carries quantum correlations that are hidden to HD.

Intuitively, in the case of an arbitrarily large number of modes, the spectral covariance matrix
is easier to characterize in terms of the optimal (anti-)squeezing levels associated with indi-
vidual supermodes: Eq. (3.37). In this basis, the limitations of the HD in dealing with Gaus-
sian states with complex o(w) and with morphing behaviour can be formalized as a problem of
mode-matching: the occurrence of sub-optimal detection of squeezing originates from a LO not
perfectly projecting on the targeted supermode.

By replacing Eq. in Eq. (3.40), the detected noise spectral power takes the following

form

S(w) = —— [(TU(w)] D*(w) [T (@)@, (3.46)

AT 9 o

This expression shows that to measure the optimal degree of squeezing, i.e. Zé(w) ~ d7?(w),
the LO should perfectly match the (N + ¢)-th supermode. This corresponds to achieving a
perfect projection on the supermode identified by the (IV +i)-th column of U (w), Uni(w). Such
a projection formally corresponds to shaping the LO column vector @ so that the scalar product
Q'leNﬂ»(w) = 1. We show in the next lines a much more rigorous proof that this mode-matching
condition cannot be satisfied as the LO Q is constant and real while, in general, U depends
on the frequency w and is complex. Even in the special case of a real U(w), an LO with a
non-morphing profile (corresponding to a frequency-independent @), can retrieve the optimal
squeezing only at the frequency @ for which @ and ﬁNH(@) are matched. In the general case
of a complex U(w), no mode-matching is possible and the HD measure is suboptimal, as we will

show for any nonzero values of w [54], thus leaving a part of the quantum correlations hidden.

Proof. To prove that HD with a real Q cannot recover optimal squeezing in the most general
case. For that, we want to rewrite the output spectral covariance matrix in a much more conve-
nient form by noticing Eq. corresponds to a symplectic diagonalization where the complex
eigenvectors correspond to the orthonormal basis of the morphing supermodes (U i (w), column
of U(w) and the real eigenvalues (since o, is hermitian) the squeezing and antisqueezing

spectrums. In this new form, using the spectral theorem, we write the spectral covariance ma-
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trix as :

1 2N , . »
Tout(w) = : m;)\ (W)U (W)U (w) (3.47)

where:

d;*(w) foric[1,N]

(2

M (w) = (3.48)
d? y(w) forie [N +1,2N]

Here, d? (w) represents the anti-squeezing spectrum and d;2 (w) represents the squeezing spec-

trum. Thus, the extended expression of the spectral covariance matrix becomes:

N N
Toults) = 5= (Z 42()0,@)0 ) + Zdﬁ(w)ﬁNH(w)ﬁLH(w)) (3.49)

i=1 i=1

For the sake of subsequent proofs, we want to express the noise spectral power in terms of the
most general quadratic measurement first before we look at the specific case of HD. Consider
the most general unitary complex vector Q(w). We can decompose Q(w) in the basis of the

morphing supermodes:

2N
Qw) = Biw)liw) with fi(w) = (G(w), Ti(w)) (3.50)
i=1
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The noise spectral power is then given by:

So(w) = G (@)oau(w)Fw)
- N% (ZN ﬂ;‘(w)til-*(w)) (2%§A§<w>ﬁj<w>ﬁ;<w>> (ZN mw)ﬁk(w))
- mz ZB (@) ()T ()T (@) T () T ()
- \/1%2];5 ()i (@){T:(w), (@) (T (w), Ui ()
_ \/1%%:5 (@)Br()31505
= r25 (w)Bi(w)
Bg(w) = 2\ﬁz w)|Bs(w)|” > (3.51)

which we can expand to:

N
Y5w) = ﬁ (Z w)|Bi(w)[* + Zd w)|Bni( )|2> > 0. (3.52)

First, from here we already show two intrinsic properties of the noise spectral power: it is always
real and positive, regardless of whether ((w) is real or complex. Then, to recover for example

the squeezing spectrum of mode j (d3(w)), the measurement technique must ensure that:
Bnij(@)?=1 and Bi(w)=0 fori#N+j, (3.53)

which equivalently means that @(w) must project perfectly into the corresponding morphing
supermodes U ~+;- Any non-perfect projection will induce unwanted projections to the other
measuring supermodes. It is obvious from here for HD, since @ is real, this is only possible
when U;(w) is real Vw, i.e. when the spectral covariance is real. In this case and in this case
only can, HD access the optimal squeezing for a given morphing supermodes and at a given

frequency w: Q = U;(). O
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In this proof, we also showed a crucial property of the noise spectral power:

Property 3.1.3. Regardless of whether the ((w) is real or complex, the noise spectral power is

always real and positive.

Limited access to squeezing as well as the impossibility of following the morphing behaviour
are extremely detrimental in practical situations. Many quantum optical protocols require ho-
modyne to be performed in the time domain: in these cases, the detection signal is acquired
as a function of the time over a certain time slot. In the Fourier domain, such a signal simul-
taneously carries contributions from spectral components at different ws [189]. Working with
a non-morphing LO means projecting the detected field onto the same linear combination of
longitudinal modes whatever w. Even if such a linear combination would match a squeezed
supermode at w, this is a priori not the case for all other frequency components. As a conse-
quence, time-homodyne signal mixes noise levels associated to the optimal squeezing at @, with
the sub-optimal or even anti-squeezed noise contributions associated to all other Fourier com-
ponents. As understandable, the presence of hidden squeezing further worsens the situation.
The inability to work with standard homodyne detection affects a wide range of situations where
time-domain homodyning is essential, including heralded state preparations [189, [190, [191] or
MBCAQ [192], making it urgent to identify a different, better-adapted detection strategy.

Intuitively, we could detect the optimal degree of squeezing (anti-squeezing) only by replac-
ing the real and constant LO coefficients Q by a complex and w-depending vector @(w) S0

that:

—

Sow) = GM(w)ou(w)G(w) (13)
which requires a different detection scheme that cannot be homodyne detection, A novel type
of detection that we will elucidate in the next subsection.

3.2 Conditions for a spectral covariance matrix

While in previous subsections, we have effectively linked the presence of hidden squeezing to

the complex nature of the spectral covariance matrix, it's essential to remind that in the literature
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this matrix is generally assumed to be real [50] 49| 148, [187] 511, 53], indicates that a substantial
portion quantum correlations might remains elusive to Traditional measurement approaches,
such as homodyne detection (HD). Current literature already points to the existence of these
hidden correlations [55, 56 54], the focus has always been on more advanced detection meth-
ods such as “resonator detection” [55} 56], “synodine detection” [139] or our novel “interferom-
eters with memory effect” [85]. However, a systematic framework for precisely identifying the
underlying interactions responsible for this behaviour is missing.

In this section, we provide precise criteria on cavity-based optical system’ physical param-
eters (i.e. damping rates, mode hopping and pair production terms) to determine whether a
spectral covariance matrix is real or complex. These criteria allow predicting the nature of the
Gaussian state solely from the system’s interaction parameters without the necessity of fully
characterizing the spectral covariance matrix or the complete quantum state reconstruction. As
a consequence, our results allow the appropriate choice of measurement strategies for a better
characterization and exploitation of these quantum states. In a complementary way, these crite-
ria also provide a guideline for the design of optical devices to tailor or avoid hidden squeezing.

The goal of the subsections can be summarized as elucidating the relation between M
(Eq. (3.5)) and spectral covariance matrix (Eq. (3.37)) and establishing conditions for distin-

guishing classes of quantum states with detectable or hidden correlations to HD-like schemes.

3.2.1 Framework

To establish these criteria, we want to gain insights into relating the transfer function S(w)
(Eq. (3.21)) to the output spectral covariance matrix (Eqg. (3.36)) and for that it is useful to explic-

itly decompose it into the real and imaginary parts S(w) = Sgr(w) + iS1(w) (due to its hermitian
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nature) using Sg(w)) = 3 [S(w) + S(—w)] and Si(w) = 3 [S(w) — S(—w)]. More explicitly,

Silw) =5 () + ")
=5 (5() +5(-w))
:@ [T+ T = M)~ + (=il + T — M)~ VT - T
:@ [(—iwﬂ +T — M)Inv(w) + (iwl +T — M)Inv(w)] VT — 1
Sk (w) =V2T [(r — M)Inv(w)| V2T — T (3.54)

where we have considered that the product:

Inv(w) =(—iwl + T — M) (iwl + T — M)~!

(iwl +T — M) (—iwl + T — M) ™!

(Gl +T = M)(=iwl + T = M) B

-1
Inv(w) = (wQ]I (0 - M)Q) . (3.55)
We can further simplify Eq. (3.54) by absorbing the T in the expresion:

1 ~1
ﬁlnv (w)Inv(w)V2T

Sr(w) =V2T [(r - M)Inv(w)} Var —
1 -1

=77 {QI‘(I‘ - M) —Inv (w)} Tnv(w)V2T

1

S [2r(r “ M) — WL+ (D — M)ﬂxnv(w)\/f

2
1 2
== [(r M) - M) —w H] Inv(w)v/2T
Sn(w) Z% (1% + [M,T] = M — T Inv(w) VT, (3.56)

where [M,T'] = MI" — I'’M represents the commutator between the two matrices.
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And similarly

|~

S1(w) = o (S(w) + 57(w))

21
= - (5() + 5(-w)
= \/Z2T [ — iwInv(w)} Vor
Si(w) = V2T [ - wInv(w)] Vor. (3.57)

Using Eq. (3.36)), we can now decompose the spectral covariance matrix into its real and imagi-

nary parts: o(w) = or(w) +io1(w) where we have expressed og (w) and oy(w) in terms of Sg(w)

and Si(w):
1 . .
o () = 5= (Sr(SEW) + Si(@)S] @), (3.58)
o1(w) = wlﬂ (Sr(@)ST (@) = Si(w)SEw))- (3.59)

3.2.2 Boundaries to complex spectral covariance matrices

We now seek conditions on the damping matrix I" and the mode interaction matrix M that lead
to a complex-valued or real-valued spectral covariance matrix oo (w). From Eq. 8.57), it is
evident that S(w) and consequently o, (w) are always real at w = 0.

A trivial case, where a complex S,,.(w) leads to a real o,,(w), occurs in the absence of
pair-production processes, i.e. F = 0. For example, these processes are responsible for the
generation of multimode entanglement and squeezing in optical parametric oscillators [96), (144],
193]. Without pair-production processes, the transfer function in Eq. becomes unitary,
yielding a o,,+(w) proportional to the identity matrix and therefore real, as illustrated in the grey
region of Fig. However, this case is not particularly interesting when the primary objective
of quantum optical systems is the generation of non-classical quantum states.

When F #£ 0, the structure of Eq. suggests that a necessary and sufficient condition

for the output spectral covariance to be real is that the product Sg (w)Sf (w) must be symmetric.
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F=0 F 40
M dia

M) =0 M?=(M?*"

Figure 3.1: Conditions for a real-valued spectral covariance matrix o,,:(w) are represented
by the grey areas. The left region represents the trivial case where pair-production processes
are absent (F' = 0), which always leads to a real o,,(w). The right region depicts the scenario
where pair-production processes are present (F' # 0). In this case, the conditions for achieving
a real-valued o,,:(w) are represented by the overlap of the red circle, corresponding to the
commutation between the damping and mode interaction matrices [I', M] = 0, and the green
circle, corresponding to the symmetry of the mode interaction matrix squared M? = (M?)T.
This overlap region (grey) delineates the boundaries between real and complex oqyu¢. (w). Within
this region, we represented a subset “M diag” corresponding to the case where M is diagonal.
Here, both conditions necessary for a real spectral covariance matrix, are verified.

By substituting Eq. (3.54) and (3.57) into this product, we obtain:

—2w

V2r
S (w)ST () :%A(w)B(w)\/ﬁ, (3.60)

S (@)ST (@) === (T2 + [M,T] = M? = w2T) [Inv(w) T () | V2T

where A(w) = T2 + [M,T] — M? — w?T and B(w) = Inv(w)T'Inv' (w) @ symmetric matrix. One
can also write the transpose of this Eq. (3.60), Si(w)Sg (w) which writes:

Sp(w)SE(w) = —2wV2T B(w)A(w)T (3.61)

5
;

To find out when the product is Sg(w)S{ (w) is symmetric, we write the difference between
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Eqg. (3.60) and Eq. (3.67):

2w 2r 2r 1

T — w w :; w W)—— wW—— w W)—F—
S () ST (w) — S1(w)ST () :;% (AWB@) - TB)AT()) \/12T (3.62)

By examining the difference Sg(w)Sy (w) — Si(w) Sk (w) (Eq. (3:62)), it becomes evident that the
product Sg (w)ST (w) is symmetric when A(w)B(w)I' = I'B(w)AT(w). This condition holds only

when these 2 following conditions are met at the same time:
* I', A(w) and B(w) commute pair-wise,
« A(w) is symmetric : AT(w) = A(w).
We prove that the first condition is equivalent to I" and M commuting [I", M] = 0.

Proof. We want to show that for ', A(w) and B(w) to commute pair-wise, one must ensure
', M]=0.

First, for T' to commute with A(w), it must commute with T M, MT and M?. One can easily
show that [I’, MT'] = 0 and [I', T M| = 0 are both equivalent to [I', M| = 0, which also ensures
that [, M?] = 0. Therefore for T' to commute with A(w), it must commute with M.

It is also easy to show that since ' commutes with M and therefore with M? and MT, it
consequently also commutes with (T — M)? and therefore with both Inv(w) and Tnv' (w). This
ensures that for I' to commute with both A(w) and B(w), it must commute with M.

To ensure pair-wise commutation betweenT, A(w) and B(w), itis left to show when [A(w), B(w)] =
0. We can also notice that when I' commutes with M, all the previous commutations we men-
tioned earlier hold true also for T2 and M?2. In particular, they both commute with Inv(w) and

therefore with Inv ' (w). O

For the second condition, A(w) is symmetric if and only if the following two requirements are

met:
(i) [0, M] = [I', MT] and
iy M2 = (M2)T,
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When T" and M commute, condition (i) is automatically satisfied, leaving only condition (ii).

This leads us to the following proposition:

Proposition 3.2.1. For F' # 0, necessary and sufficient conditions for the spectral covariance

to be real are [I', M] = 0 and M? symmetric.

This proposition is visually represented in the right side of Fig. where the grey overlap
region of the Venn diagram depicts the intersection of these two conditions: the red subset
corresponds to the commutation between the damping and mode interaction matrices, [I', M] =
0, while the green subset corresponds to the symmetry of the mode interaction matrix squared,
M? = (M?)T. Failing to satisfy either of these conditions necessarily leads to an asymmetry of
the product Sg (w)ST (w), consequently giving rise to a complex spectral covariance matrix.

On one hand, since T is diagonal, the commutator [I', M] can be zero only if either (i) T is
proportional to the identity matrix, corresponding to mode-independent damping rates, or (ii) M
is diagonal, or both. It is straightforward to see that scenario (ii) leads to a configuration where
G = 0and F = iD, with D a real diagonal matrix corresponding to the case of N decoupled
squeezed modes. Since a diagonal M also implies M? symmetric, this situation directly leads
to a real spectral covariance matrix. This is represented in Fig. by a dashed circle in the
intersection between the red and green subsets.

On the other hand, to see how the symmetry of M? reflects on the structure of G and F,
it is better to move to the representation of complex amplitudes, where M transforms into the
2N x 2N matrix M = i L' ML (Eq. (T.218)). Specifically, the symmetry of M? is equivalent to
the hermiticity of A2. In particular, writing out M? explicitly

G? - FF* GF — FG*

M? =
G*F* — F*G G*2 — F*F

. G*—FF*  GF-FG* 59
_(GF—Fa")t (G2—FF)T | '

and examining its block structure, the hermiticity of A/2 implies the hermiticity of its block ele-

ments. Since G = G' and F = FT, the diagonal blocks are always hermitian. However, the
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off-diagonal blocks are hermitian only when GF — FG* = 0, or equivalently GF = (GF)T.
One can easily verify that this condition is satisfied, for example, and potentially not limited to,

the case where a real-valued G commutes with F. This condition leads us to the following

proposition, equivalent to proposition [3.2.1};

Proposition 3.2.2. For F' # 0, necessary and sufficient conditions for the spectral covariance

to be real are [I', M| = 0 and that the product GF is symmetric GF = (GF)T.

Propositions and elucidate the transitional boundary between standard and hid-
den squeezing. Notice that, beyond the trivial cases F' = 0 and M diagonal, a generic M,
for which GF = (GF)T, leads to a real spectral covariance matrix only in the case of mode-
independent losses, i.e. when T is proportional to the identity matrix. These conditions provide
insights into the underlying interactions that govern the system’s dynamics and can also guide
the engineering of complex multimode correlations.

In summary, we have derived key conditions under which the output spectral covariance
matrix o, (w) of a cavity-based optical quantum system, characterized by the most general
quadratic Hamiltonian, is constrained to be either real- or complex-valued. Specifically, we
showed that beyond the trivial cases, F' = 0 and M diagonal, the spectral covariance matrix is
real for systems with mode-independent damping rates and when the product of the interaction
matrices GF' is symmetric. Failing to satisfy either of these conditions necessarily results in a
complex spectral covariance matrix, indicating the presence of hidden correlations. This con-
nects the structure of the fundamental mode interaction matrices F' and G to the real or complex

nature of the spectral covariance matrix.

3.2.3 Case studies

To illustrate these conditions, we will present some case studies of cavity-based optical quantum
systems which focus on low-dimensional examples, ranging from single- to four-mode systems
in Section

But already a straightforward prediction from these criteria is that single-mode detuned OPO
cannot exhibit complex spectral covariance. First, without multiple modes, there cannot be any

relative asymmetry between dissipation rates contained in I'. Then, since there is only one
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mode, the matrices F' and G are simply reduced to scalars, which guarantees their product GF'
is always symmetric, satisfying both conditions for a real covariance matrix in Proposition[3.2.2]
Intuitively, there are no possibilities to break these symmetries within a single-mode system.
Consequently, the spectral covariance matrix o,,¢(w) of the single-mode optical cavity must be
real-valued.

Here we particularly want to focus on two specific examples in the literature where the pre-
dictive nature of these criteria can lead to interesting conclusions. For example, in their study
of broadband squeezing generation in microresonators, Vaidya et al. [194] relied on HD for the
full characterization of the generated broadband squeezing. To access a configuration of pa-
rameters similar to their experimental setup, we focus on a two-mode detuned x(*)-based OPO
system described by identical mode decay rates ~. Below the oscillation threshold, the system
can be described by a set of linear quantum Langevin equations in the form of Eq. where

we have the 4 x 4 damping matrix I' = v1,.4 and the mode interaction matrix (Eq. (3.5)) with:

0 0
e P = el (3.64)

0 g2 fiz 0

When g11 = g20, the product GF is symmetric, resulting from Proposition [3.2.2]in a real spectral
covariance matrix. This scenario corresponds, exactly, to the parameter configuration in [194].
Notably, in their work, Vaidya et al. relied on HD to access the maximum optimal squeezing lev-
els. Since our criteria predict the absence of hidden squeezing, they also validate the approach
taken by Vaidya et al., showing that they indeed could access the maximum optimal squeezing
through HD in their experimental configuration. On the other side, in the case of the genera-
tion of broadband squeezing in dual-pumped microresonators [195], the authors relying solely
on HD schemes, attributed the lower detected squeezing levels entirely to “parasitic” effects
from additional interactions. In this work, the authors analyze the generation of squeezed light
through SFWM in a dual-pumped microring resonator, focusing on the detection of squeezing
in the signal mode s. Their work highlights how squeezing is reduced primarily by unwanted
parasitic processes.

Considering their three-mode system m, s and n with two strong classical pumps, the Hamil-
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B DP-SFWM BN SP-SFWM B BS-FWM
I [IP-SFWM SP-SFWM B BS-FWM

JEEIEIL

m P1 5 P2 n

Figure 3.2: SFWM main and parasitic processes: figure taken from Seifoory et al. [195] show-
ing four-wave mixing processes in a dual-pumped microring resonator. The diagram illustrates
the various nonlinear processes occurring when two resonances p; and p, are pumped. DP-
SFWM (dual-pump spontaneous four-wave mixing) generates squeezing in the s mode, while
SP-SFWM (single-pump spontaneous four-wave mixing) and BS-FWM (Bragg-scattering four-
wave mixing) are parasitic processes that can degrade squeezing quality. Solid arrows indicate
the primary transitions, while dotted arrows of the same colour show the corresponding conju-
gate processes. The processes are presented at different levels for clarity: BS-FWM (lowest),
HP-SFWM (hyperparametric spontaneous four-wave mixing, second level), SP-SFWM (third
level), and DP-SFWM (top-level).

tonian for the nonlinear processes includes interactions such self-phase modulation (SPM),
cross-phase modulation (XPM), dual-pump spontaneous four-wave mixing (DP-SFWM), single-
pump spontaneous four-wave mixing (SP-SFWM), Bragg-scattering four-wave mixing (BS-FWM),
and hyperparametric spontaneous four-wave mixing (HP-SFWM), each contributing to the over-

all dynamics of the system:

H :ﬁz wybliby + Hspm + Hxpm + Hop.srwm (3.65)
7

+ Hsp-skrwm + Hps-Fwm + Hup-spwm (3.66)
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Figure 3.3: Squeezing spectrum of the signal mode (s) with (solid red) and without (dashed
red) parasitic processes compared to the squeezing obtained through standard HD (green)
optimized at a chosen frequency w = 0.5y. We considered a dual pumped microresonator
system for broadband squeezing generation where G and F' are characterized by Eq.
with Bp18p2 = 0.46v and 8,112 + |Bp2]|?> — A = 0.157. We see that a large portion of the signal
squeezing is reduced due to the presence of parasitic processes. However, the squeezing
measured via HD (green) still does not match the optimized frequency, the maximum remaining
squeezing. In particular, at this frequency, 13% of the squeezing remaining after reduction from
the parasitic processes is inaccessible to HD schemes.

where J € {m, s,n}, and:

Hspm = —h%(bglb;lbplbpl + 05,65, b,,b,,) (3.67)
Hypn = —2hA(bIb], bsby, + blbl bsby, + b1 bl b,.b,,) (3.68)
Hpp.spwm = —AbbIb,, by, + H.C. (3.69)
Hsp.spwm = —lhA(bIbIb, by, + bIbID,,b,,) + H.C. (3.70)
Has.pwm = —2hA(b), blb,, by + bl blb,,bs) + H.c. (3.71)
Hyp.skwm = —2hAbIbID,, b,, 4+ H.C. (3.72)

The main process for producing degenerate squeezed vacuum state DP-SFWM and the main
process responsible for squeezing reduction is SP-SFWM, which injects uncorrelated photons
into the signal resonance. BS-FWM and HP-SFWM also contribute to squeezing degradation

but to a lesser extent than SP-SFWM.
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In the classical pumps approximation and moving to the interaction picture, the dynamics of
the system can be described by the quantum Langevin equations in Eq. (3.4) where T’ = vyIx¢

and the matrices G and F are :

1Bp1? + 1Bp2|* — A Bp1Ba 0
G=- Br1 Bp2 |Bp1 ] + 1 Bp2]* = A Bp1 Bz ;
0 515p2 1Bp1? + [Bp2]? — A
0 20 2Bp18p2
F=- Bh BBz B : (3.73)
26p1Bp2 B2 0

Here, (8,1 and 3,2 are proportional to the complex classical pump amplitudes 8} with 3; =
V2AB%, jin {p1,p2} and A represents the nonlinear coefficient quantifying the strength of the
nonlinear optical processes. We have considered without loss of generality the same detuning
A to the microring resonances for both pumps.

To verify Proposition [3.2.2, we observe that the product GF is not symmetric:

0 _521‘/8172|2 ﬂplﬂp2(‘/8p2|2 - |BP1|2)
GF — (GF)T = 2, | Bpo? 0 2, 1Bp1]? #0, (3.74)
5p15p2(|ﬁp1‘2 - ‘5p2|2) - Z2‘5p1|2 0

leading a complex spectral covariance matrix for the three-mode system. This complexity per-
sists even when we trace down the system to a single mode, focusing only on the signal mode.
The corresponding spectral covariance therefore remains complex. As discussed previously
and shown in [86], this complexity has a significant implication: even after the reduction of
squeezing due to parasitic processes, HD still cannot fully access all the remaining squeez-
ing still available in the s mode. This is illustrated in Fig. where we show the squeez-
ing spectrum of the signal mode (s) under various conditions for the dual-pumped microres-
onator system described by Seifoory et al. [195] with chosen parameters 3,,5,2 = 0.46 and
1Bp1]? + |Bp2|® — A = 0.15v. The solid (dashed) red line represents the spectrum without (with)

parasitic processes and the green line indicates the squeezing obtained through standard HD,
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optimized at w = 0.5v. As shown by the difference between the solid and dashed red lines, it's
evident that a significant portion of the signal squeezing is reduced when parasitic processes
are present. Furthermore, the squeezing measured via HD (green line) accounts only for 83%
of the maximum available remaining squeezing, in the presence of parasitic processes at the
optimized frequency w = 0.5. Suboptimal squeezing measurements are therefore not solely
due to parasitic processes, as suggested by Seifoory et al. Rather, our criteria predict 13% of
the detectable squeezing is hidden from HD and can be revealed by the use of novel detection
schemes [55, [139, [85].

The squeezing spectrum without parasitic processes shown in dashed-red in Fig. 3.3 was
obtained using the strategy described by Zhang et al. [196]. Their approach employs a photonic
molecule consisting of two coupled microring resonators on an integrated nanophotonic chip.
This design selectively hybridizes only the modes involved in unwanted processes, effectively
suppressing parasitic processes such as DP-SFWM, BS-FWM, and HP-SFWM.

In particular, beyond the effectiveness of this method in suppressing parasitic processes,
our criteria show that this method also addresses the issue of hidden squeezing. This can
be demonstrated by examining the new interaction matrices of the new system when parasitic
processes are suppressed: G = (|B,1]* + |Bp2|? — A)I3x3 and F = —diag{0, Bp18p2,0}. The
symmetry of the product G F' implies that homodyne detection can access the optimal squeezing
in cases where these parasitic processes are suppressed.

Our analysis predicts, however, that even when accounting for these parasitic processes,
there exists additional hidden and detectable squeezing that remains inaccessible to conven-

tional HD techniques.

3.3 Achieving generalized quantum mode-matching

Now we cleared out criteria that allow to predict whether or not the spectral covariance matrix is
complex, we discuss our strategy for a new type of interferometer that allows us to deal with not
only the complexity of the spectral covariance matrix but also the morphing behaviour required
to recover optimal squeezing in a the bandwidth.

In order to project onto the i-th morphing supermode, not only one should be able to produce
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| .
>

) A +ELO (1) : Q
— E'(t): R'(t) = dexz:IME(t—T)ﬁout(T)

AL Eout (t) : ﬁout (t)

Source

i(t)
Figure 3.4: This scheme outlines the generalized mode-matching through an interferometer with
memory. In the first stage, the physical system generates the CV quantum resource, with its

output denoted as Fout(t) and associated with the vector of quadratures Rout(t). This output
then undergoes the second stage, which is an IME characterized by a transfer function Siyg(w).

Subsequently, the IME output, characterized by the vector of quadratures R'(t), is directed into
a traditional HD scheme with a LO described by the vector Q.

a LO associated with a complex and frequency-dependent G(w)
G — Qw), (3.75)

but also to implement, in the frequency domain, the multiplication between this LO and the

targeted field, so as to induce a linear combination giving the quadrature, R®

out,?

(w), of the i-th

morphing supermode
RS} (w) = G (w) Rou (w) (3.76)

when Q(w) is shaped as U; (w). A simple shaping of the LO in order to produce a time-dependent
profile with Fourier transform Q(w) would not be sufficient. Indeed, in a standard HD, the mixing
of the LO and the signal field at a beamsplitter rather leads to a multiplication in time domain.
Therefore this approach, known as “synodyne detection” and proposed by Buchmann et al.
in [139] for the HD of singlemode ponderomotive squeezing and then we expanded to its mul-
timode scenario in Subection is able to mode-match complex supermodes but not their
morphing behaviour.

To obtain, in the frequency domain, a transformation such as Eq. (3.76), we must look for a
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physical system that implements, in time domain, the following transformation of the signal field

R0 = [ ar @7 1) o). @.77)

In other words, we need a physical system that is linear and possesses both memory, as optical
cavities, and the capability to mix the input quadratures, as interferometers. These two char-
acteristics define a device we refer to as an “interferometer with a memory effect’(IME). The
transformation Eq. or, equivalently, Eq. can be physically implemented by cascad-

ing, at the output of the source of quantum light, an IME and a standard HD, as depicted in

(3.4).
The IME transforms the quadratures, Eout (w), of the output of the multimode source accord-

ing to the relation:
R (@) = Stnin () Eout (@), (3.78)
where Smvyg(w) is the IME transfer function. The HD photocurrent operator, thus, becomes:
() o QTR () o G () Fowe (1), (3.79)
with a generalized LO given by Q' (w)
Q' (w) = Q" Stup(W). (3.80)

The combination of a tailored LO, with real and non-morphing @, and of a suitably engineered
St (w) allows Q(w) to match Uy (w) as required to fully detect the squeezing of the (N +i)-th

morphing supermode.

Proof. Leveraging the Egs. (3.50) and (3.52) we got in Proof where we decompose the

generalized LO obtained with an IME Q(w) and decomposed in the basis of the morhping su-
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permodes

:Z,é’i(w)lji(w) with  Bi(w) = (Q(w), U (w)) (3.81)

and recovered the general expression of the noise spectral power in terms of the projection of

the generalized noise spectral power in terms of morphing supermodes :

N
Ygw) = ﬁ <Z w)|Bi(w)[* + Zd w)| BN+ )|2> > 0. (3.82)

Because the generalized LO @(w) is always complex and frequency-dependent i;(w) as are
the morphing supermodes, it is always possible to engineer the IME such that the condition in

Eq. (3.53) holds. This means to recover for example the squeezing spectrum of mode j (d? (w))
Brij(@)? =1 and Bi(w) =0 fori# N+j. (3.83)

O

It is also natural to wonder after such assessment, how this type of interferometer deals with
real spectral covariance matrices, since the new local oscillator is always complex for nonzero
frequencies as shown by Eq. (3.80). We show that projecting |G (w)| in the real desired morphing

supermodes will be enough for spectral covariance matrices.

Proof. In scenarios where the spectral covariance matrix oou(w) is real, the IME can still
achieve optimal squeezing despite using a complex local oscillator (LO) vector Q(w). When
oout(w) Is real, the morphing supermodes U, (w) are also real. From Proof|3.1.5, the noise

spectral power in the IME is given by:

2N

S (w) = ﬁ S A2(w) |6 (@) (3.84)
1=1
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where

d;*(w) forie[1,N]

(2

M (w) = (3.85)
d? y(w) forie[N+1,2N]

and B;(w) = QT (w)(ji(w). To recover the squeezing or antisqueezing spectrum A? (w) for a
specific supermode U;(w), it is necessary to ensure that |3;(w)|> = 1 while 8;(w) = 0 for all
i # j. For real valued ﬁj (w), this condition is satisfied when choosing the LO vector Q (w) to

align with the desired supermode U ;(w) up to local frequency dependent phase factor:

QW) = p(w)T;(w) (3.86)
where p(w) is a diagonal phase matrix defined as ¢(w) = diag(e!** ), ... %>~ (), Evaluating
|3;(w)|* under this choice yields:

18;(w)” = QT ()T (w)|* = ()T} ()T (w)|* = U] (@)T;(w)]* =1 (3.87)

This equality holds because U;(w) is real and normalized, satisfying U (w)U;(w) = 1. Addition-
ally, fori # j, the orthonormality of the supermodes ensures that 3;(w) = 0. Consequently, the
noise spectral power simplifies to:

1 2

Eve(w) = 5 27_r)‘j (w) (3.88)

This result demonstrates that, when the spectral covariance matrix is real, the IME can achieve
the desired squeezing spectrum /\§ (w) by appropriately choosing the complex LO vector Q (w).
Therefore, even though the LO in the IME is inherently complex, it can fully recover the optimal

squeezing performance when operating with a real covariance matrix. O

Since the IME stage must not change the amount of squeezing (anti-squeezing), this system
should implement a passive transformation (F = 0 in Eqgs. (3.3) and (3.5)). Thus, the corre-
sponding transfer function that solves the quantum Langevin equations Eq. (3.21), in Fourier
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domain, reads as:

Sive(w) = V2T ve (iwl + Tive — Mive) ™ V20 ve — I (3.89)

with mode-dependent losses matrix 'y and the coupling matrix given by

Im [GrvE] ‘ Re [GivE]
Mive =

, (3.90)

—Re [Grug] | —Im [Gruz]"

where Gy is the most general hermitian matrix. At the output of the IME the state is charac-

terized by the spectral covariance matrix

o' (w) = B'(w) BT (~w) (3.91)

= Sine (W) Tout (W) Shyr (—w), (3.92)

and the noise spectral power obtained by the HD after the IME (considering again input vacuum
for the input source) is
1

Zg(®) = Bns(w) = 5= (@ (W)U (w)] D*(w) [UT (w)@(w)] (3.93)

where @(w) is given by expression Eq. (3.80).

The IME can be realized to ensure mode-matching in different ways:

» The most obvious one is to consider realizing the mode-matching simultaneously for all
the frequency-dependent supermodes through a unique IME configuration by requiring

the product Sive(w)U(w) to not only be real but also verify

% SIME(W)U(W)} =0. (394)

This condition only leverages the degree of freedom of the IME and says Sty (w)U(w) =

C where C' is a constant matrix, the noise spectral power in Eq. (3.93) can now be written
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as

1
221

Tg(w) = QTCD*(w)CTQ. (3.95)

In this case to access d;(w), we just have to choose the phase of the LO such that QC
is a vector where only the i-th element value is 1 while others are 0. For example, for

QC: (17()’ 70)T!

Yve(w) = ——=dj(w), (3.96)

For example, for QC = (0,0,---,1)T,

Sias(w) = 2\/1%%_2@), (3.97)

As a special case, the condition for full mode-matching is verified by C' matrices such that

|C| = Ixn. This involves matrices like Io and S such that

S = (3.98)

Other solutions are also possible since any passive transformation that allows us to turn
the noise spectral power into any form similar to Eq. (3.149) but with any permutation of

the eigenvalues in D?(w), for example with elements such as:

K = , (3.99)

Focusing on a specific case where we required for example Sy (w)U(w) = Izn implies
a transformation Spvg(w) that matches UT. This is a very important comment to have
in mind in later sections when thinking of decomposing the IME in terms of elementary
photonic components. Such decomposition is equivalent in a way to the decomposition of

the morphing supermodes.
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However, it is clear that trying to find an IME that satisfies this condition represents in
Eq. requires a much harder optimization problem since it involves an optimization on
matrices whose elements are functions of a continuous variable w. More advanced tools
for continuous variable optimizations would be required, which are not the focus of this
thesis. Additionally, this method requires the full knowledge of the morphing supermodes
matrix with extreme precisions, something that is not always possible in experimental

situations.

» The second option is the one we consider mostly in this thesis and involves as we dis-
cussed earlier, focusing on a configuration of the IME allowing Q(w) to match Uy ;(w)
(respectively U;(w)) to detect the squeezing (respectively) antisqueezing of the (N + i)-th
(respectively i-th) morphing supermode. We later practically show that this option does
not require a knwoledge of the morphing supermodes but only access to the noise spec-
tral power of the considered detection, a situation that’s more realistic when accounting for
experimental constraints. In the same spirit of thinking about experimental setup, in this
thesis, our focus also is on the detection of squeezing spectrum mostly since the noise

levels of the antisqueezing in an experimental setup are amplified.

3.3.1 Implementing the interferometer with memory effect

The IME is a passive, linear system that is able to implement an arbitrary transformation de-
scribed by a frequency-dependent unitary Spyr(w) or equivalently U(w) for some the more
general case. To identify the optical system implementing the IME, we introduce an original
technique to decompose any Sivgr(w) (or equivalently U(w)) in terms of networks of basic pho-
tonic components arranged in specific architectures: changing the components’ parameters
allows realizing different Sivg(w). To detect a target squeezed morphing supermode, such pa-
rameters are numerically optimized to make éT(w) match Uy ,(w) in Eq. or in a much
more optimistic scenario to Sive(w) match U(w). Our method extends ideas introduced in the
context of discrete spatial modes [197] in order to find decompositions that are smooth with
respect to w.

For practical purposes, we approach this problem in the representation & = (é’\Eﬂ)T of the
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complex field amplitudes, where a= (a1,--- ,an). In this case, the transfer function of the IME
I
is given by Unyg(w) = L Sive(w) L, with L = % , I being the identity matrix, and it
—il il
assumes the form
UIME(OJ) ‘ 0

Umnvg(w) = ) (3.100)

0 ‘ UI*ME(*W)

where Upge(w) is @ N x N smooth unitary matrix-valued function of w.
In the following subsections we will introduce two novel frequency-dependent decomposition

into elementary components, each with their own advantages.

3.3.2 Smooth two-mode decomposition

(a)

Do

1) Frequency Beam Splitters
e?@a(w)  —b(w)

T (w) = (ei¢<w)b* (w) a*(W)) J_L

Figure 3.5: Smooth two-mode decomposition of a 4-mode passive transformation with (a) tri-
angular mesh and (b) rectangular mesh. Two-mode unitary (c) and its physical implementation
via a two-mode coupled cavity. Implementation in an integrated platform of microresonators of
respectively the (d) triangular and (e) rectangular decomposition.

A first possible decomposition of the matrix Unyg(w) can be done in terms of elementary

bricks that correspond to 2-mode passive transformations. Specifically, we show that frequency-
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dependent unitary transformations can be systematically synthesized from basic components

through the following proposition:

Proposition 3.3.1. Any N x N frequency-dependent unitary can be decomposed into a mesh

of at most N(N — 1)/2 two-mode frequency-dependent unitaries T, (w), Fig.[3.5c.

Therefore,

Unie(@) = [ Tnn(w), (3.101)
(m;n)
where the T,,,,,(w) are the most general N x N unitary transformations that leave uncoupled all
the modes with the exception of the two modes labelled with indices m,n € {1,2,--- , N}.
The explicit and full expression of these matrices, known in the literature as “two-level uni-
taries”, in a practical situation where the decomposition involves only neighbouring modes m

and n = m =+ 1, is given by

. ip(w) _
Tn(w) = | ealw)  —blw) , (3.102)

@ (W)  a*(w)

where a(w) and b(w) are frequency dependant complex coefficients satisfying |a(w)|?+ |b(w)]? =
1 and e'¢(«) the determinant of the two level unitary. For the sake of brevity and with a (minor)
abuse of notation, we have assimilated the T,,, (w) to their 2 x 2 form in their most interesting
two-dimension subspace:

?@a(w)  —b(w)

@ (W) a*(w)
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and our discussion will involve mostly that two-dimensional subspace. From this point, we would
like to look at ways to implement these two-level unitaries.

Initially, we could consider the most general passive transformation given by Egs.
and with the most general 2 x 2 complex hermitian matrix

¢, - | o a0 (3.104)
6 eibd A,
While T,,,, (w) can have arbitrary frequency-dependent profiles subject only to the unitarity con-
straint |a(w)|? + |b(w)|? = 1, the general passive transformation obtained from Egs. pro-
vides a specific functional form, but by combining these passive transformations, we can ap-
proximate more general frequency-dependent profiles required by the two-level unitaries.

Note that, while coupled two-mode cavities serve as useful building blocks, their frequency-
dependent coupling profiles may become insufficient to match the required 7,,,(w) over large
optical bandwidths. In particular, as the bandwidth increases, a single two-mode cavity may not
have the spectral flexibility needed to implement, even in an approximated way, any arbitrary
Tmn(w) in the whole spectrum. In this condition, the degrees of freedom can be increased by
using a linear cascade of two-mode cavities for each T,,,(w) or handling each subset of the
overall bandwidth with different cavities.

Implementing a desired IME thus relies on the capability to engineer G&)E Its elements
represent couplings between two frequency modes. This can be physically implemented by
means of systems of coupled cavities, that act as a frequency beam splitter, and that are ac-
cessible to experimental realizations in integrated optics as already demonstrated in the litera-
ture [198],[199].

The approach presented in [198], for example, employs an integrated photonic platform in-
volving two coupled microresonators, as illustrated in Eq. (3.5)c. Through evanescent coupling,
the resonances of a pair of hybridized modes can be precisely tuned close to the targeted opti-
cal modes (2,,, and Q,,, achieving the desired elements A,,, and A,,. Additionally, the microwave
driving (or electro-optic modulation) applied to the resonators allows to engineering the cou-

pling 0,194 between the hybrid modes. In particular, 6, and ¢4 can be controlled through the
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driving modulation strength and the phase of the microwave field, respectively, with an effective

Hamiltonian in the form:
H=0 (e*i%dﬁ@ n ei¢Pd2le) : (3.105)

The T, ,,(w) can therefore be implemented through this coupled cavity involving the modes m
and n, leaving the remaining N — 2 modes unchanged. The complete N-mode transformation
Umve(w) can be systematically constructed by choosing a specific order in which to perform
the multiplication in Eq. of the appropriate two-mode mode coupled cavity 7}, (w). The
frequency-dependent unitary 7., (w) is chosen in order to null the element [Ung(w)]m» USING

the following proposition :

Proposition 3.3.2. By using matrix elements in the same row or column, any element w,,,,(w)
of a unitary matrix Ui (w) can be nulled through the multiplication by the appropriate two-level

unitaries T, ,,(w).

The allowed structure of the unitaries is provided by a relation on the relation on the product

of the determinant:

I det [T,W,(w)} — det[U(w)]. (3.106)

(mn)

We illustrate this Proposition in the case of a 4 x 4 smooth unitary matrix

_Ull(w) uz(w) wiz(w) wia(w)

Unnts () = ug1(w)  uga(w) usz(w) uog(w) ’ (3.107)
uz1(w) uss(w) usz(w) wugzs(w)
(ua1(w)  wap(w)  waz(w)  was(w))

however, the general case to IV dimensions can be proved by recursion.

To null for example the element us; (w) using an element of the same column (say us; (w)),
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we can use the following frequency-dependant transformation between modes 2 and 3:

1 0 0 0
1 0 ei¢23(w)u w —el?23(W) g0 (w 0
Toz(w) = 2 2 " o (8.108)
Vug1 (@) + Jusi (@) | uhy (W) ugy (W) 0
0 0 0 1
_>|< * ok *_
0 % x %
s Ty (@)U (w) = (3.109)

Similarly, one can choose to null the element u2; (w) using instead an element of the same line

(say ua2(w)) with the following frequency-dependent transformation between modes 1 and 2:

1 0 0 0
1 0 e?12(@ygy(w) —e?12@yy (W) 0
Tia(w) = - - () #) (3.110)
Vi @P Hluzn@P lo - ug () (@) 0
0 0 0 1

— U(w)T],(w) = . (3.111)

Each nulling operation corresponds to a two-mode coupled cavity between adjacent modes.

The geometry of the full mesh is defined by the nulling sequence. For example, nulling ele-
ments using only other elements of their same column, column-by-column from the bottom left,
going up, as shown in Fig. [3.6|for 4 modes generate a triangular mesh (Fig. [3.5p), reminiscing
of Reck’s arrangement [200] for spatial modes. This is because once all the lower diagonal
elements have been nulled, the final product of smooth matrices is an upper triangular matrix.
Due to the unitary nature of Unyg(w), such an upper triangular matrix is necessarily diagonal.

And by respecting the determinant structure from (3.106), such diagonal matrix is necessarily
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k* 3k ok ok k ok ok ok * k* ok
x ok % x| Tha(w x % % % | Tos(w @+ x x| Tia(w
U(w) = o ox % 4 T34(UJ)U(UJ) = ® PR 4 T23(w)T34(w)U(w) = 0 % %
@ * * % 0 % % % 0 % % *
ko ok ok ok , k* ko ok ok ,
0 Toy(w / 0 % x| Thg(w
L) Bor (T @)U ) = |0 77 7 1 ()BT ) = [0 57 72
0@ * * 00 % *
* kox ok k* 3k ok ok
, / 0 % *|Th,(w) ’ / (U
T3(w) T34 (w) T12(w)T2s(w) T4 (W)U (w) = 00« | T3a(w) T3 (w) T34 () Tr2(w) T3 (w) Taa () U (w) = 00 % %
00@® = 000 =
Figure 3.6: Smooth decomposition method for triangular decomposition: nulling order
R koK %k koK Kk
w x % k| T)o(w % % % x| Tog(w) * % % x| Taa(w
Uw) = 11T v@rhe) = oL LT @U@ The = |
@ * * x 0 * % % 0® * *
* % ok % | * % % % .
s % o x| Ty (w , x5 % x| Toy(w)
T TV T = |57 2 n @ u@Th@niw = |1 o0 TS
00® = 00 % %
* ok ok ok * ko ok ok
t oty |@F %[ Tib(w) i T NT AT () — [0 F F %
Ts4(w) Tog (W)U () Tia (w) T (w) Toz(w) = 00 % x|— > T4 (w) T3 (w)U () Ty (w) Ty (w) Tz (w) Ty o (w) = 00 % %
00 % = 000 =

Figure 3.7: Smooth decomposition method for rectangular decomposition: nulling order

the identity matrix. The final decomposition, therefore, still in the example in the case of four
modes :

"

Un (w) = T, () T (@) Ty (@) T3} (0) T (@) T (), (3.112)

maps onto a triangular mesh connectivity between the frequency modes (Fig. [3.5p) and the
implementation in terms of coupled-cavity arrays is described in Fig. [3.50.

However such configuration leads to unequal optical path lengths and unbalanced loss due
to differing numbers of T,,.,,(w) operations applied to each mode. So alternatively, one can null
elements in an order that alternates in a symmetric way between column and row elements as
in, to get a much more regular meshing of rectangular shape (Figl3.5p), akin to the Clements’
scheme [201].

Alternatively, one can null elements in an order that alternates between column and row

elements Fig. akin to the Clements scheme [201]. For example, for 4 modes, the process is
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shown in Fig.[3.5b, the decomposition in terms of coupled-cavity arrays is described in Fig.

and the final decomposition writes:
Ui (@) = T () Ty (@) Tia (@) Tog () Ty (0) Tra () (3.113)

This gives a highly regular tiling of two-mode frequency coupling, with average equal path

lengths between modes (Fig. [3.5b). This leads to a final proposition for this subsection:

Proposition 3.3.3. Any frequency-dependent unitarie U (w) can be decomposed into a mesh of

at least N(N — 1)/2 coupled two-mode cavities, with frequency couplings.

Note that, while coupled two-mode cavities serve as useful building blocks, their frequency-
dependent coupling profiles may become insufficient to match the required T, (w) over large
optical bandwidths. In particular, as the bandwidth increases, a single two-mode cavity may not
have the spectral flexibility needed to implement, even in an approximated way, any arbitrary
Tmn(w) in the whole spectrum. In this condition, the degrees of freedom can be increased
by using a linear cascade of two-mode cavities for each T, (w) [202, [203] or handling each
subset of the overall bandwidth with different cavities. Such a strategy enables in principle
the synthesis of arbitrary Sivge(w) over wider bandwidths, although, of course, at the price
of increasing the complexity of the implemented architectures. Integrated photonic platforms
like lithium niobate (LN) microring resonators are promising choices for implementing the full-
frequency transformation capabilities required by the IME. We show in (Fig.[3.5d) and (Fig.[3.5g)
a possible implementation in the case of 4 modes, for a triangular and rectangular configuration

respectively, in such integrated platforms.

3.3.3 Smooth single-mode decomposition

An alternative approach relies on performing the smooth decomposition of Upyg(w) in terms of
more elementary optical components, involving only 50:50 frequency beam-splitters and single-
mode optical cavities. The advantage is that the only two-mode unitaries are fixed and do not
require a specific optimization such as in the approach described in the previous subsection.

Although this modular architecture has increased circuit depth, it reduces complex intermodal

206



3.3. ACHIEVING GENERALIZED QUANTUM MODE-MATCHING

(a) -
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(c)  Frequency dependent Fixed 50:50 Frequency Single mode
Mach-Zehnder Interferometer Beam Splitters cavities \
e cosf(w) —sinH(w) (d) — l =
e @ sinf(w)  cosf(w) x x

W) 20(w)

_ XX X _

Figure 3.8: (a) Smooth single-mode decomposition of a 4-modes passive transformation with
triangular mesh. (b) Single mode cavity. (¢) Frequency-dependent Mach-Zehnder interferome-
ter. (d) Smooth single-mode decomposition with rectangular mesh.

interactions in our IME to much simpler, well-understood fundamental photonic components
building blocks.
By emulating the Reck’s and Clements’ implementations for spatial modes [200, 201], we
can rewrite the unitary Eq. (3.103) as
ei@'m(w) 0

T (w) = Tt (w) (3.114)

0 eian(w) mn

where the first matrix corresponds to single-mode frequency-dependent phase shifters (cor-
responding to frequency-dependent output phases) that allow to access the full 4 degrees of
freedom needed to represent the most general two-mode coupling 7, (w). On the other side,
the unitaries TM%(w) correspond, in the relevant subspace, to frequency-dependent Mach-
Zehnder interferometers (MZI) between modes m and n, as depicted in Fig.[3.8¢, and are given
by

TV — @ cosf(w) —sinf(w) ’ (3.115)

" e @ sinf(w)  cosf(w)

where 6(w) and ¢(w) are frequency-dependent coupling parameters. In the relevant subspace,
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this realizes a frequency-dependent Mach-Zehnder interferometer (MZI) between modes m and
n. Again, we have simplified Eq. (3.115) (and we will do so going forward) by taking the expres-

sion in the most interesting two-mode subspace and the full matrix instead writes :

el?@) cosf(w) —sinf(w
T%T%I(w) = ' () @) , (3.116)
: @ sinf(w)  cosf(w)

1 0
0 0 1
The final decomposition therefore writes:
Unvg(w) = ®(w) ( 11 T%%%w)) 7 (3.117)
(m,n)
where
eial(w) 0 0
0 eiag(w) :
O(w) = . _ , (3.118)
0 coo elan(w)

collects the single-mode frequency-dependent phase shifters. The difference with the equiva-
lent stationary decomposition [200 [201] is that the matrix elements are smooth functions of the
parameter w, especially with the T))'2!(w) where the dependency in w comes from the param-
eters #(w) and ¢(w), whose choice depends of the decomposition method. It is important to
note that 6 and ¢ can formally have any dependency in w. Similarly to proposition this
decomposition is based on the fact that for any arbitrary unitary matrix U(w), there always exist

specific functions # and ¢ smooth in w that make sure any target element in row m or n of matrix

U(w) or T, ,U(w) or T},‘ﬁ%} (w). This generates one complex equation to get the specific unitary
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complex combination of the rows or columns involved. Therefore, these MZI unitaries being
described by the two real parameters smooth in w: 6(w) and ¢(w) ensures that the choice of
the couple (A(w), ¢(w)) is unique, hence the equivalent MZI transformation. This suggests that
the decomposition in Eq. (3.117), once the method is chosen, is unique. The decomposition
will be fixed as in the two-mode decomposition cases by the choice in which we choose to null
the elements of Unyge. For example, using a nulling order as described in Fig. [3.6] will give the
triangular meshing of MZIs as described in Fig. in the case for 4 modes and reminiscent
of Reck’s decomposition [200] in the case of spatial modes. After nulling all the elements, the

decomposition in this case writes :

(H TMZI, )UIME( ) <I>'(w) = UIME (H TMZI/T ) '(w). (3119)

Considering that it always exists another single-mode frequency-dependent phase shifter matrix

(oo () o
(m,n) (m,n)

which when combined with Eq. (3.119) gives us the smooth decomposition in Eq. (3.117).

®(w) such that :

Using instead the nulling order as described in Fig.[3.7, we get

Unvg(w) = ( H T%%LI’T (W)) P’ (w) ( H T%%%},,/(w)) ;

(m,n) (m/,n’)

- (H [T e <w>),

(m.n) (m" n’)

Unip(w) = ®(w) ( IT 7% >) : (3.121)
(m;n)
This case gives a rectangular meshing of MZIs as described in Fig. in the case for 4 modes
and reminiscent of Clements’ decomposition [201] in the case of spatial modes.
These meshes of MZIs can be further decomposed into a series of fixed 50:50 frequency
beamsplitters interspersed with frequency-dependent single-mode phase shifters (Fig. [3.8c).

On the other side, we proved that arbitrary frequency-dependent phase shifter can be imple-
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mented by chains of single-mode cavities as in Fig. [3.8p).

Proof. The quantum Langevin equation of a single-mode single-sided cavity in the interaction

picture using Eq. (1.213) in Subsection[1.4.3 :

d

Sra(t) = (= +iA)alt) + /27 din 1), (3.122)

with a the boson annihilation operator, v the cavity damping, A the detuning from cavity reso-

nance and a;, the input mode entering the cavity via losses. In the Fourier space, we get:

a(w) =

v2y
Py ain (W), (3.123)

and using the input-output relations o (t) + ain(t) = /27, we get the output mode:

. Y Hi(w+A) o (w
Gout (w) = Tiw ) ain(w), (3.124)

which is an w-dependant unitary transformation equivalent to a w dependant phase shift:
Gout(w) = e, (w). (3.125)

O

In the case of 4 modes, we show in Fig. and Fig. two possible implementations of
the IME in integrated photonic platforms for triangular and rectangular meshes, respectively.

I's opportune to mention again that, as the bandwidth grows, a single cavity becomes in-
sufficient for shaping an arbitrary spectral phase such as those that can be encountered in
integrated CV quantum photonics [54]. However, it can always be approximated to any desired
accuracy by using a linear chain of single-mode cavities, to either increase the degrees of free-
dom [202] [203] or to let each cavity handle a subset of the overall bandwidth. Therefore, all

these arguments allow to formulate the following

Proposition 3.3.4. Any passive linear transformation Ung(w) between frequency modes can

be constructed from fixed 50:50 frequency beamsplitters and chains of single-mode cavities
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approximating frequency phase shifters.

This decomposition is well implemented in the case of the stationary case in strawberryfields
from Xanadu. Our algorithm for the single-mode case is just a frequency-dependent version of

such code.

3.4 Measuring morphing supermodes

In this section we illustrate an application of IMEs to the field measurement of the non-classical
properties of the light generated by single-mode, two-mode and four-mode OPQOs. The detec-
tion scheme employs an IME before the HD. The analysis of these simple few-mode scenarios
elucidates the core capabilities of IMEs and concretely demonstrates its advantages over stan-

dard HD. As per

3.4.1 Optimization strategy

Since we're going to compare the performance of the interferometer with memory effect with
homodyne detection in recovering the squeezing spectrum, for simulated cavity-based quan-
tum systems of different sizes, we will first be clear about the different strategies used for our
simulations.

Optimal squeezing spectrums are always obtained via analytic Bloch-Messiah decomposi-
tion (ABMD) [57] and implemented in Python as an adaptation to conjugate symplectic ma-
trices of the smooth singular value decomposition [204]. ABMD allow us also to access the
morphing supermode matrix U(w). With full knowledge of the morphing supermodes, the opti-
mization would entail for example finding the Sive(w) configuration that allows matching Ut (w),
which equivalently means using the smooth decompositions we introduced in Subsections[3.3.2]
and[3.3.3|to decompose the morphing supermodes matrices.

Equivalently, a much simpler and more accessible optimization would involve finding the IME
configuration that allows projecting only in a desired morphing supermode to recover the desired
squeezing spectrum. This can be done in any order since the morphing supermodes are sup-

posedly known. These algorithms depend on the full knowledge of the morphing supermodes
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which is far from trivial.

The optimization process can be significantly simplified by configuring the IME to project
specifically onto a target morphing supermode, thereby extracting its corresponding squeezing
spectrum. Since morphing supermodes a set of independent observables, this projection can
be performed in any sequential order. However, this algorithmic approach relies heavily on
having complete knowledge of the morphing supermodes’ structure, which is not trivial.

In designing our optimization routine, we therefore deliberately exclude prior knowledge of
morphing supermodes to simulate real experimental conditions. We demonstrate that even with
this limitation, we can develop a straightforward optimization procedure that can recursively ac-
cess all the squeezing/antisqueezing spectrum. This approach relies on two crucial properties

that we have previously alluded to but not formally stated or proven. Here are the two properties:

Property 3.4.1. For any quadrature-based measurement scheme (HD or using IME), the noise
spectral power is bounded below by the squeezing spectrum of the maximally squeezed super-

mode, denoted by d; *(w).

Proof. Considering the most general unitary LO ((w) decomposed into the orthonormal basis

of morphing supermodes as in Eq. (3.50), the noise spectral power will write as in Eq. (3.51) :

2N

Dg) = 5= 2 R@IAWI, (3.126)

where the )\?(w) correspond to the squeezing/antisqueezing spectrum as in Eq. (3.48). Let
Amin(w) denote the minimum eigenvalue among all \;(w), we then have \;(w) > A\pin(w) for all

i, and consequently \?(w) > \?

min

(w) for alli. Therefore:

Z X (@)IBi(w)* = Alin Z |Bi(w (3.127)

Moreover, since the 3;(w) coefficients come from a decomposition in an orthonormal basis, we

know that:

2N
> Bl =1 (3.128)
=1
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Thus, we can conclude:

Z A2(w)|Bi(w) 2 > A2, (3.129)

Throughout this thesis, we have used a notation where the squeezing of the most squeezed

supermode is d; %(w), so this equation finally writes :

ZA? )Bi(w)]? > di%(w), (3.130)

proving our first property. O

Property 3.4.2. For any quadrature-based measurement scheme restricted to the subspace
orthogonal to the maximally squeezed supermode, the noise spectral power is bounded below
by the squeezing spectrum of the second-most squeezed supermode d, *(w). More generally,
when restricted to the subspace orthogonal to the k most squeezed supermodes, the noise

spectral power is bounded below by d, +1( w).

Proof. When we restrict ourselves to the orthonormal basis excluding the eigenvector corre-
sponding to dy *(w), any vector in this subspace can be written as a linear combination of the

remaining eigenvector. In particular, the generalized LO can be written as:

2N—-1

Q)= > Biwliw) with Bj(w)=(Qw),Uiw)). (3.131)

=1
And for any of this decomposition in this restricted basis, the equation

2N—-1

> Biw)F =1 (3.132)
=2
In this restricted space, d, *(w) becomes the new minimum eigenvalue., following the same

reasoning as in Prop[3.4.1]:

2N—-1 2N-1

Z N (@B = dy?(w) D 18w (3.133)

i=1

> dy?(w). (3.134)
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This process can be continued iteratively: when restricting to the orthonormal basis excluding
the eigenvectors corresponding to the k smallest eigenvalues, the (k+1)-th smallest eigenvalue

becomes the minimum value achievable by noise spectral power. O

These two properties provide a powerful method to experimentally reconstruct the complete
squeezing and antisqueezing spectrum of the morphing supermodes without requiring prior
knowledge of their structure. This comes at the cost of a recursive reconstruction in the specific
order described by Property This reconstruction method is applicable to both HD and
IME. However, IME offers a significant advantage: it can always achieve the minimum noise
power across an entire spectral bandwidth simultaneously. Because of that, IME allows also
reconstruct the morphing supermode structure U(w) as whenever the associated noise power
recovers a given squeezing or antisqueezing profile, the corresponding generalized LO is always
matched and therefore gives full information on the corresponding morphing supermode. In
contrast, HD can only reach this minimal value under two restrictive conditions: the absence of
hidden squeezing and measurement at a single frequency at a time.

As discussed previously, we are essentially only interested in recovering squeezing spec-
trums and in some cases, only the squeezing associated with the most squeezed supermode.
But the routine we're going to describe works beyond these situations.

The optimization procedure was implemented using the SciPy library’s optimization mod-
ule (scipy.optimize), primarily employing two methods: the Limited-memory Broyden-Fletcher-
Goldfarb-Shanno (L-BFGS) algorithm, a quasi-Newton method efficient for large-scale uncon-
strained optimization problems, and the trust-region constrained (trust-constr) algorithm, which
is well-suited for constrained nonlinear optimization tasks.

For the optimization routine HD, the goal is to recover the squeezing spectrum recursively
starting from d;%(w). Let us remember that HD can recover the desired squeezing only at a

given frequency and only when the spectral covariance is real.

« We start by recovering d; ?(w) (lowest eigenvalue) by finding the 2N — 1 parameters 0,

of the real local oscillator G(f;) that minimize the noise spectral power (in at a given
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frequency w.). The problem statement is as follows:

Minimize S5 (61, w.) (3.135)

« Then we recover d; (w.) by finding the parameters 6, of the real local oscillator Q(65) that
minimizes the noise spectral power a constraint of being in the orthogonal space of the
previous optimal LO @(6). By moving into the orthogonal space to ((6;), we ensure that

the optimal squeezing is d, ?(w). The problem statement is :

Minimize 5 p(6s, we) (3.136)

Subject to Q(6-) - Q(6;) = 0.

+ The last step is done recursively and for to recover df(wc)

Forj =2,---, N, Minimize EHD(G;,%) (3.137)

Subjectto Q) - Q(fy) =0, fork=1,2,---,j—1.

Such routine can be done to multiple values of frequency for an attempt to recover squeezing
in the whole spectrum. Especially for HD, we will not use this routine since we want to ensure
we’re taking into account the best that HD can achieve without optimization uncertainties. We

instead use the following property, introduced in [175]:

Property 3.4.3. For HD, the noise spectral power for the spectral covariance matrix oo (w.) iS

equivalent to the noise spectral power accounting only for the real part [oout (we)].

Proof. Let’s break down o..(w) into its real and imaginary partsioou(w) = Reloous(w)] +

iIm[oous(w)]. The noise spectral power for HD in Eq. (3.40) expands to:
Sup (W) = QT Re[0out ()] + iQ T Tm 00w (w)]G. (3.138)

In the case of HD where @ is real, both G Re[oou(w)]@ and @ Im[ooy (w)]Q are real and

correspond respectively to the real and imaginary part of the noise spectral power. Therefore
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using the property of the reality of the noise spectral power (Prop. [3.1.3), the imaginary part

QTIm|oou (w)]@ must be zero and the noise power finally writes :

Sup (W) = QTRe[0ou (w)]@. (3.139)

This is also valid also valid at a single frequency w.. O

For the optimization routine of the IME, the optimization is done recursively in a similar
fashion to that for HD. It involves the parameters of the IME in addition to the parameters of the
real local oscillator. Both combined, give the parameters of the complex local oscillator.

As for HD, we will try to recover the squeezing spectrum one by one. We find the parameters
from the real local oscillator ; and the IME 6!ME that minimize the noise spectral power, giving
us the lowest squeezing spectrum d;%(w). Then we will recover d,?(w) by minimizing the
noise spectral power while putting a constraint of being in the space orthogonal to the already

recovered squeezing spectrum. And so on. The problem statement is as follows:

Minimize Siyg (61, M, w) (3.140)

Forj = 25 ttt 7N7 M|n|m|ze ZIME(@, é}ME7w)

Subject to G(6;,0™ME, w) - (0, M, w) =0, fork=1,2,---,j—1.

JrYg

It is very straightforward in the case where the recovery of the squeezing spectrum is successful

to recover also the corresponding morphing supermodes Q’(aj @ME,w) = un4;. The difference

’7)

in indexing comes from the arrangement chosen for both U(w) and D(w). We remind that the
morphing supermodes correspond to :
U(OJ) = (ﬁl (w)v ﬁQ(w)’ T JIN(W)‘ﬁN-&-l (w)v T aﬁ?N(w)) (3.141)

and the (anti)-squeezing spectrum :

D(w) = diag{d; (w), ..., dy(w)|d; (W), ...,dy (W)} (3.142)
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We therefore recover recursively all the squeezing spectrum without knowledge of the morphing
supermodes, just by minimizing the noise spectral power with constraints. Furthermore, the
optimal parameters will give you the corresponding morphing supermodes.

Each squeezing spectrum requires a different cavity configuration (different parameters 9:1 ME,
This means the amount of N-modes IME configuration required to recover all squeezing spec-
trums is at minimum N. To reduce this number, the option of recycling a previous cavity con-
figuration during the recursion while modifying only the real local oscillator parameters was
considered highlighting the flexibility of the IME.

When a single IME configuration is not enough to recover a specific dj‘Q(w) as we mentioned

previously, a couple of options are available to us :

» Cascading IMEs to increase the degree of freedom available to us to recover the desired

squeezing spectrum in a larger/whole bandwidth,

+ Using different configurations of the IME to handle different subsets of the full spectrum.
For this option, we consider also recycling the IME configuration for a subset of the spec-

trum to another part of the spectrum, varying only the real local oscillator parameters.

We explore always the first options and we show examples of recycling IMEs in Appendix [C] for
some particular cases of the examples we will present on later sections. Regardless of these,
the number of IME configurations required scales linearly ~ N with the number of modes when
the goal is to recover all the noise spectrums.

Finally, we cannot end without discussing the scaling behavior of the IME optimization proce-
dure. For an N-mode system, the IME is characterized by the hermitian matrix Givg (Eq. (3.90))

NI=1) ypper diagonal el-

that accounts for N2 real parameters (IV diagonal elements and 2 x
ements). When considering frequency-independent external coupling rates ~, the total number
of parameters to optimize scales quadratically as (N2 + 1) ~ N2. Adding the parameters for the
HD LO (2N — 1), the overall scaling remains quadratic ~ N2. While this is more complex than
standard homodyne detection, which scales linearly with the number of modes (2N — 1 ~ N),
the IME’s capability to simultaneously handle both hidden squeezing and morphing supermodes
justifies this trade-off.

Identifying the most effective strategies for the optimization of large parameter problems is
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beyond the scope of this thesis. However, the quadratic scaling (~ N?) of optimization param-
eters, rather than exponential, suggests that efficient, tailored algorithms could be developed to

handle these optimization challenges effectively.

3.4.2 Single-mode OPO

The single-mode degenerate optical parametric oscillator (OPO) [59], 58] represents one of the
simplest systems exhibiting squeezing. Here, it will serve as an introductory example to illustrate
the limitations of standard HD as well as the advantages of generalized mode-matching through
an IME. The system consists of a single-mode nonlinear cavity driven by a continuous wave
pump at frequency w, and working in frequency and polarization degeneracy, below the OPO
oscillation threshold. The pump generates, by parametric down-conversion [205] of coupling
strength g, pairs of degenerate signal photons, whose frequency w; is taken to be close to
a given resonance wy of the cavity. We will indicate the detuning from perfect resonance as
A = ws —wp and the signal damping rate as . The dynamics of the signal field can be linearized
around stationary values leading to quantum Langevin equations of the form of Eg. in
the quadrature basis. One can use the same procedure that in Subsection or directly
Eq. with an interaction Hamiltonian in the form: H;(t) = iga'a before absorption of
the detuning terms. As we are dealing with a single-mode system, the quadrature vector is
R=(2)T,G=Aand F —ig.
The corresponding mode coupling matrix M is, then, given by
m=| 7 A (3.143)
—-A —g

We will consider particular values of g and A normalized to the damping rate ~ for single-mode
OPO of different percentages below the threshold, as per Eq. (3.6). In particular, we consider

three cases:
*+ A =~ and g = 1.38y for an a single mode OPO 5% below threshold,

* A =~vand g = 1.12y for an a single mode OPO 50% below threshold,
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* A =2vyand g = v for an a single mode OPO 100% below threshold.

For all these cases and in particular, for any purely single-mode cavity-based open system,
we predicted in Section [3.2.3]from our criteria in Proposition [3.2.2) that the spectral covariance
matrix is always real because the For all three configurations of OPOs, we show in Fig.
the four elements of the 2 x 2 output transfer function and spectral covariance matrix at two
representative frequencies (w = 0 and w # 0). We see that, while the output transfer function is
always complex except at w = 0, the spectral covariance matrix presents no imaginary elements
as predicted by our criteria.

This prediction allows us to confirm directly from the OPOs parameters the absence of hid-
den squeezing. This ensures that optimal squeezing produced by these single-mode OPOs
should theoretically be accessible through standard HD. The next paragraph will confirm this
prediction. The ABMD of the transfer function Eq. of these OPO configurations returns
two frequency-dependent singular values d(w) and d~!(w) (see Fig. representing respec-
tively the optimal levels of anti-squeezing (red-dashed) and squeezing (red-solid). They are
associated with two morphing supermodes whose structure is given by the columns of the ma-
trix U (w)

U(w) = ur1(w)  ue2(w) _ cos[f(w)] sin[f(w)] . (3.144)

—uz1(w)  uz2(w) —sin[0(w)] cos[0(w)]

Because the spectral covariance matrices for all configurations of the single mode OPO are real,
so are U(w), and so are the coefficients of the linear combinations leading to the supermodes,
as shown in Fig [3.10|(middle) and (right). Therefore these examples represent situations where
hidden squeezing is not present but a morphing behaviour is present. In what follows, we will
focus on the detection of the optimal squeezing spectrum d—*(w) in Fig (Ieft) of the quadra-
ture @gi)t(w) = sin [#(w)] Zout (w) + cos [0(w)] Jout (w). The coefficients of this linear combination
are given by ﬁg(w), i.e. the second column of U(w). Here again (a), (b) and (c) correspond to
cases where we're respectively 5%, 50% and 100% below threshold.

We start by considering the measurement of squeezing through a standard HD, as depicted

in Fig. , corresponding to a LO with a real and non-morphing profile G = (cos 60| sin f1o)T.

219



3.4. MEASURING MORPHING SUPERMODES

(&) Re[s(0)] m[S©O) . RelS(0.5y)] Tm [S(0.57)]
. I ( I’ ( )l ( )I*
|740 l—0.1 I70.50 I74
Re [0(0)] Im [o(0)] o Re [0(0.57)] Im[o(0.57)]
. I( )l (. )Izo ( )l
I—zooo l_o.1 I—zo lio‘1
(b) Re[S(0)] Im [S(0)] o Re [S(0.57)] Im [S(0.57)] |
( | ( )l ( )llo ( )[2
I"‘ l—o.l Iiw [iz
Re[o(0)] Im [0/(0)] " Re [0(0.57)] Im[e(0.57)] .
( lzo ( )l ( )lm ( )l
I_ZD l,o‘l I_lo I—O.l
©) Reso) . mso)
- I -
Re [0(0)] Im [o(0)]

-0.0 -0 -0.0

. B
I—O.l I I*O-l

Figure 3.9: Output transfer function and spectral covariance of single mode OPOs: We
show the real and imaginary part of the elements of the 2 x 2 output transfer function S+ (w) and
spectral covariance matrix o, (w). They are shown for detuned degenerate single mode OPOs
(a) 5%, (b) 50% and (c) 100% below the threshold for 3 values of two values of frequencies w = 0
and w # 0. We see that the output transfer function is always complex at nonzero frequencies.
However, because of the nature of single mode OPO, (GF)T = GF and that translates to as we
see always real-valued spectral covariance matrices.
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Figure 3.10: Antisqueezing and squeezing levels and morphing supermodes of single
mode OPOs: (left) Antisqueezing and squeezing spectrum of the three configuration single
mode OPOs : (a) 5%, (b) 50% and (c) 100% below threshold. (middle) Real and (right) imagi-

nary parts.

The measured noise spectral power Xyp(w) is traced for all three configurations of OPO in
Figs.[3.12, (3.13] top-left) (see black-dashed lines). In these figures, four different choices

of Lo, thus of @, are considered. As it can be seen, for each choice of @, optimal squeezing

is detected only at a given frequency @ and not through the whole bandwidth: the value of @

corresponds to the frequency at which the LO profile G matches the supermode U, (w) and it is

obtained by setting 0.0 = /2 — 6().

In Figs. [3.12] [3.13] [3.14| bottom-left), the sub-optimal mode-matching (black-dashed) be-
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Figure 3.11: Measurement of squeezing level of a single mode OPO using (a) HD and (b)
an IME stage.
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Figure 3.12: (Top-left) Optimal squeezed/anti-squeezed noise spectral power from singular val-
ues d*?(w) (red solid/dashed lines) vs. standard HD measurements Yup(w) for four differ-
ent Q that optimize the detected squeezed signal at a particular w (dashed-black lines), and
(Bottom-left) standard LO-squeezed supermode overlap for four different angles 6.0 (dashed-
black lines) vs. perfect overlap (solid-red). (Top-right): Same comparison with IME mea-
surements Ynyr(w) (dashed-blue line) and (bottom-right) generalized LO-supermode overlap
(dashed-blue line). This is for the OPO configuration 5% below threshold.

tween the LO and the morphing supermode Us(w) is traced: perfect projection is reached only

at a fixed frequency. In experiments, this means that the only way to perform a complete recon-
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Figure 3.13: (Top-left) Optimal squeezed/anti-squeezed noise spectral power from singular val-
ues d*?(w) (red solid/dashed lines) vs. standard HD measurements Yyp(w) for four differ-
ent Q that optimize the detected squeezed signal at a particular w (dashed-black lines), and
(Bottom-left) standard LO-squeezed supermode overlap for four different angles 6. (dashed-
black lines) vs. perfect overlap (solid-red). (Top-right): Same comparison with IME mea-
surements Y (w) (dashed-blue line) and (bottom-right) generalized LO-supermode overlap
(dashed-blue line). This is for the OPO configuration 50% below threshold.

struction of squeezing spectrum would be to adjust for any value of w, the LO phase so as to
minimize the noise spectral power: a procedure highly impractical from the experimental point
of view and not at all applicable to time homodyne schemes for example.

This aspect of the HD does not represent, at least in this situation, a limit for the complete
reconstruction of the squeezing spectrum that can, indeed, be obtained by sweeping the LO
angle. However, this is a clear limitation of the HD in those situations where the exploitation of
the full squeezing spectrum is required simultaneously.

The use of IME as an interface between the state generation stage and the HD allows
to overcome this limitation. In order to implement the generalized mode-matching, the cavity

output is now made to pass through an IME before the HD stage as shown in Fig[3.11b.
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Figure 3.14: (Top-left) Optimal squeezed/anti-squeezed noise spectral power from singular val-
ues d*?(w) (red solid/dashed lines) vs. standard HD measurements Yyp(w) for four differ-
ent @ that optimize the detected squeezed signal at a particular w (dashed-black lines), and
(Bottom-left) standard LO-squeezed supermode overlap for four different angles 6.0 (dashed-
black lines) vs. perfect overlap (solid-red). (Top-right): Same comparison with IME mea-
surements Yy (w) (dashed-blue line) and (bottom-right) generalized LO-supermode overlap
(dashed-blue line). This is for the OPO configuration 100% below threshold.

For single-mode systems, the most general passive transformation Syyr(w) (see Eq. (3.89))

is characterized by a 2 x 2 damping matrix I'nyg = diag{ymr|ymE} and 2 x 2 mode coupling
matrix (see Eq. (3.90)):

MO = . (3.145)
The corresponding transfer function is, therefore, the transformation induced by a single-mode

empty cavity with damping e and detuned with respect to the input beam of a quantity Apyg.

As already discussed, such a type of "resonator detection” was proposed by Barbosa et al. [55],
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56| as a solution to overcome the HD limits in detecting hidden squeezing but never thought as
a solution to mode-match a morphing behaviour.

For given values of the parameters of the different OPO configurations, we can numerically
optimize the IME parameters in order to achieve optimal mode-matching over the largest band-

width:

* yive = 1.857, Anmg = —0.46v and 0o = 1.65 rad for the single mode OPO 5% below
threshold.

* yimg = 1.627, Ay = —0.46v and 6o = 1.62 rad for the single mode OPO 50% below
threshold.

* yiME = 27, Amqe = —1.51y and 00 = 4.96 rad for the single mode OPO 100% below
threshold.

These results are shown in Figs. [3.12] [3.13] [3.14|top-right), where the dashed-blue curves

represent the noise spectral power detected by a standard HD after a passage of the signal

through the IME. In Figs. [3.12] [3.13] [3.14{ bottom-right), we show that the projection between

the generalized LO, Q(w), and the squeezed supermode is optimal (close to one) through the
whole bandwidth. As we will see next, this advantage becomes even stronger in multimode
scenarios.

As a last comment for the single-mode OPO configurations, operation closer to threshold
yields higher maximum optimal squeezing levels. However, this enhancement comes with a
narrower spectral bandwidth, as the squeezing rapidly approaches the shot noise level. This
spectral compression effectively reduces the frequency range where squeezing recovery is sig-

nificant, thus diminishing the relevance of the generalized LO’s frequency dependence. THis is

seen when comparing the Figs.[3.12] 3.13]and [3.14]

3.4.3 Two-mode OPO

The case of two-mode detuned x(*)-based OPO will clearly show the limitations of HD to fully
characterize the quantum dynamics, even in simple bimodal scenarios. We consider a non-

degenerate OPO, pumped in continuous-wave regime below the oscillation threshold. This case
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Figure 3.15: HD vs IME scheme for two-mode OPO: (left) Scheme of a standard HD for the
characterization of bi-colour fields with carriers w; and w,. (Right) Schematic of a generalized
mode matching between a bi-colour quantum field from a x(® OPO source and the standard
HD, using a coupled cavity system as an IME.

is described by a system of linear quantum Langevin equations Eq. (3.4) with a 4 x 4 damping
matrix I' = diag{~1, 72|71, 72} and 4 x 4 mode-coupling matrices Eq. (3.5) corresponding to

0
G = gi11 912 F= fi2 . (3.146)

giz 922 fiz 0
This scenario occurs, for example, in microring resonators driven by one pump [194], or in
the linearized dynamics driven slightly above threshold. We consider for these systems three

configurations based on their proximity to the threshold value:
* v9 = 1.591, g11 = g22 = 0.87; and fi2 = 1.42iv, for a two-mode OPO 7% below threshold,
* v1 =12, g11 = goo = 1 and fio = 1.38i~; for a two-mode OPO 5% below threshold,
* 1 =72, 911 = 0.871, ga2 =y and f12 = i, for a two-mode OPO 43% below threshold.

For these parameters only, beyond a spectral covariance matrix always real at w = 0, for nonzero
frequencies, we can already make some predictions about these configurations. First, for the
OPO 7% below threshold, because v; # 72, I' does not commute with M, which implies based
on Prop. [3.2.2) that the spectral covariance matrix and the morphing supermodes are always
complex for nonzero frequencies, hinting at the presence of hidden squeezing. This is shown
in Fig. where we display the real and imaginary parts of the 16 elements contained in the

4 x 4 spectral covariance ooyt (w).
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Figure 3.16: Output spectral covariance of two-mode OPOs: We show the real and imagi-
nary part of the elements of the 4 x 4 spectral covariance matrix o, (w). They are shown for
two-mode detuned x(*)-based OPO (a) 7%, (b) 5% and (c) 43% below threshold for 2 values of
two representative values of frequencies w = 0 and w # 0. As predicted in Subection[3.2.2] the
spectral covariance matrix is always real at w = 0. For w #= 0, however, the OPO configuration
in (a) and (c) give rise to complex spectral covariances because of respectively mode-dependant
damping rates and asymmetry of the product GF: (GF)T # GF. On the contrary, the configu-

ration of parameters in (b) shows always a real spectral covariance matrix since it verifies both
conditions in Prop. [[,M]=0and (GF)" # GF.

When you move to the scenario of mode-independent damping rates (y; = 72) for the com-

mutation between I" and M to be 0, two possibilities are open to us:

« When g11 = g22, the product GF is symmetric, resulting from Proposition [3.2.2]in a real
spectral covariance matrix. This scenario corresponds the two-mode OPO configuration
5% below threshold and we show in Fig. the real and imaginary (always 0)) parts
of the 16 elements contained in the 4 x 4 spectral covariance o,,:(w). The consequence

is that optimal levels of squeezing can be fully accessed through standard HD. And since
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this configuration corresponds to degenerate squeezing levels: d;? = d,? and d = d3,
this configuration is similar to what we observe in the case of the single-mode detuned

OPO in Subsection[3.4.2], so we put more focus in the other configurations.

» However, slight asymmetries between modes can often be present such that g11 # goo.
This induces a breaking of the symmetry of the product GF and could be generated in this
type of system by, but not limited to, something as simple as dispersion-induced mode-
dependent detuning. Therefore, even with equal damping rates, the asymmetry introduced
in the interaction matrices is sufficient to generate complex spectral covariance. This is
shown in Fig. where we display the real and imaginary parts of the 16 elements
contained in the 4 x 4 spectral covariance o,,:(w) and where we see nonzero imaginary
components at a representative nonzero frequency. As a consequence, we predict the
presence of hidden squeezing. The consequence is that optimal levels of squeezing can-

not be fully accessed through standard HD.

So despite the apparent simplicity of this two-mode system, the interplay between parametric
amplification and dispersion leads to hidden squeezing and complex morphing supermodes
structure [86] for both configurations at 7% and 43% below threshold as shown respectively in
Fig[8.17b and[3.18b. The noise spectral power measured by a traditional HD detection scheme
with a two-color LO, as depicted in Fig.[3.15p, is not even able to reach the optimal squeezing
value of the first supermode as like in the example with a single-mode OPO. This is due to a
sub-optimal mode-matching problem between the LO, associated with a real ¢, and a complex
supermode structure U(w). We can see that, respectively for configuration 7% and 43% below
threshold, in Figs. [3.77(a-left) and [3.18|a-left) for a single frequency and in Figs. [3.19(a-top-
left) and [3.20|top-left). In these figures, HD noise power is plotted in dashed-black and the
optimal squeezing value is in solid-red. One additional observation is that the presence of
hidden squeezing is even more pronounced as we get closer to the OPO threshold. To see
that, notice the amount of undetection squeezing in Fig. [3.20]top-left) when we're 7% below
threshold, is much higher then in Fig. [3.19a(top-left), 43% below threshold.

In Figs.[3.19a (bottom-left) and [3.20)(top-/left), the sub-optimal mode-matching (black-dashed)

between the LO and the morphing supermode U, (w) is traced for both configuration: the ob-

228



3.4. MEASURING MORPHING SUPERMODES

(a

)

40

301

— di%(w)
---- Zup(w)

Squeezing (dB)

40

309

2.0

25 30

0.0

10 15

2.0

25 30

15

(b) wly wly
" Re[U;(w)] @ Im[U (w)]
£ S ——
2 06 — Relup@)] & — Imluy1(w)]
% Re[uy, 1(w)] “..q:J Im[uz,1(w)]
g 04 — Relusa@] 8§ — Imlus 1 (w)]
% o2 — Relug1(w)] § — Imlug ()]
e £
Gg_ 0.0 g 0.0
7 -0.2 2
I I — 2-02
= —0. <
S04 5
o ©-0.4
2 0 1 2 3 = 0 1 2 3

wly wly
P Re[Us(w)] 2 im[Us(w)]
E 06 C
30 g — Reluy2(w)] & 04 — Imluy,2(w)]
£ 04 Re[uz,2(w)] & Im{uz,2(w)]
g ., — Relusz(w)] § 02 — Imlusx(w)]
g O — Relug 2(w)] 8 — Imlua2(w)]
-8 0.0 8 0.0
E - £
] (]
e — £ o2
o wn
o -0.4 2
£ £_04
S-0.6 =
[}
= 0 1 2 3 = 0 1 2 3

wly wly

Figure 3.17: Antisqueezing and squeezing levels and morphing supermodes of two-mode
detuned x(®-based OPO : (a) Antisqueezing and squeezing spectrum of the two-mode OPO
configuration 7% below threshold and HD noise spectral power optimal at a single frequency
(black-dotted). HD LO is always optimized for the squeezing level in solid red. (b) Real and
imaginary parts of the coefficients of the two-first supermodes.

servations are even more striking as in the first mode-OPO case. Perfect projection is reached
only at a zero frequency corresponding to the only frequency where the spectral covariance,
hence the morphing supermodes are real. This means experimentally, the advantage of using

IME with two-mode fields is even more striking than the single-mode case since it allows the
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Figure 3.18: Antisqueezing and squeezing levels and morphing supermodes of two-mode
detuned x(®-based OPO : (a) Antisqueezing and squeezing spectrum of the two-mode OPO
configuration 43% below threshold and HD noise spectral optimal at a single frequency (black-
dotted). HD LO is always optimized for the squeezing level in solid red. (b) Real and imaginary
parts of the coefficients of the two-first supermodes.

characterization of quantum correlations that are inaccessible with conventional HD. Instead,
a generalized mode-matching that produces a complex frequency-dependent LO is necessary
(see Section[3.3). The most general passive transformation Sivg(w) [see Eq. (3.89)] is charac-

terized by a 4 x 4 damping matrix I'nvg = diag{yiue,1, YMmE,2|YME, 1, YiME,2} @nd 4 x 4 mode
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coupling matrix Eq. with a Grug given by the most general Hermitian matrix Eq. (3.104).
Therefore, as explained in Section Subsection this two-mode IME can be imple-
mented by the coupled cavity system depicted in figure Fig. 3.5, that is the main building block
of our smooth two-mode decompositions. The full measurement scheme with IME is shown in
Fig.[3.15

For values of the two-mode OPO corresponding the configuration at 7% below threshold and
43% below threshold, the goal is to optimize the IME parameters so to shape the generalized
LO, @(w), as the most squeezed morphing supermode, the structure of which is given by the
(N + 1)-th column of U (w). We want to remind that while this is formally what is happening, the
optimization process did not require any knowledge of the morphing supermodes, as stressed
in Subsection we only require the noise spectral power.

For the configuration at 43%, we found that the use of just one IME allows implementing a
generalized LO allowing mode-matching in the first half of the spectrum, as seen Fig[3.79a(top-
righ) in dashed-blue. For that, the optimization found the following optimal parameters for the
IME: yive1 = yivee = 101y, Ay = —1.519;, Ay = —1.2y;, 4 = 1.21v; and ¢4 = 4.32. The

optimization involved also the three angles of the two-colour LO, characterized by

~ L 1o AT
Q = (TroliLo) (3.147)
where
T
TLo = (cos 00,1 cosbro,2 , cosbro 3sin eLoﬁg) (3.148)
and
-
ZjLO = (SiH(gLQJ COS 9LO,2 s sin 9LO,3 sin 9LO,2> . (3.149)

and it returns 01,01 = 4.46 rad, 61,02 = 1.01 rad and 61,0 3 = 0.6 rad.
A single cavity did not unfortunately yield any good result in the case at 7%. This hints at
more difficulties for the generalised LO to match the morphing supermode profiles as we get

closer to the OPE threshold.
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Figure 3.19: (Top-left) Optimal squeezed noise spectral power from singular value d; *(w) (solid
red) vs. standard HD measurements Xup(w) for five different @ that optimize the detected
squeezed signal at a particular w (dashed-black lines), and (Bottom-left) standard LO-squeezed
supermode overlap for five different angles 6o (dashed-black lines) vs. perfect overlap (solid-
red). (Top-right): Same comparison with measurements using two-chained IMEs Xy (w)
(dashed-green line) and (bottom-right) generalized LO-supermode overlap (dashed-green line).
This is for the OPO configuration 43% below threshold.
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Figure 3.20: (Top-left) Optimal squeezed noise spectral power from singular value d; *(w) (solid
red) vs. standard HD measurements Yup(w) for five different Q that optimize the detected
squeezed signal at a particular w (dashed-black lines), and (Bottom-left) standard LO-squeezed
supermode overlap for five different angles 010 (dashed-black lines) vs. perfect overlap (solid-
red). (Top-right): Same comparison with measurements using two-chained IMEs Xy (w)
(dashed-green line) and (bottom-right) generalized LO-supermode overlap (dashed-green line).
This is for the OPO configuration 43% below threshold.

We, however, managed to achieve optimal matching over the full spectrum using two chained
IME systems for both configurations, in Figs. [3.20f top-right) and [3.19p(top-right) for the cases
at 7 and 43% below threshold respectively. In these plots, the noise power with two-chained IME
is plotted in dashed-green and we show that the noise spectrum d; ?(w) of the most squeezed

morphing supermode can be completely recovered by setting specific parameters of the IMEs:

+ For the configuration 7% below threshold yive1 = Yime,2 = 0.2371, Ay = 1.78y1, Ag =
1.997,, 0y = —1.8871 and ¢d = 1.99 for the first IME, YIME,1 = 7YIME,2 = 217’711 Al =
1.43y1, Ay = 0.4671, 04 = 1.42v; and ¢, = 3.09 for the second IME and 601,01 = —1.08

rad, 01,0,2 = —1.33 rad and 61,0 3 = 1.86 for the two-color LO.

+ For the configuration 43% below threshold : yivg1 = Yme2 = 0.9471, Ay = —4.607,
Ay = —2~86’Yl, 04 = 366’}/1 and ¢d = 10.77 for the first |ME, YIME,1 = VIME,2 = 1.45’71,
Ay = =242y, Ay = —1.6171, 04 = 1.43y; and ¢4 = 12.6 for the second IME and 01,01 =
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10.44 rad, 6r.0,2 = 1.47 rad and 61,0, 3 = 7.68 for the two-color LO.

While the algorithm doesn’t require the knowledge of the morphing, we show in Fig. [3.19a (bottom-
right) the almost optimal (close to one in the concerned bandwidth) overlapping between the
generalized LO and the squeezed morphing supermode for single (dashed-blue line) and two
(dashed-green) IMEs as a function of w for the configuration at 43% below threshold. The
solid-red line represents perfect overlapping at all frequencies. We show the same projec-

tion also Figs. [3.20|(bottom-right) for the configuration at 7% below threshold. The analysis of
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Figure 3.21: Frequency-dependent overlap between the optimal generalized LO and the four
morphing supermodes in the case of a two-mode OPO 43% below threshold. The solid red
line represents the dominant projections, while the dashed black lines show secondary con-
tributions. The top panels demonstrate negligible overlap with the first two anti-squeezed su-
permodes, while the bottom panels reveal the primary overlap with the squeezed supermodes.
Notably, we see the gradual decrease in U,(w) overlap (bottom right) at higher frequencies,
compensated by an increase in ﬁg(w) overlap (bottom left), caused by the degeneracy of the
eigenvalues at frequencies approaching the shot noise limit.

these figures in both configurations reveals an interesting phenomenon: even when we achieve
nearly perfect recovery using a two-IME chain, the overlap between the generalized LO and
the squeezed morphing supermode deteriorates at higher frequencies approaching the shot
noise limit (Figs. [3.20(bottom-right) and [3.19b(bottom-right) ). This behavior stems from the
degeneracy of dg_m (w) and dé_Q)(w) at these frequencies. When minimizing the noise spectral

power, the algorithm begins to project onto a different morphing supermode, as the degener-
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ate squeezing spectra result in equivalent cost function values regardless of which morphing
supermode the generalized LO is projected onto.

We show this effect in Fig. [3.21] corresponding to our measurements at 43% below thresh-
old. Our analysis of the overlap between the optimal generalized LO (using 2 IMEs) and the
four morphing supermodes in U(w) shows that while the projection onto the most squeezed
morphing supermode U(w) maintains a value close to unity across most of the spectrum, it
diminishes as we near the shot noise limit. At these frequencies, where d{~? (w) and d$ ? (w)
become degenerate, we observe a corresponding increase in projection onto the less squeezed
morphing supermode Us(w).

This projection issue represents a slight limitation of the optimization algorithm. However,
it's worth noting that this wouldn’t pose a problem if we assume complete knowledge of the mor-
phing supermodes, and it typically occurs in spectral regions of lesser interest for our analysis
(close to the shot noise).

In this thesis, while we primarily focus on recovering the squeezing spectrum for the most
squeezed supermode, our optimization strategy described in Subsection enables the re-
covery of other squeezing spectra and even anti-squeezing spectra, though the latter holds
limited interest. With complete knowledge of the morphing supermodes, the optimization pro-
cess becomes straightforward: it simply requires finding the cavity parameters that allow the
generalized LO (Eq. (3.80)) to optimally match the morphing supermode corresponding to the
desired squeezing spectrum.

We demonstrate the recursive process detailed in Subsection[3.4.1]for recovering the squeez-
ing spectrum d; 2d(w) of the lesser squeezed morphing supermode in a two-mode OPO. Fig
illustrates this for the two-mode OPO configuration at 43% below threshold. The dashed-blue
line in Fig (top—right) shows how a single IME configuration recovers d, d(w) across most
of the spectrum with IME parameters yivg,1 = yivE,2 = 1.01y, Ay = =151y, Ay = —1.27v,
04 = —1.21v;, ¢4 = 4.32, and a two-color LO configuration where 61,01 = 3.40 rad, fr02 =
—0.49 rad, and 60,3 = 2.25. The targetted squeezing spectrum d;zd(w) is shown in solid-red.
The dashed-green line demonstrates complete spectrum recovery using two chained IMEs.
The first IME uses parameters yive,1 = g2 = 0.88v1, Ay = =342y, Ay = —2.157,

04 = 2.67v1, and ¢4 = 10.92. The second IME employs yivE,1 = YimE,2 = 1.7371, A = —1.17v,
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Ag = —1.471, 64 = 0.97v1, and ¢4 = 15.64. And finally the two-color LO parameters used are
0ro,1 = 11.98 rad, f102 = —0.01 rad, and 01,0 3 = 6.02.

The recovery process was done by minimizing the noise spectral power in the subspace or-
thogonal to the optimal generalized LO (J(w) associated with dj 2d(w) recovery. The IME cavity
and HD LO configuration recovering d; 2d(w) results in the optimal generalized LO equivalent to
U,(w), the most squeezed morphing supermode. This utilizes Propertyto access d; 2d(w).

While HD appears unaffected when recovering d2(w) even with the presence of hidden
squeezing as we see its noise spectral power plotted in dashed-black in Fig[3.19p(top-left) for
a LO optimized at 4 different angles, this is because suboptimal projection to morphing super-
modes results in non-zero projections to other morphing supermodes, as shown in Eq. (3.52).
The HD measurement in Fig (top-left) does not represent a pure d, ?(w) measurement
but a linear combination of all squeezing/antisqueezing spectra approximating d; *(w). The
comparison of HD and IME optimal LO projections to Us(w) reveals that HD optimization at
four different angles in dashed-black (Fig [3.19pb(bottom-left)) approaches the optimal value of
1 (solid-red) only at w = 0. At w # 0, the overlaps are far from the optimal value at 1. IME
projections, on the contrary, confirm the recovered squeezing associated with Ug(w), with single
IME (dashed-blue) showing near-unity projection in the first part of the spectrum, and dual IME
(dashed-green) achieving near-unity projection across almost the entire spectrum, with slight
degradation approaching shot noise where squeezing spectra become degenerate. These two-
mode OPO examples showcase the substantial enhancement provided by the IME approach
that allows to mode-match complex morphing supermodes thus allowing to access to correla-

tions that are hidden to standard HD.
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Figure 3.22: HD vs IME scheme for four-mode OPO: (left) Scheme of a standard HD for the
characterization of four-mode fields with carriers w;, w2, ws and wy. (Right) Our generalized
mode-matching by an IME for the four-mode case is implemented through a coupled-cavity
systems whose decomposition details are given in Sectionm

3.4.4 Four-mode OPO

In order to demonstrate the scalability of the IME, we consider a four-mode quadratic open

quantum system with dampings {v1, 2,73, 74} described by the following interaction matrices:

2% 0 a 0 0 b 0 2
0 2 0 a b 0 2 0

G =  F = (3.150)
a 0 2a 0 0 2 0 b
0 a 0 2a % 0 b 0

and as in the single and two-mode case, we consider configurations at different proximity to the

OPO threshold. We set the following for two configurations as follows:

* v9 = 1.5v1, v3 = 71, 74 = 1.571, a = 0.6y and b = 0.3, a configuration 100% away from
threshold,

* v9 = 1.5v1, v3 = 11, 74 = 1.5y, a = 1.37y; and b = 1.1v;, a configuration closer to
threshold at 7%.

This four-mode system could describe, for example, a x(®) nonlinear cavity driven by strong
pumps that lead to parametric amplification and cross-phase modulation couplings between the
modes [206]. From the structure of G and F', the product GF is symmetric but since we have
mode-dependent damping rates, we can predict from Prop that the spectral covariance
matrix is complex. This is confirmed in Fig While At zero frequency (w = 0), the 16 x
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Figure 3.23: Output spectral covariance of four-mode OPOs: We show the real and imag-
inary part of the elements of the 16 x 16 spectral covariance matrix oou(w). They are shown
for four-mode x(*)-based OPO (a) 7%, and (b) 100% below threshold for two representative
values of frequencies w = 0 and w # 0. As predicted in Subection[3.2.2] the spectral covariance
matrix is always real at w = 0. For w #= 0, however, both configurations in (a) and (b) give rise
to complex spectral covariances because of mode-dependant damping rates even though the
product GF is symmetric (GF)T = GF.

16 spectral covariance matrix remains purely real, confirming our theoretical predictions from
Subsection a behaviour true regardless of whether we are 7% (a) or 100% (b) below
threshold. However, when examining non-zero frequencies (w # 0), the spectral covariances
show complex components. This complexity emerges, as predicted, due to the mode-dependent
damping rates, even though the product GF remain symmetric: (GF)" = GF. The presence
of these imaginary components in the spectral covariance matrix at non-zero frequencies for
both configurations shows the powerful prediction tools we pioneered in Fig From this
complexity, we predict the presence of hidden squeezing.

The ABMD allows to obtain the morphing supermodes which as the spectral covariance, are
complex at nonzero frequencies and their corresponding level of squeezing or anti-squeezing. In
particular, four supermodes present squeezed spectra d; ! (w) (for i = 1,...,4) and the others
present anti-squeezed spectra d;(w)). We show in Appendix [C| the real and imaginary parts
of the frequency-dependent first four morphing supermodes revealing their complex nature at

nonzero frequencies.
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Figure 3.24: Four-mode OPO: for both configuration : (a) 7% and (b) 100% below thresh-
old, (left) comparison between noise spectral power of the most squeezed and anti-squeezed
morphing supermodes as predicted by the singular values d; *(w) (solid-red line) and d?(w)
(dashed-red line) and the noise spectral power Xyp(w) as measured through a standard HD
for four different 01 that optimize the detected squeezed signal at a particular w (dashed-black
lines). The solid and dashed gray lines represent the noise d; %(w) of the least squeezed and
d; %(w) of the least anti-squeezed morphing supermodes (for i = {2, 3,4}). The standard quan-
tum limit is the zero dB level. (Right) The noise spectral power d; ?(w) of the most squeezed
morphing supermodes is partially recovered (dashed-blue) or fully recovered (dashed-green) by
inserting one IME or a chain of two IME before the HD.

In Figs. [3.24p and [3.24p, the red-solid curve represents the squeezing spectrum of the

most squeezed morphing supermode, the red-dashed is the noise spectrum of the most anti-
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squeezed morphing supermode, while the grey-solid and grey-dashed curves represent the
noise spectra of the other supermodes. In Figs. [3.24a(left) and [3.24b(left), the black-dashed
curves represent the noise spectral power detectable by a standard HD (with a four-color LO),
with a scheme showed at Fig [3.22p. Each spectrum is obtained for a specific LO optimized
in order to measure the maximal squeezing possible at a given frequency. Because of the
impossibility of reaching perfect mode-matching, HD fails to recover the noise spectrum d; *(w)
of the most squeezed morphing supermode (red-solid curve) at all frequencies but w = 0. At
w = 0, the spectral covariance matrix and the morphing supermodes are always real as we
established in Section

In contrast, optimal mode-matching can be achieved by introducing a four-mode IME be-
tween the source and the HD as depicted, for example, in the case of a rectangular mesh in
Fig. . Its transfer function Sy (w) (Eq. (8.89)) is now described by a 8 x 8 matrix with
17 free parameters if we choose equal damping rates for all the modes. We use the smooth
decompositions developed in Subsection [3.3.1] in order to find a physical implementation for
this system. As commented above, one can choose either a smooth-triangular or a smooth-
rectangular decomposition for the two-mode decompositions (Subsection|3.3.2) or single-mode
decomposition (Subsection [3.3.3). The result of this algorithm gives a structure represented in
Figs. and[3.5b. Each frequency mode, labelled with the numbers i = 1,...,4 and different
colours (yellow, red, green and blue) interact with the other modes through two-mode frequency
beam-splitters (Fig.[3.5¢). These pairwise interactions, represented by black solid squares, are
implemented one by one, in the order specified by the figure. The physical implementation cor-
responding to these meshes is, instead, depicted in Fig. for the case of a smooth-triangular
decomposition and in Fig. for the case of a smooth-rectangular decomposition. In these
figures, the two colours of the frequency beam-splitters have been chosen in order to specify
which frequency modes they couple. We can also adopt smooth single-mode decompositions
(triangular or rectangular), as described in Section[3.3] Subsection[3.3.3]in terms of single-mode
cavities and 50:50 frequency beam splitters. The result of this decomposition for the example
considered is represented in Fig. for the triangular and in Fig. for the rectangular
mesh. The optimization of the 17 free parameters of the IME transformation allows to mode-

match the generalized LO to the targeted supermode in both configurations: here we consider
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the most squeezed one. We show in Figs. [3.24R(right) and [3.24pb(right) respectively for con-
figurations at 7 and 100% that the detected noise spectral power (blue-dashed curve) overlaps
with the desired squeezing spectrum d; ' (w) in the most significant part of the total bandwidth.
We can chain as many IMEs as necessary to increase the bandwidth where mode-matching is
optimal, as we have shown the two-mode OPO in Section Subsection Two chained
IME, for example, already allow to recover the full squeezing spectrum of the targeted morphing
supermode as illustrated by the dashed-green curve in Figs. [3.24R(right) and [3.24p(right), for
configurations at 7 and 100% below threshold. We show in Appendix [C]the optimized parame-
ters of the single and double IME recovery and the shape of the 4 color-mode LO.

As a final remark, note that these results have been obtained with a basic optimization algo-
rithm described in Subsection[3.4.1] In the perspective of increasing the number of modes, more
efficient algorithms could be employed. But as we mentioned at the end of Subsection [3.4.1]
identifying the most effective strategies for the optimization of large parameter problems is be-
yond the scope of this, however, the absence of exponential scaling indicates that efficient
optimizations should allow parameters to remain computationally tractable even as system size

increases

3.4.5 Scaling and losses

Intrinsic losses in the elemental components of an IME play a crucial role in any realistic im-
plementation, particularly concerning its scalability. While fabrication technology is advancing
rapidly and many current limitations affecting device performance may be alleviated in the near
future [207], we can theoretically address this issue based on current technological capabilities.

Let’s first address how the IME process is modified when accounting for intrinsic losses.
We need to modify the set of coupled quantum Langevin equations [3.4] while considering the

system’s intrinsic losses:

dRvg(t)

ML) = (T - K+ M)E(t) + VAT Roe (1) + V2ER®S (8), (3.151)

where we remind that where Rin(?) (t) = Ro.(t) is the quadrature input vector from the external
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Figure 3.25: Conventions for the input-output quadrature vector for the lossy IME treat-
ment.

coupling to the IME (therefore the input of the IME from the source) while ﬁff) is the quadrature
input vector of the intrinsic loss modes (Fig.[3.25). In microresonators, I' corresponds to mode-
dependent damping rates accounting for extrinsic losses arising from interactions between the
microresonator and external components (coupling losses to external modes, insertion losses).
Meanwhile, K corresponds to mode-dependent damping rates accounting for intrinsic losses
inherent to the resonator’s structure and materials (material absorption, propagation losses,
scattering losses, bending losses) [208), 209]. To simplify our analysis, we can combine the

losses into a single bus [54] as in Eq. (3.4) where the input quadrature vectors verify:
V2T 5 K) B or (1) = VT Roe () + VKR (1) (3.152)

where T'yoy = I + K representing the total mode-dependent loss rate. Now our equation has
the familiar form of Eq. (3.4) which we already know the solution corresponding to the trans-

fer function between the total input and output spectral quadratures as defined in Eq. (3.21):

=

ﬁout,tot (w) = SIME, tot (W) Rin tot (w) With
SIME, tot (@) = /2T 401 (1wl ot + Lot — Mivm) ™' V2T — 1. (3.153)

To access the output spectral quadratures at the output of the IME R (w), we use its associated
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input-output relations:

R (w) = VI Rip(w) — B (). (3.154)

To find the internal field quadratures Ry (w), we write:

1 2, 2, 1 2

ﬁIME(w) = E[Roumtot(w) + Rintot(W)] = \/ﬁ[l + SIME tot (W)] Rin, tot (W)- (3.155)

Now, we can express the internal field in terms of the individual input fields:

VAN
\/%Rom \/7 B (w ] (3.156)

Substituting this into the input-output relation in Eq..[3.154], we obtain:

2, T T = K 5
R'(w) =\ = [T+ Stur ot (@)] |/ 5— FRou (@) + R ()
Ftot Ftot Fout

This can be written in a more compact form:

Rivp(w) = [ 4+ S1ME tot (w)]

1
V2r

— Boulw).  (3.157)

R (@) = SQp(@) Bout () + Sl () B (). (3.158)

mn

where SI(&)E( ) is the transmission coefficient and SIME( w) is the reflection coefficient, given by:

r T
S (w) = oo [l + S1ME, tot (w)] T I, (3.159)
” r K
S (w) = T [l + S1ME, tot (w)] T (3.160)

These coefficients describe how the input fields from both the external coupling and internal
losses contribute to the output field.

The coefficients describe how input fields from both external coupling and internal losses
contribute to the output field. In the special case where there are no intrinsic losses (K = 0), we
have I';,; = I, which simplifies our equations to the expected SI(%:( ) = S(w)in Eq. and
SI(S/I)E (w) = 0.

The spectral covariance matrix at the output of the IME of the matrix in Eqg. (3.91) changes
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to:

o' (W) = B ()R (~w) (3.161)
o' (w) = SN (@) Tout (W) ST (@) + ST (@)l (@) it (). (3.162)
, Where again o, (¢) is the output spectral covariance matrix of the source. We see the covari-
ance matrix of the output source is contaminated by the mode of the intrinsic losses (in general
vacuum modes). We can further see this by looking at the noise spectral power after HD at the
output of the IME when we have assumed vacuum modes for the input source and the intrinsic

loss modes of the cavity and using ABMD Eq. (3.33):

Smve(w) = Qo' (w)@ (3.163)
= ﬁ |G S @)U (@) D2 @)U (@) Stus(@)@ + @7 (@)W ()] (3.164)
Siae(w) = ﬁ (DM U @ID* @)U (@) GV ()] + ()G w)] (3.165)

where GO (w) = GTSRN(w) and G (w) = TS (e (w).
For an interpretation of what's happening let’s project these complex vectors into the or-

thonormal basis of morphing supermodes:

2N

AV (W) =Y A7 (W) Tiw) with B (w) = (@ (w), Ti(w)) (3.166)
o~

AW (w) =3 A W) Tiw) with A" (w) = (G (W), Ui(w)). (3.167)
=1

With the help of the decomposition of the spectral covariance matrix in Eq. (3.47), we can write

the noise spectral power as:

2N

=3 (R@IE@F + 50 @)P) (3.168)

Tive(w) = Wor
i=1

where again \?(w) correspond to the squeezing/antisqueezing spectrum Eq. (3.48) and |Bf7>(w)|2+
18 (w)|2 = 1fori = {1,--- ,2N} . With Eq. (3.168), one can see that while ourthe projection of
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our generalized LO @(7)(w) in a desired morphing supermodes to recover the desired squeezing
spectrum will be contaminated by the projection of Q(*) (w) in the vacuum.

We put in place a test procedure to see this in effect considering the two-mode decompo-
sition of our IMEs in terms of coupled cavity arrays in Subection [3.3.2, implemented using
coupled cavity arrays as in Fig Considering the on-chip propagation losses we can ex-
pect from each coupled cavity on average, this value will be scaled accordingly to the number of
modes to account for the losses induced by the whole IME. This is also relevant when cascading
multiple IMEs. Regarding practical implementations, the intrinsic losses reported in the original
frequency beam splitter [198] are approximately 1 dB per element, with potential improvement

to 0.04 dB per element in the overcoupled regime.

To convert on-chip loss « in dB: a = —101logy, (Ijg:j), we consider for simplicity, the case
where we consider cavities with mode independent losses I' = v - Ioy and K = « - Ioy and we
want to relate a to x the amplitude decay rate from intrinsic losses. The relationship between

Lour — ¢=2xm0 where

output and input power from intrinsic losses decay can be expressed as:
T, is @ photon mean lifetime inside the cavity. 7, is related to the total quality factor and the
resonance frequency of the cavity. It corresponds to the inverse of the total loss rate: szﬁ.

The on-chip loss in decibels therefore writes

2k 20K
= —1 1 7“/ K = —-—--u _1
aqB Olog (e + ) (7 + 7)In(10) (3.169)

Solving for x, we get:

~v aqp In(10)

"7 20— aup n(10)° 3.170)

agp corresponds to a single coupled cavity loss, to scale this it the whole IME, we need
to account for the number of times each mode interacts with a coupled cavity. We start by
reminding, for N modes, the number of two-mode coupled cavities required for both rectangular
and triangular decomposition for the IME are W so it scales as ~ N2. So in total, since
each two-mode coupled cavity interacts with two modes, the total number the total number of

N(N-1) _
2

mode-cavity interactions in the IME is 2 x N(N —1). So on average, each individual
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3.4. MEASURING MORPHING SUPERMODES

mode interacts with (IV — 1) coupled cavities. This means each mode, on average experiences,
the individual element losses (N — 1) times. This implies a linear scaling of the mode losses
with respect to the number of modes.

Particularly, for the triangular configuration described by the meshing in Fig and imple-
mented in Fig[3.50d, the exact distribution of the number of coupled cavity interactions for each
mode, for a total number of mode N > 2 increases with N. The first mode interacts with only one
cavity, while subsequent modes interact with an increasing odd number of cavities (3,5,7,---).
The last mode is a special case that interacts with N — 1 cavities. With 5 modes, the pattern
would be [1, 3, 5, 3], indicating that the first mode interacts with 1 coupled cavity, the second with
3 cavities, and so on. This can be verified in Fig and for the example of 11 modes, we get
the pattern [1,3,5,7,9,11,13,15,17,19,10]. While not mentioned, this triangular configuration
of the IME be reversed so that higher-numbered modes have fewer interactions. In this case,
we get for example, the patterns [3,5, 3,1] and [10,19,17,15,13,11,9, 7,5, 3, 1] respectively for
N =4and N = 11.

For the rectangular configuration described by the meshing in Fig[3.5b and implemented in
Fig 3.5k, the pattern creates a much more regular distribution where most modes interact with
the maximum number of cavities, except for the first and last modes. This creates a much more
regular tiling where the number of interactions to coupled cavities of each mode is balanced.

The exact distribution from top to bottom mode is as follows:

» For even number of total modes N: first and last modes both interact with % cavities and
all intermediate modes interact with N cavities. Example with 4 modes: [2,4,4,2] and

example with 10 modes: [5, 10, 10, 10, 10, 10, 10, 10, 10, 5].

 For odd number of total modes N: first and last modes interact respectively with % and
% cavities and all intermediate modes interact with N cavities. Example with 3 modes:

3,4, 4, 3] and example with 10 modes: [6,11,11,11,11,11,11,11,11,11,5].

Now we know the number of interactions to coupled cavities for each mode, we simulated its
performance in both rectangular and triangular configurations. We added a hypothetical config-
uration where the number of coupled cavity interactions for each mode is constant regardless

of the number of modes. This would produce a perfectly balanced mesh and could be obtained
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Figure 3.26: Loss scaling:(Left) average overlap between 500 random targeted supermode
profiles U; (w) and generalized LOs Q(‘Y)(w) obtained from lossy IME, as a function of the number
of modes. The plot is generated for an arbitrary frequency and with a fixed intrinsic loss of 0.04
dB per elemental component organized in a rectangular mesh (see Fig and Fig[3.5b), a
triangular mesh (see Fig and Fig [3.5d) and in a hypothetical perfectly balanced mesh.
(Right) average overlap versus intrinsic loss per elemental component (dB) for a 45-mode IME.

by adding dummy coupled cavities to a given rectangular configuration. We keep it hypothet-
ical since our goal is to verify if such a configuration has a better loss scaling. For a given
number of modes, we generated 500 random complex local oscillators (LO) Q(w) (Eq. (3.80))
implemented using our IME and incorporated a fixed intrinsic loss « for each two-mode coupled
cavity. We quantify the mode matching between the ideal Q(w) corresponding to a random
supermode profile U;(w) and its lossy version ¢ (w) obtained from the theory with intrinsic
losses (Eq. (3.167)). We used the metric ||U] (w)Q") (w)|?, allowing us to assess how closely
the lossy implementation matches the intended transformation. Figure presents our sim-
ulation results for all three configurations. The left panel shows the average fidelity over the
500 complex LOs as a function of the number of modes, with a fixed intrinsic loss of 0.04 dB
per coupled cavity. The right panel illustrates how the average fidelity changes with increasing
intrinsic loss for a 45-mode IME. As we can see from these figures, for N=100, one still gets a
mode-matching of 90% for the rectangular and balanced configuration and 84% for the triangu-

lar configuration. This corresponds to the overall loss effect for an IME containing about 5000
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elements. This demonstrates that the IME design maintains high fidelity in mode-matching of
the targeted supermodes as the number of modes increases. The rectangular configuration not
only demonstrates superior performance to a perfectly balanced configuration, confirming that
it's the most robust configuration against losses. Both configurations still prove these results
that the IME implementation is robust against losses. While this is true, we still want to explore
in future work a more compact implementation of the IME.

Two issues to discuss for this interpretation - while this interpretation shows the effect of
intrinsic losses in the mode matching capabilities of the complex generalized LO with HD, We
should have instead directly looked at the effect in the squeezing detection by minimizing the
noise spectral power. Since our algorithm is quite basic and not at all optimized for a high
number of modes, this task was impossible as we’re writing this. - This same point works
against our favour since instead of finding the perfect non-lossy generalized LO and applying
the losses to it, it instead finds the closest lossy generalized LO to the targeted supermodes
by essentially minimizing the lossy noise spectral power in Eq. (3.168). - While the rectangular
decomposition shows a superior resilience to losses compared to the triangular configuration,
we expected even better resilience from the rectangular decomposition when borrowing from
interpretation to decomposition of spatial modes as in [201]. We didn’t observe such behaviour

in our case, revealing perhaps a better way to quantify the effect of the losses.
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Conclusion and Perspectives

The work presented in this thesis advances multimode quantum optics through two major the-
oretical and practical contributions that address fundamental challenges: temporal cavities for

genuine temporal mode filtering and interferometers with memory effect (IME).

Temporal cavities for temporal mode filtering

In Chapter [2| we propose a method to realize a genuine temporal mode filter for frequency
combs, which transmits a single temporal mode while blocking other temporal modes. This novel
concept, which we call "temporal cavity,” leverages space-time duality principles to translate
spatial mode-cleaning cavity principles to the temporal domain. The filter operation is based on
the temporal mode dependence of the temporal Gouy phase combined with a cavity build-up
effect.

Our theoretical framework demonstrates how temporal cavities can achieve mode-selective
filtering while preserving the carrier frequency and original pulse shape. Unlike existing ap-
proaches like Quantum Pulse gates (QPGs), this filter operation does not rely on complex non-
linear interactions or phase matching, is frequency independent, and maintains the temporal
mode structure intact.

We show that temporal cavities can be practically implemented using a combination of
electro-optic time lenses and diffraction gratings. This work includes comprehensive param-
eter optimization strategies accounting for intrinsic losses and technical constraints for clas-
sical and quantum applications, demonstrating feasibility with current technology components.

These novel devices will facilitate new applications in multidimensional quantum information pro-
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cessing and time-frequency metrology by enabling multiplexing and demultiplexing of temporal
modes, including temporal mode-dependent detection. In particular, it will enable the synthesis
of multimode quantum frequency combs as resources for quantum networks [145] as well as for
quantum metrology [37].

The chapter concludes by addressing current limitations and technical challenges in time
lens implementations with available components. Future investigations will focus on advancing
temporal cavity implementations and capabilities in multiple directions. In the near term, de-
velopments in electro-optic phase modulation (EOPM) based time lenses [168] offer promising
pathways for practical realizations with improved performance. Beyond the current Hermite-
Gaussian-shaped frequency comb modes, exploration of different dispersion profiles could en-
able manipulation of modes with diverse shapes, significantly expanding the applicability of
temporal cavities to advanced quantum communication protocols that require multiple dictionar-
ies.

More fundamental studies will investigate temporal cavities’ behaviour under more realistic
conditions, including the effects of dispersion aberrations (higher-order dispersion) and time-
lens imperfections (finite time-lens). These studies will be crucial for optimizing performance in
practical implementations. Looking further ahead, the integration of temporal cavities into pho-
tonic integrated circuits presents an exciting opportunity for creating more compact and scalable
implementations, potentially enabling new applications in quantum information processing and
communication.

This progression from theoretical foundations to practical implementations, while addressing
both immediate technical challenges and long-term integration goals, establishes a comprehen-

sive roadmap for advancing temporal cavity technology.

Interferometer with memory effect (IME)

In the framework of CV quantum optics, the second major contribution of this work addresses
fundamental limitations in quantum state detection through the introduction of Interferometers
with memory effect (IME). Our analysis reveals that states exhibiting morphing behaviour and

hidden squeezing, produced by the interplay of quadratic Hamiltonians and cavity-based dissi-
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pative dynamics, are much more common than previously recognized. These features appear
in various physical platforms, including x(*)-based microresonators, optomechanical systems,
four-wave mixing in atomic ensembles, polaritons in semiconductor microcavities, and quan-
tum cascade lasers. Homodyne detection, the most widely used measurement technique, is
insufficient to deal with states presenting these features, hence hindering the efficiency of CV
protocols for QIP.

We showed in Chapter [3|that this is due to the impossibility of HD of realizing perfect mode-
match even in the best scenario. We present for the first time a universal approach to achiev-
ing perfect mode-matching through a novel detection scheme based on interferometers with
memory effect. We provide a complete physical implementation design for these devices, es-
tablishing both theoretical frameworks and practical implementation strategies. The successful
demonstration of IME advantages in systems with a small number of modes (1-4) suggests
promising prospects for early proof-of-concept implementations using current photonic inte-
grated platforms.

Looking ahead, several exciting research directions emerge. A primary focus will be develop-
ing more compact IME implementations through for example engineered frequency conversion
interactions, particularly using multimode sum frequency generation, to improve implementation
scaling. Another crucial direction involves investigating IME effects in systems where certain
modes are traced out, particularly relevant for systems where a given subset of modes is in-
accessible. These advances will be essential for extending IME capabilities to more complex
quantum systems while maintaining practical feasibility.

Additionally, through the design of IMEs, we introduce several innovative theoretical tools

and concepts.

Smooth Decomposition Methods

This work introduces two novel decomposition techniques that advance the implementation of
frequency-dependent unitaries. In Subsection[3.3.2] the smooth two-mode decomposition pro-
vides a novel approach to breaking down arbitrary frequency-dependent unitaries into basic

photonic components with different meshing configurations corresponding chosen from spe-
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cific nulling orders. Property states that any arbitrary frequency-dependent unitary can
be decomposed into meshes of two-mod frequency-dependent unitaries, corresponding to tun-
able frequency-beam splitters. While such frequency beam splitters can have any complex
profile, coupled-cavity, through cascading to increase the complexity of their frequency pro-
file, can allow implementation of these two-level unitaries enabling practical implementation of
any frequency-dependent unitaries through coupled-cavity arrays. The effectiveness of this ap-
proach is demonstrated through high fidelity performance metrics, achieving approximately 90%
fidelity matching for systems with up to 100 modes with a triangular meshing, with potential for
improvement through advances in high-Q factor integrated microring resonators.

Alternatively, in Subsection the smooth single-mode decomposition method intro-
duces a new different way to handle these frequency-dependent unitaries. Rather than allowing
arbitrary frequency-dependent beam-splitter, this approach fixes their profile and implements
arbitrary frequency dependence through frequency-dependant phase shifters. These can be
implemented using chains of single-mode cavities. This allows to mapping of any frequency-
dependent unitaries into a mesh 50:50 frequency beam splitter and empty cavity arrays.

This decomposition ensures smooth parameter variation across frequencies and establishes
a new foundation for implementing frequency-dependent transformations in quantum optics.
Looking ahead, several promising research directions emerge, including the development of
more efficient algorithms for handling smooth-parameter matrix optimizations, exploration of
more compact decomposition methods, more particularly using linear systems with feedback in
order to compactly program any frequency functional dependence. Beyond that, we can work
also the improvement of loss scaling through advances in integrated photonics. Additionally,
investigation of alternative nulling orders could lead to better and more loss-resilient meshing.
Finally, there is potential to extend the applicability of these techniques beyond their original
context of IMEs, to scenarios requiring frequency-dependent transformations with smooth pa-

rameter variation.
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Predictive criteria for hidden squeezing

In Section we derive for the first time criteria to predict the presence (or not) of hidden
squeezing in cavity-based quantum optical systems from the interactions solely. These hidden
squeezing features, we have shown, are related to whether the spectral covariance matrix is
real or complex.

The nature of this spectral covariance matrix characterizing the output quantum state of the
system plays a crucial role in determining appropriate measurement strategies. This work es-
tablishes the first comprehensive theoretical framework for predicting hidden squeezing directly
from system parameters, without requiring complete state reconstruction.

We derived precise mathematical conditions under which the output spectral covariance
matrix o, (w) of a cavity-based optical quantum system, characterized by the most general
quadratic Hamiltonian is constrained to be either real- or complex-valued. The framework re-
veals that beyond the trivial cases where F' = 0 and M is diagonal, the spectral covariance

matrix remains real only under two specific conditions:
» The system exhibits mode-independent damping rates.
» The product of the interaction matrices GF' is symmetric.

When either condition fails, the spectral covariance matrix becomes complex, indicating
hidden correlations that standard homodyne detection cannot fully characterize. Alternative
detection methods such as resonator detection, synodyne detection, or interferometers with
memory effect become necessary to fully capture all correlations. Furthermore, these criteria
can enable the engineering of systems to either harness or avoid these complex correlations,
providing a powerful tool for quantum state design and characterization. A promising future
direction would be extending these criteria beyond cavity-based optical systems to generalize
this theory to uncover potentially new predictive ways for new classes of systems to predict the

presence of hidden correlations.
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Appendix A

Frequency comb formalism

To analyze the pulse propagation through the system, we employ the quantum frequency comb
formalism, ensuring that the reference frame co-moves with the pulse only during propagation

through dispersive elements.

Figure A.1: Fields for frequency comb modes calculations

The basic input-output relation for the electric fields is:
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The general form of the electric field is:

(1, 2) = e 0700 4 (2, 1)
with Af z,t) Z Z 5md§£k7)num t—kt,z)
k=—o0 meN

f=Ainl,in2,¢,r}

A.0.1 Round Trip Analysis

For a single round trip between (k — 1)T and kT, the electric field is:

Elnl = _lWOt Z Z Aznl m

with A

inl,m

(t) = emaln) ot (t — kT,0),

where u,, (t — k7, z) are the Hermite Gaussian modes defined as:

.0) = Hy (£ exp (-1
U (z,0) = H,, p Xp 207 )

This input field can be expressed as:
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Eimi(t) =Y Eini(t) (A.9)

where

Binr() = et S 0% (t — KT,0 (A.10)
) nlm

After the first beam splitter, the propagation writes:

Ey(t) = t1Bi i (t) — 11 EL 4 (t) (A.11)

We can express the cavity field £/, (t) in terms of E’g)k)(t) after propagation of distance ¢, :

EQ () = et 3" enéBu (t — 61 /e — kT, 0) (A12)

m

A.0.2 Propagation through D,

Before propagation inside the dispersive media, we want to move in the moving frame. For that,

we induce the following variable change at z = §;: 7 = ¢t — 3141, we have:

r —iwoT ~ ~ 61
E£0;3 (1) = e o Zsmcfnlum (T + B161 — - kT, 0) (A.13)
with:
&M = —ratre® 0 a D 6l and Ky = ko — Biwo. (A.14)

1 D
For propagation through D, represented by the ABCD matrix ! , the complex q
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parameter transforms as:

q(l) :q(o) +Di =Dy +j03 =Bidy +j08; (A.15)
and the field writes:
7 —iwoT 4
By = ey e, <T + 86 — ?1 — kT, dl) (A.16)
where:
égf) = —T'Qtleikoél &5571) + t2&§ﬁ)2,m, (A17)
00 x it ,
Um T, d = Hm e 2¢(1) e 1(1/2+m)l/)1(d1) A18
(1) o1(dy) (01(d1)) (A.18)
BH ) 1/2
0
1/
Y1 (dy) = Ay arctan (ﬂ ! fl> (A.20)
99

To come back to the initial frame of reference, we make the following variable change at

z=20 +di 1t =71+ p1(61 + d1), and the field writes:

A . ’ 6
E&(t) = emtot=md) N e aly,, (t — Bidy — ;1 — KT, dl) (A.21)

A.0.3 Propagation through the time lens

First, we make a variable change at the time lens : 7 =t — 8., (61 + d1):

B0 () = il 6 03

)

. 0
Z%zcgf,)TLum[T + Brp (01 +di) — Bidi — ?1 — kT, dy]

m
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with:

&0, = —rpetoreig( =D 4 gpa) (A.22)
and
ko, v = ko — Brrwo (A.23)
The field during propagation through the TL is:
EP)(2) = eminlr+(Pro—pd] (A.24)
0
Z 6"L(A:Ev}:,)TLum [T + ﬂ&“[,(él + dl) - Bidl - ?1 - kT, d1 + dTL] (A25)
where:
o) x _iz?
U (T, dy + d = H,, e 2a@ ¢ i(1/2+m)1(dr) A.26
(o +dra) =~ () (A.26)
M 41
with ¢ — % (A.27)
D; 4

f

We end with a variable Change at the end of the TL to return to the initial frame of reference

t= 7‘+ﬂ§1L(51 + d; +dTL)Z

Eézk); (t) = e~ iwo(t—=p1d1—Brrdrr) (A.28)
1)

> emt B un(t — Bidy — Bppdrr — — — kT,dy + drp) (A.29)
C

m
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A.0.4 Propagation through D,

First, we make a variable change inside Dy: 7 =t — 85(61 + dy + drp):
E(ng (1) = e~ iwolT+B5(61+d1+drL)—B1d1—BrdrL] (A.30)

i 5
> embintin[r + 58+ dy +dre) = Bidy — Bppdrs — = — KT, di +dri] - (AS1)

m

with:
ey = —rae* 1l o) (A.32)
koo = ko — Bhwo (A.33)
. . (1 D2
For propagation through D, with matrix , we have:
0 1
¢ =g + Dy = ¢\ = jo (A.34)

Note that parameters (Dy, Do, Dy, 22) are chosen such that we return to ¢\ after every
round-trip.

The field after propagation is:

Aé () = e~ iwolr+B5(di+drr)—B1di—BrpdrL] (A.35)
> et lr + 5581 + dy + drr) — Bidy — Bppdrr — 61 /c — kT, Dyot] - (A.36)
where:

260



U (2, Diot) = Uy (, 0)e 1M+ 29 (Dior)

2
=H,, <$> exp (_$2> eii(m+1/2)'¢}(Dt0t)
g0 20

We then end with a variable Change at end of Dy: ¢ = 7 + 85(61 + d1 + drr + da):

() = eiwo(t—B1d1—Brpdrr—PFydz) ,—i(m+1/2)¢(Dior)

c,k
0
> emelum(t = Bidy — fppdrr — By — — — KT,0).

A.0.5 Final Round Trip Analysis
After one complete round trip, we have:

Ei(t) = tlEinl,k(t) — TlEA(/;k(t)

where:

—i ~(k
Ein1 () = e " emiiiy) pntim(t — KT.,0)
m
nll (t) _ e—iwo(t—ﬁilh—B}dTL—ﬂédz)e—i(m-ﬁ—l/Q)w(Dtot)

c,k
1
> emelum(t = Bidy — Pppdrr — Fydy — - — KT,0)

A.0.6 Round Trip Condition

The round trip condition is:

-

c

+ Bidi + Brrdrr + B5ds
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(A.40)
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(A.42)
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This leads to:

Aé () = e iwo(t=T) ,—i(m+1/2)¢(Dsor) (A.46)
S eml=rat1a® Y 1500 | Jum (t — KT, 0) (A.47)

where:
eiwoT _ eiwo(@) _ eikoLloop. (A48)

This comes back to exactly as if we were propagating pulse by pulse, as we mentioned in the

main text.
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Appendix B

Two-mode smooth decomposition

algorithms

Algorithm 1 Transformation to nullify matrix element using element in the same column

1:
2:
3
4:
5:
6
7
8

9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

procedure CREATECOLUMNELEMENTNULLIFIER(U (w), ¢, p, h)
Input: Matrix U(w), column index ¢, position to nullify p, helper position &
Output: Special unitary transformation matrix 7'(w)
MatrixHeight <— number of rows in U (w)
ElementToBeNulled + U, .(w)
HelperValue < Uy, .(w)
NormalizationFactor « +/|HelperValue(w)|? + [ElementToBeNulled(w)|2
T'(w) < IMatrixHeight
if NormalizationFactor = 0 then
Th h( ) +—1

(w) < HelperValue™(w)/NormalizationFactor
Thp(w) + ElementToBeNulled” (w)/NormalizationFactor
) < —ElementToBeNulled(w)/NormalizationFactor
) < HelperValue(w)/NormalizationFactor

return T'(w)
end procedure
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Algorithm 2 Transformation to nullify matrix element using element in the same row

1: procedure CREATEROWELEMENTNULLIFIER(U (w), 7, p, h)

2: Input: Matrix U(w), row index r, position to nullify p, helper position A
3 Output: Special unitary transformation matrix R(w)

4. UT(w) « transpose of U(w)

5: T(w) « CreateColumnElementNullifier(UT (w), 7, p, h)

6

7:

8:

R(w) = T" (w)
: return R(w)
end procedure

Algorithm 3 Smooth Triangular Decomposition of Unitary Matrix

1: procedure TRIANGULARDECOMPOSITION(U (w))

2 Input: Unitary matrix U(w) of size n x n

3 Output: List of transformations {T;(w)} and diagonal matrix D(w)
4: MatrixSize < n

5: NumTransformations <«
6

7

8

9

MatrixSize x (MatrixSize—1)

TransformationMatrices «— empty Ii25t of size NumTransformations

WorkingMatrix « U (w)

LowerTrianglePositions < {(4, ) : ¢ > 7, for4,j € {0, 1, ..., MatrixSize — 1}}
: SortedPositions + Sort LowerTrianglePositions by column index (ascending), then row
index (descending)

10: Currentindex «+— NumTransformations —1

11: for each (Rowlndex, Columnindex) in SortedPositions do

12: Nullifier(w) <+ CreateColumnElementNullifier(WorkingMatrix(w), Columnindex,
Rowlndex, RowIndex—1)

13: WorkingMatrix(w) < Nullifier(w)x WorkingMatrix(w)

14: TransformationMatrices[Currentindex](w) < Nullifier(w)

15: Currentindex « Currentindex —1

16: end for
17: DiagonalMatrix(w) + TransformationMatrices(w)
18: for : « 1 to NumTransformations—1 do

19: DiagonalMatrix(w) < DiagonalMatrix(w)x TransformationMatrices[:](w)
20: end for
21: DiagonalMatrix(w) < DiagonalMatrix(w) x U(w)

22: FinalDecomposition < empty list of size NumTransformations

23: for i + 0 to NumTransformations—1 do

24: FinalDecomposition[i](w) < TransformationMatrices[]NumTransformations—1—i](w)*
25: end for

26: return FinalDecomposition(w), DiagonalMatrix(w)

27: end procedure
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Appendix C

Supplemental details on IME

C.1 Recycling IME cavities
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Figure C.1: Two-mode OPO recycling IME

In Section we demonstrate that recovering each morphing supermode requires a min-
imum of one IME configuration per supermode profile. The complexity of certain supermodes

often necessitates multiple IME configurations in a chain, as a single configuration may lack
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C.1.

RECYCLING IME CAVITIES
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Figure C.2: Four-mode OPO recycling IME

sufficient complexity to accurately match the supermode profile. To minimize the number of

required IME configurations, we show examples of two cavity recycling strategies:

« For the two-mode OPO operating at 43% below threshold (Fig [C.1), we show an opti-

mized approach using a single cavity configuration to access multiple squeezing spec-
tra. By simply adjusting the local oscillator vector, we can target different spectral re-
gions of interest. This efficient method requires only two cavity configurations to fully
recover both squeezing spectra, whereas a traditional approach would have needed two
chains of two IME configurations, totaling four cavities. The blue curve represents the
first cavity: vime1 = Yve,2 = 1.0171, Ay = —1.51y;, Ay = —1.2y4, 03 = 1.21y, and
$a = 4.32. The LO vector to target d; ?(w) is with 61,01 = 4.46 rad, 60> = 1.01 rad
and 0,03 = 0.6 and to target d;Q(w) is with 0,01 = 3.40 rad, 002 = —0.49 rad and
fro,s = 2.25. The green curve represents the second cavity: yive,1 = Ymvg2 = 2.3671,
Ay = —4.45y1, Ay = —4.5571, 04 = 4.01y; and ¢4 = 0.44. The LO vector to target d; *(w)
is with 601 = 4.29 rad, 602 = 3.66 rad and 0103 = —0.94 and to target d, *(w) is with
0r.0,1 = 5.87rad, 6102 = —5 rad and 60,3 = 0.39.

In Fig. we instead show an example for the four-mode case 100% below threshold
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Figure C.3: Morphing supermodes
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at 7% below

where we have used a single cavity to access different subsets of the spectrum, by tuning

the LO. This allows to use of a single cavity configuration in two shots rather than a single
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shot with two cavities, showing the flexibility of the IME.

C.2 Morphing supermodes of four mode OPOs

See Figs.[C.3]and

C.3 Optimal parameters of the four modes OPOs

Here we give the optimal parameters of the four-mode OPO IME configuration we detailed in
Subsection|3.150} For a much more compact notation, we give the mode-independent damping
rate and the G matrix (Eq. (3.104))for each configuration. The local oscillator corresponds

to 8-dimensional vector using Hopf coordinates with seven parameters:

&L
Il

In Fig. [3.24@(top), four-mode OPO 7% below threshold. The optimal LO angles are

[10.36787653,2.28592891, 8.29124352, 0.42999878, 5.3652864, 6.98168206, —0.72155864]

For the green curve, we have two chained IMEs. The first IME configuration: v = 3.09072292 and

13.64901382 9.68357821 + 3.90796562:¢  7.27426496 + 4.151644097 9.64666105 — 6.59743517¢

a 9.68357821 — 3.907965621¢ 2.93151646 1.2977527 4+ 14.57394618;  9.47857965 + 4.864216414
IME =

7.27426496 — 4.151644097  1.2977527 — 14.57394618: 3.60846079 5.97543246 + 6.75426311

9.64666105 4 6.597435177  9.47857965 — 4.86421641¢  5.97543246 — 6.75426314¢ 3.70753082

268



C.3. OPTIMAL PARAMETERS OF THE FOUR MODES OPOS

For the second IME: v = 5.79188279 and

11.12442739 0.38521244 + 5.6032854447  4.55798192 + 9.359125847  —2.972625 + 9.47472347i
a 0.38521244 — 5.603285441 5.01951805 5.62419851 4 7.737971047 —4.88985681 + 4.46810078¢
e 4.55798192 — 9.359125844  5.62419851 — 7.737971041 0.57689667 4.12218566 + 9.410486271
—2.972625 — 9.47472347i  —4.88985681 — 4.468100787 4.12218566 — 9.410486277 12.51166411

In Fig.|3.24b(top), four-mode OPO 100% below threshold. The optimal LO angles are

[2.35232338, 6.54013581,6.02511089, 3.31737623, 2.48870894, 0.17192804, 2.52132345]

. For the blue curve, a single IME configuration: v = 1.75850958, and

15.82457573 6.18998401 — 6.971003767 —18.238298 + 0.07417626¢  —4.83625725 + 5.445608927
6.18998401 + 6.971003767 22.40749605 —4.54220266 — 4.834393147 —25.46711041 + 0.085674527
- —18.238298 — 0.074176267  —4.54220266 + 4.834393141 15.22993282 6.12443368 — 6.843853097
—4.83625725 — 5.44560892¢ —25.46711041 — 0.08567452¢  6.12443368 + 6.843853097 23.11438092

And for the green curve, we have two chained IMEs. The first IME configuration: v = 2.86678537

and
13.68375504 9.60989996 + 4.08514038;  7.0394004 + 4.3383497i  9.60591485 — 6.88395985i
. 9.60989996 — 4.08514038i 2.94295262 1.21952955 + 14.3709342i  9.47252503 + 4.94428653i
IME =
7.0394004 — 4.3383497;  1.21952955 — 14.3709342i 3.51925546 5.92548114 + 6.56273251i
9.60591485 + 6.88395985i  9.47252503 — 4.94428653i  5.92548114 — 6.56273251i 3.61016669

For the second IME: v = 4.3810721 and

10.67420969 0.3810942 + 6.395503737 4.0084575 4 9.59726411¢  —2.90102179 4 9.35934225¢
Crarn = 0.3810942 — 6.395503731 4.81512163 5.27731404 4 7.32797531¢  —4.51960162 + 4.79752595¢
4.0084575 — 9.597264114 5.27731404 — 7.327975314 0.62092378 3.52404066 + 8.834156144
—2.90102179 — 9.35934225¢ —4.51960162 — 4.797525957  3.52404066 — 8.834156141 13.61154344
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Figure C.4: Morphing supermodes of the four
threshold.
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approche pour le filtrage des modes tem-
porels, en exploitant les principes de dualité
espace-temps pour transposer les principes
des cavités de nettoyage de modes spati-
aux au domaine temporel. Contrairement
aux approches existantes, cette opération
de filirage ne repose pas sur des in-
teractions non linéaires ou sur l'accord
de phase, préserve la fréquence por-
teuse et maintient intacte la structure des
modes temporels. Nous démontrons la
faisabilité d'une implémentation pratique
utilisant des lentilles temporelles électro-
optiques et des réseaux de diffraction, avec
des stratégies complétes d’optimisation des
parametres pour les applications classiques
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fait des modes pour les états présentant
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et des morphing de supermodes, qui sont
plus courants que précédemment reconnu
dans les systemes quantiques basés sur
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to the temporal domain. Unlike existing ap-
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demonstrate practical implementation fea-
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sical and quantum applications. Second,

we address fundamental limitations in quan-
tum state detection through interferome-
ters with memory effect (IME). We establish
new criteria for predicting hidden squeez-
ing directly from system parameters and de-
velop novel smooth decomposition methods
for implementing frequency-dependent uni-
taries. These innovations enable perfect
mode-matching for states exhibiting com-
plex spectral features and morphing super-
modes, which are more common than pre-
viously recognized in cavity-based quantum
systems. The effectiveness of our approach
is demonstrated through detailed case stud-
ies of optical parametric oscillator configura-
tions.
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