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Resumen

Los estados no-clásicos de la luz constituyen un recuros fundamental para las
tecnologías cuánticas. Entender como emergen, como pueden ser generados de
manera controlada y como pueden ser caracterizados de manera eficiente es aún
un desafío central en el área de la óptica cuántica de variable contínua. Esta tesis
trata estos aspectos dentro de un marco teórico unificado.

Primeramente estudiamos la emergencia de la no-clasicalidad inducida por
un Hamiltoniano no lineal en el número de fotones. Considerando la evolución
de estados coherentes bajo esta interacción no-lineal, demostramos la aparición
universal de características no Gausianas y caracterizamos los estados cuánticos
resultantes a través de medidas de no-clasicalidad complementarias, incluyendo la
negatividad de la función de Wigner y la información cuántica de Fisher.

A continuación, nos enfocamos en la generación controlada de estados no-
clásicos por medio de un Hamiltoniano tipo Kerr forzado por un campo coherente.
En este contexto, evidenciamos la generación determinista de los photon added
coherent states. Para caracterizar este proceso de caracterización, introducimos la
cantidad de número de fotones remanente, la cual identifica la formación de estos
estados durante la evolución y a la vez revela sus características no clásicas.

Finalmente, proponemos protocolos de tomografía de estados cuánticos para
campos propagantes basados en metasuperficies cuánticas o espejos cuánticos,
interfaces ópticas cuya reflectividad está controlada por el estado cuántico de un
átomo auxiliar. Al explotar la respuesta óptica condicional de estas interfaces
luz–materia, los esquemas propuestos permiten reconstruir funciones de onda y
distribuciones de cuasiprobabilidad en el espacio de fases mediante mediciones
indirectas sobre un sistema auxiliar de variables discretas. Estos protocolos
proporcionan alternativas experimentalmente viables a la tomografía homodina
convencional y, a la vez, presentan robustez frente a fluctuaciones de fase óptica.

En conjunto, esta tesis establece un enfoque unificado para el estudio de
la emergencia, generación y caracterización de estados no clásicos de la luz,
combinando la dinámica cuántica no-lineal con nuevos métodos tomográficos para
sistemas cuánticos de variables continuas.

Keywords – Quantum metasurfaces, tomography, non-clasicality
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Abstract

Nonclassical states of light constitute fundamental resources for quantum
technologies. Understanding how they emerge, how they can be generated in
a controlled manner, and how they can be efficiently characterized remains a
central challenge in continuous-variable quantum optics. This thesis addresses
these aspects within a unified theoretical framework.

We first study the emergence of nonclassicality induced by photon-number
dependent nonlinear Hamiltonians. Considering the evolution of coherent states
under these nonlinear interactions, we demonstrate the universal appearance of
non-Gaussian features and characterize the resulting quantum states through
complementary measures of nonclassicality, including Wigner-function negativity
and quantum Fisher information.

We then focus on the controlled generation of nonclassical states by considering
a Kerr Hamiltonian driven by a coherent field. Within this framework, we
demonstrate the deterministic generation of photon added coherent states. To
characterize this generation process, we introduce the remnant photon number
witness, which identifies the formation of these states during the evolution while
simultaneously revealing their nonclassical character.

Finally, we develop quantum state tomography protocols for propagating
continuous-variable states based on quantum metasurfaces or quantum mirrors–
optical interfaces with switchable reflectivity controlled by the quantum state of an
ancillary atom. Exploiting the conditional optical response of these light-matter
interfaces, the proposed schemes enable the reconstruction of wavefunctions and
phase-space quasiprobability distributions through indirect measurements on an
ancillary discrete-variable system. These protocols provide experimentally feasible
alternatives to conventional homodyne tomography while exhibiting robustness
against optical phase fluctuations.

Overall, this thesis establishes a unified approach to the emergence, generation,
and characterization of nonclassical states of light, combining nonlinear quantum
dynamics with novel tomographic methods for continuous-variable quantum
systems.

Keywords – Quantum metasurfaces, tomography, non-clasicality
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Chapter 1

Introduction

1.1 Quantum Technologies

The ability to prepare, manipulate, and measure quantum systems has transformed
quantum mechanics from a fundamental physical theory into the basis of emerging
quantum technologies. By exploiting uniquely quantum phenomena, such as
superposition and entanglement, these technologies promise capabilities beyond
those achievable with classical devices in computing, communication, sensing, and
simulation [1, 2, 3, 4, 5, 6, 7].

Several physical platforms are currently being explored to realize these
technologies, including superconducting circuits, trapped ions, neutral atoms,
solid-state defects, and photonic systems. Among these, photonic systems and light-
matter interfaces play a particularly important role owing to the low decoherence of
photons, the breakthrough in optical technologies, and their natural compatibility
with long-distance quantum communication. They also enable the coherent
transfer of quantum information between stationary and flying qubits, making
them fundamental building blocks for quantum networks and distributed quantum
computing.

Within photonic quantum technologies, quantum information can be encoded
using either discrete-variable (DV) or continuous-variable (CV) approaches. DV
protocols employ finite-dimensional Hilbert spaces, such as the polarization or path
of single photons, whereas CV protocols exploit the infinite-dimensional Hilbert
space of bosonic modes, typically through the quadratures of the electromagnetic
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field. Continuous-variable systems offer several attractive features, including
deterministic Gaussian state preparation and operations, compatibility with
integrated photonic architectures, and hardware-efficient implementations of
bosonic quantum error correction [8, 9, 10, 11, 12]. As a result, they have
emerged as a leading framework for quantum communication [8, 9], quantum
metrology [13, 14, 15], and fault-tolerant quantum information processing.

The performance of photonic CV quantum technologies ultimately relies on the
preparation, manipulation, and characterization of suitable quantum states of light.
Among these, nonclassical states constitute essential resources because they exhibit
statistical and phase-space properties that cannot be reproduced by classical
mixtures of coherent states, including quantum fluctuations and phase-space
structures, which enable capabilities beyond those achievable with classical optical
fields. Understanding how such states emerge from light-matter interactions, how
they can be engineered, and how they can be efficiently characterized, therefore,
remains a central challenge in modern quantum optics.

This thesis addresses these challenges through three complementary
contributions. First, it explores the universal emergence of nonclassicality
from coherent states under nonlinear evolution. It then develops a protocol
for generating multi-photon added coherent states in driven Kerr resonators.
Finally, it introduces a family of quantum mirror-based protocols for CV quantum
state tomography, enabling the efficient reconstruction of propagating quantum
states of light. Together, these contributions establish a unified framework for
understanding, engineering, and characterizing nonclassical states of light in CV
quantum technologies.

1.2 Nonclassical States of Light

1.2.1 Optical classicality and nonclassicality

In classical optics, improving the precision of a measurement requires increasing
the energy of the probing field [13, 16], leading to the standard quantum limit.
Quantum mechanics fundamentally changes this paradigm: suitably prepared
quantum states of light can surpass this classical scaling and, in principle,
approach the Heisenberg limit. This quantum enhancement underlies applications
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ranging from quantum metrology to communication and information processing,
making nonclassical states of light indispensable resources for modern quantum
technologies.

To understand what distinguishes a nonclassical optical state, it is first necessary
to establish the notion of optical classicality. A classical electromagnetic field is
characterized by its spatial and temporal mode structure, including its frequency,
wavevector, polarization, and spatial profile, together with its field amplitude.
Once a single optical mode is selected, these degrees of freedom are fixed, and the
amplitude is fully described by the complex number

α =
1√
2
(X + iP ), (1.2.1)

where X and P are the two field quadratures. In the phase space representation,
the state of this classical mode is therefore associated with a well-defined point
(X,P ), whose position can, in principle, be determined with arbitrary precision.

The quantum description replaces these phase-space variables by the quadrature
operators

X̂ =
â+ â†√

2
, P̂ =

â− â†

i
√
2
, (1.2.2)

which satisfy the canonical commutation relation

[X̂, P̂ ] = i. (1.2.3)

Consequently, the Heisenberg uncertainty principle imposes the bound

∆X ∆P ≥ 1

2
, (1.2.4)

preventing any quantum state from being localized at a single point in phase
space. Instead, every quantum state necessarily occupies a finite phase-space area
determined by its quantum fluctuations.

The quantum states that most closely resemble classical electromagnetic fields
are therefore those occupying the minimum area allowed by the uncertainty
principle while distributing the fluctuations equally between both quadratures,

∆X = ∆P =
1√
2
. (1.2.5)
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The unique pure states satisfying these conditions are the coherent states
introduced by Glauber [17, 18]. They are defined as the eigenstates of the
annihilation operator,

â |α⟩ = α |α⟩ , (1.2.6)

where the eigenvalue α coincides with the classical complex field amplitude and
|α|2 represents its number of photons.

Coherent states possess several properties that support them as the closest
quantum analog to classical light. Besides minimizing the uncertainty relation,
they preserve their shape under harmonic evolution, their expectation values follow
the classical equations of motion, and they exhibit Poissonian photon-number
statistics,

pn = e−|α|2 |α|2n

n!
. (1.2.7)

Moreover, coherent states provide an excellent approximation to the output field
of a laser operating sufficiently above threshold [19], where stimulated emission
dominates over spontaneous emission.

Up to this point, only pure states have been considered. Since coherent states
constitute the unique pure states with the strongest classical correspondence, a
classical mixed state is naturally defined as a statistical mixture of coherent states,

ρ̂ =

∫
p(α) |α⟩⟨α| d2α, (1.2.8)

where p(α) is a normalized, non-negative probability density. Such states admit
a straightforward classical interpretation: the optical field is prepared in the
coherent state |α⟩ with probability p(α).

Coherent states form an overcomplete basis of the Hilbert space. Consequently,
every density operator can be expanded in the same form,

ρ̂ =

∫
P (α) |α⟩⟨α| d2α, (1.2.9)

where P (α) is the Glauber–Sudarshan P quasiprobability distribution [17, 20]. In
contrast to the classical probability density p(α), the function P (α) is not required
to be positive or even regular. It may become negative or more singular than a
Dirac delta distribution [18].
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This observation leads to the Glauber–Sudarshan criterion of nonclassicality: a
quantum state is regarded as classical if its P function is a well-behaved positive
probability distribution, whereas states whose P function fails to satisfy these
conditions are classified as nonclassical. Owing to its necessary and sufficient
character, this criterion provides the fundamental definition of nonclassicality,
while the various definitions discussed in the next subsection can be understood
as particular manifestations of it.

1.2.2 Characterization of nonclassical states

The Glauber–Sudarshan representation provides a clear method to determine
whether a state is classical or not. However, reconstructing the P function
in practice is a major experimental challenge due to its highly singular
nature. This limitation has motivated the development of numerous criteria
and quantitative measures that identify or quantify nonclassicality through
experimentally measurable observables or mathematically well-behaved state
functionals.

Mandel Q parameter

One of the earliest quantitative signatures of nonclassicality is provided by the
photon-number statistics. We recall that a coherent state exhibits a Poissonian
photon-number distribution,

pn = e−|α|2 |α|2n

n!
, (1.2.10)

for which
(∆n)2 = ⟨n̂⟩. (1.2.11)

For an arbitrary classical state, namely a statistical mixture of coherent states as
in Eq. 1.2.8, it can be shown that

(∆n)2 ≥ ⟨n̂⟩. (1.2.12)

This motivates the definition of Mandel’s parameter [21],

Q =
(∆n)2

⟨n̂⟩
− 1. (1.2.13)
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States with
Q < 0 (1.2.14)

possess sub-Poissonian statistics and are necessarily nonclassical. Conversely,
Q > 0 does not imply classicality, since many nonclassical states, such as squeezed
states, exhibit super-Poissonian photon statistics.

Nonclassical Distance

An alternative approach to quantifying nonclassicality is based on the geometric
distance between a quantum state and the set of classical states. Given a
suitable distance measure d(ρ, σ) between two density operators, the corresponding
nonclassical distance measurement is defined as [22]

dNC(ρ) = inf
σ∈C

d(ρ, σ), (1.2.15)

where C denotes the set of classical states,

C =

{
ρ
∣∣∣ ρ = ∫ d2αP (α) |α⟩⟨α| , P (α) ≥ 0

}
. (1.2.16)

This construction assigns to each quantum state the minimum distance to the
classical set, thereby providing a quantitative measure of its nonclassicality.

The first proposal used the trace distance, defined through the trace norm

∥A∥1 = Tr
√
A†A, (1.2.17)

leading to
dTrNC(ρ) = inf

σ∈C
∥ρ− σ∥1. (1.2.18)

The trace distance possesses a clear operational interpretation, as it quantifies
the maximum probability of distinguishing two quantum states by an optimal
measurement. More generally, other distance measures may also be employed,
such as the Hilbert–Schmidt distance [23]

dHS(ρ, σ) =
√

Tr[(ρ− σ)2], (1.2.19)
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or the Bures distance [23],

dB(ρ, σ) =
√
2− 2F (ρ, σ), (1.2.20)

where F (ρ, σ) = Tr
{√

ρ σ
√
ρ
}

is the quantum fidelity.

Different choices of the distance function lead to different geometric measures
of nonclassicality. The trace and Bures distances are contractive under completely
positive trace preserving maps, meaning that they cannot increase under physical
operations. Consequently, they induce monotonic measures of nonclassicality. By
contrast, the Hilbert–Schmidt distance is not contractive and therefore does not,
in general, define a monotone nonclassicality measure.

Nonclassical Depth

A particularly intuitive measure of nonclassicality is based on the amount of
Gaussian noise that must be added to the Glauber–Sudarshan P function to
transform it into a non-negative probability distribution. To this end, consider
the family of Cahill–Glauber quasiprobability distributions,

W (α; s), −1 ≤ s ≤ 1, (1.2.21)

defined as the Fourier transform of the s-ordered characteristic function

χ(β; s) = Tr[ρD(β)] es|β|
2/2, (1.2.22)

where D(β) is the displacement operator and the parameter s continuously
interpolates between the Glauber–Sudarshan P function (s = 1) to the Husimi Q
function (s = −1).

Equivalently, the family W (α; s) can be obtained by progressively smoothing
the P function by making a convolution with a Gaussian distribution,

W (α; s) =
2

π(1− s)

∫
d2β exp

[
−2|α− β|2

1− s

]
P (β), (1.2.23)

the shorter the value of s, the stronger and more aggressive the smoothing.
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The nonclassical depth is then defined as

τ =
1− s0

2
, (1.2.24)

where s0 is the largest value of s for which the corresponding quasiprobability
distribution W (α; s) becomes a positive distribution. Equivalently, τ quantifies
the minimum amount of Gaussian smoothing required to remove all signatures of
nonclassicality from the Glauber–Sudarshan P function. Consequently, classical
states satisfy τ = 0, while states requiring the maximum amount of smoothing
possess τ = 1.

Entanglement Potential

An operational characterization of nonclassicality is provided by the entanglement
potential [24]. The central idea is that only nonclassical states can generate
entanglement through linear optics [25].

Consider an arbitrary single-mode state ρ entering one input port of a balanced
beam splitter, while the second input is in the vacuum state. The output state is

ρout = UBS (ρ⊗ |0⟩⟨0|)U †
BS. (1.2.25)

The entanglement potential is then defined as the amount of bipartite
entanglement generated in the output,

EP (ρ) = E(ρout), (1.2.26)

where E denotes any suitable measurement of entanglement, such as logarithmic
negativity or relative entropy of entanglement. Classical states satisfy

EP (ρ) = 0, (1.2.27)

whereas every nonclassical state necessarily produces entanglement after the beam
splitter. This establishes a direct operational connection between nonclassicality
and quantum entanglement.
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Negative Volume of Quasiprobability Distributions

The negativity of phase-space quasiprobability distributions constitutes one of the
most direct signatures of nonclassicality. Since classical states are characterized
by a non-negative Glauber–Sudarshan P function, the appearance of negative
regions in a quasiprobability distribution immediately reveals the absence of a
classical probabilistic description.

For the Wigner function, this signature is commonly quantified through the
negative volume introduced by Kenfack and Życzkowski [26],

δW =

∫
|W (α)| d2α− 1, (1.2.28)

which vanishes whenever the Wigner function is everywhere non-negative and
increases with the total volume of its negative regions.

This quantity can be directly computed from experimentally reconstructed
Wigner functions. However, it provides only a sufficient criterion for nonclassicality,
since many nonclassical states like squeezed states possess a non-negative Wigner
function. Consequently, it is complemented by operational measures such as
the metrological power, which quantify the metrological advantage enabled by
nonclassical states.

Requirements for nonclassicality measures

The existence of numerous nonclassicality measures naturally raises the question
of what properties a satisfactory quantifier should possess. Although different
measures capture different manifestations of nonclassicality, an ideal measure is
generally expected to satisfy a number of fundamental requirements.

Mathematically, a nonclassicality measure is a map

N : S(H) → [0,∞), (1.2.29)

that assigns a non-negative real number to each quantum state ρ, where S(H)

denotes the set of density operators on the optical Hilbert space H.

The first requirement is faithfulness. A measure must identify exactly the set
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of classical states,
N (ρ) = 0 ⇐⇒ ρ ∈ C, (1.2.30)

while assigning a strictly positive value to every nonclassical state. In this way,
the measure remains fully consistent with the Glauber–Sudarshan criterion of
negativity.

The second desirable property is monotonicity. Let O be the set of operations
that preserve classicality, namely physical transformations that map every classical
state onto another classical state. A valid nonclassicality measure should not
increase under the action of any operation Φ ∈ O, that is,

N (Φ(ρ)) ≤ N (ρ). (1.2.31)

This requirement reflects the physically intuitive principle that operations incapable
of generating nonclassicality should not increase the amount of nonclassicality
present in a quantum state. The precise characterization of the set O depends on
the theoretical framework adopted.

A third desirable property is convexity. Since classical randomness cannot
create quantum resources, a convex combination of quantum states should not
increase the amount of nonclassicality,

N

(∑
i

piρi

)
≤
∑
i

piN (ρi),
∑
i

pi = 1. (1.2.32)

This condition guarantees that classical uncertainty is not mistakenly interpreted
as genuine quantum nonclassicality.

An ideal measure should possess a clear operational interpretation. Beyond

merely identifying nonclassical states, it should quantify a physical advantage

that can be exploited in quantum-information tasks.

Recent developments have established close connections between nonclassicality,
quantum coherence, entanglement generation, and quantum metrology, leading
to operational measures such as the entanglement potential, coherence-based
monotones, and the metrological power of nonclassical states.

Although no single measure simultaneously optimizes all these properties, the
numerous quantifiers proposed in the literature can be broadly classified according



1.2. Nonclassical States of Light 11

to the physical quantities they employ. The most prominent families are based
on photon-number statistics, geometric distances from the set of classical states,
phase-space quasiprobability distributions, and operational quantities associated
with quantum-information protocols. Rather than competing definitions, these
approaches provide complementary perspectives on the same underlying property:
the impossibility of representing the optical field as a classical statistical mixture
of coherent states.

1.2.3 Families of nonclassical states

Fock States

Fock, or photon-number, states constitute the most fundamental family of
nonclassical states and form a complete orthonormal basis for the Hilbert space of
a single bosonic mode. They are defined as the eigenstates of the number operator,

n̂ |n⟩ = â†â |n⟩ = n |n⟩ , n = 0, 1, 2, . . . , (1.2.33)

and can be generated from the vacuum through repeated application of the creation
operator,

|n⟩ = (â†)n√
n!

|0⟩ . (1.2.34)

Unlike coherent states, Fock states possess a well-defined energy but completely
undefined optical phase, leading to a vanishing field expectation value,

⟨n|â|n⟩ = 0. (1.2.35)

Except for the vacuum state, all Fock states are intrinsically nonclassical. Their
Glauber–Sudarshan P function is highly singular, while their Wigner function
exhibits oscillations and negative regions in phase space for n ≥ 1, providing a
direct manifestation of their nonclassical nature.

Squeezed States

Squeezed states are minimum-uncertainty states in which the quantum fluctuations
are redistributed between the two field quadratures while preserving the Heisenberg
uncertainty relation,
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∆X ∆P ≥ 1

2
. (1.2.36)

They are generated by the squeezing operator

Ŝ(ξ) = exp

[
1

2

(
ξ∗â2 − ξâ†2

)]
, (1.2.37)

where ξ = reiϕ is the squeezing parameter. Acting on the vacuum, this operator
produces the squeezed vacuum state,

|ξ⟩ = Ŝ(ξ)|0⟩. (1.2.38)

Unlike coherent states, squeezed states reduce the noise of one quadrature
below the vacuum level at the expense of increased fluctuations in the conjugate
quadrature,

(∆X)2 <
1

2
, (1.2.39)

while remaining minimum-uncertainty states. Although their Wigner function
is Gaussian and everywhere positive, their Glauber–Sudarshan P function is
highly singular, establishing them as genuinely nonclassical states. Owing to
their reduced quantum noise, squeezed states constitute essential resources for
continuous-variable quantum information, quantum communication, and quantum-
enhanced metrology [27].

Schrödinger Cat States

Schrödinger cat states are coherent superpositions of two coherent states with
opposite phases, and constitute one of the most representative examples of quantum
superposition at the mesoscopic scale. They are defined as

|C±⟩ = N± (|α⟩ ± | − α⟩) , (1.2.40)

where N± is a normalization constant given by
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N± =
[
2
(
1± e−2|α|2

)]−1/2

. (1.2.41)

The states |C+⟩ and |C−⟩ correspond to the even and odd Schrödinger cat states,
respectively, since they contain only even or odd photon-number components
in their Fock-state expansion. Their Wigner functions exhibit pronounced
interference fringes with negative regions in phase space, providing a direct
signature of quantum coherence between the two coherent-state components.

Schrödinger cat states can be generated through nonlinear optical interactions,
cavity quantum electrodynamics, circuit QED, or conditional photon subtraction
from squeezed states. Owing to their robustness against certain loss mechanisms
and their non-Gaussian character, they have become valuable resources for
bosonic quantum error correction, continuous-variable quantum computation,
and quantum-enhanced metrology.

Gottesman–Kitaev–Preskill States

The Gottesman–Kitaev–Preskill (GKP) states constitute one of the most
remarkable families of nonclassical states owing to their ability to encode a logical
qubit into a single bosonic mode while protecting it against small displacement
errors in phase space. Unlike coherent or squeezed states, GKP states consist of
periodic superpositions of infinitely squeezed states arranged on a lattice in phase
space. Ideally, the logical basis states can be written as

|0L⟩ ∝
∞∑

s=−∞

|X = 2s
√
π⟩, (1.2.42)

|1L⟩ ∝
∞∑

s=−∞

|X = (2s+ 1)
√
π⟩, (1.2.43)

where |X⟩ denotes the eigenstate of the position quadrature. Equivalent
representations can be constructed in the momentum basis, leading to a lattice
structure in both quadratures.

Ideal GKP states are unphysical because they require infinite squeezing and
therefore infinite energy. Practical realizations rely on finite-energy approximations,
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in which each peak acquires a finite width and the overall lattice is modulated
by a Gaussian envelope. Despite these approximations, GKP states retain their
error-correcting capabilities provided the squeezing is sufficiently large.

The highly oscillatory phase-space structure of GKP states gives rise to
strongly non-Gaussian Wigner functions with multiple negative regions, reflecting
their intrinsically nonclassical character. Their lattice symmetry allows small
displacement errors to be detected and corrected through syndrome measurements,
making them one of the leading bosonic encodings for fault-tolerant quantum
computation.

The preparation of approximate GKP states remains experimentally challenging,
requiring a combination of squeezing, nonlinear interactions, and conditional
measurements. Nevertheless, remarkable progress has recently been achieved in
trapped-ion systems, superconducting microwave cavities, and photonic platforms,
establishing GKP states as a central resource for continuous-variable quantum
information processing.

Binomial States

Binomial states constitute a finite-dimensional family of nonclassical states that
continuously interpolate between number states and coherent states. Introduced
by Stoler et al. [28], they are defined as finite superpositions of Fock states,

|N, p⟩ =
N∑

n=0

[(
N

n

)
pn(1− p)N−n

]1/2
|n⟩, (1.2.44)

where N is a positive integer and 0 ≤ p ≤ 1. The photon-number distribution
therefore follows a binomial law, with mean photon number

⟨n̂⟩ = Np, (1.2.45)

and variance

(∆n)2 = Np(1− p). (1.2.46)

Depending on the values of N and p, binomial states interpolate between
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several important families of quantum states. In the limit p → 1, they reduce
to the Fock state |N⟩, whereas for N → ∞ with Np = |α|2 fixed, they converge
to the coherent state |α⟩. This interpolation makes them a useful framework for
investigating the transition between classical and nonclassical optical fields.

More recently, generalized binomial states have found renewed interest through
their connection with bosonic quantum error correction [29, 30]. In particular, the
binomial code encodes a logical qubit into finite superpositions of Fock states chosen
to suppress photon-loss, photon-gain, and dephasing errors up to a prescribed
order. Unlike cat codes, which rely on coherent-state superpositions, binomial
codes employ finite photon-number support, making them particularly attractive
for implementations in superconducting microwave cavities and other cavity-QED
platforms. These developments have established binomial states as an important
resource for fault-tolerant bosonic quantum information processing.

The families of states discussed above represent some of the most prominent
examples of nonclassical states employed in continuous-variable quantum
technologies. Their diverse statistical and phase-space properties enable
applications ranging from quantum-enhanced metrology to fault-tolerant quantum
computation. Chapter 3 focuses on the generation of one particular family of
nonclassical states, namely photon added coherent states, using driven Kerr
resonators.

1.3 Outline of the thesis

This thesis is organized into five chapters. Following the present introduction,
the remaining chapters develop a unified perspective on the emergence,
engineering, and characterization of nonclassical states of light through light–
matter interactions.

Chapter 2 establishes the theoretical framework for the light–matter interactions
and nonlinear quantum dynamics considered throughout the thesis. It begins with
the quantization of the electromagnetic field and the derivation of the electric dipole
interaction. The discussion then introduces the Jaynes–Cummings model and the
dispersive regime, showing how effective photon-number-dependent interactions
arise from off-resonant light–matter coupling.
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Chapter 3 investigates the emergence of nonclassicality from coherent states
undergoing nonlinear optical evolution. A theoretical framework is developed to
demonstrate that photon-number nonlinearities universally give rise to highly non-
Gaussian states while preserving the characteristic Poissonian photon statistics
of the initial coherent field. The resulting states are analyzed in terms of their
nonclassicality and metrological properties.

Chapter 4 addresses the deterministic engineering of nonclassical states.
Specifically, it introduces a protocol for the post-selection-free generation of
high fidelity multi-photon added coherent states in a driven Kerr resonator. The
chapter also analyzes the robustness of the protocol under realistic dissipation
using experimentally accessible circuit-QED parameters.

Chapter 5 focuses on the efficient characterization of continuous-variable
states. It presents a family of quantum state tomography protocols based on
quantum mirrors, enabling the direct reconstruction of propagating states through
measurements performed exclusively on an ancillary atom. These protocols provide
access to the wavefunction and a broad class of quasiprobability distributions
while overcoming several limitations of conventional homodyne tomography.

Finally, Chapter 6 summarizes the main conclusions of this thesis, discusses
the broader implications of the presented results, and outlines several directions
for future research.
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Publications Underlying the Thesis

The following publications constitute the main research contributions underlying
this thesis:

• Chapter 3

Emergence of non-Gaussian coherent states through nonlinear interactions,
M. Uria, A. Maldonado-Trapp, C. Hermann-Avigliano, and P. Solano,
Physical Review Research 5, 013165 (2023). [31]

• Chapter 4

Post-Selection Free Generation of Multi-Photon Added Coherent States,
M. Uria, R. Gutiérrez-Jáuregui, C. Hermann-Avigliano, and P. Solano,
arXiv:2606.03167 [quant-ph] (2026), under peer review. [32]

• Chapter 5

Continuous-Variable Quantum State Tomography Enabled by Quantum
Mirrors, M. Uria, A. Moya, C. Hermann-Avigliano, P. Solano, and A.
Delgado, arXiv:2606.04277 [quant-ph] (2026), under peer review. [33]
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Chapter 2

Fundamentals of Light–Matter

Interactions

2.1 Quantization of the electromagnetic field

The theoretical foundation of quantum optics is the quantization of the
electromagnetic field. This procedure begins from Maxwell’s equations in the
presence of charge and current densities,

∇ · E =
ρ

ϵ0
, ∇ ·B = 0, (2.1.1)

∇× E = −∂B
∂t
, ∇×B = µ0J+ µ0ϵ0

∂E

∂t
. (2.1.2)

Introducing the scalar and vector potentials,

B = ∇×A, E = −∇Φ− ∂A

∂t
, (2.1.3)

the electromagnetic field exhibits a gauge freedom under transformations that
leave the electric and magnetic fields unchanged. Throughout this thesis we adopt
the Coulomb gauge,

∇ ·A = 0, (2.1.4)

which separates the longitudinal and transverse components of the electromagnetic
field. Since our interest is restricted to the quantization of the free electromagnetic
field, we consider the absence of charges and currents, ρ = J = 0. In this case,
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the equation for Φ reduces to
∇2Φ = 0. (2.1.5)

Under the usual boundary conditions employed in the quantization procedure,
the scalar potential is spatially constant and therefore does not contribute to the
electromagnetic fields. Consequently,

E = −∂A
∂t

, B = ∇×A, (2.1.6)

so that the transverse vector potential contains the only independent dynamical
degrees of freedom of the free electromagnetic field. Substituting these expressions
into Maxwell’s equations yields the wave equation

∇2A− 1

c2
∂2A

∂t2
= 0. (2.1.7)

The solutions of this equation form a complete set of orthogonal transverse normal
modes. Imposing periodic boundary conditions within a square volume V , the
classical vector potential can be expanded as

A(r, t) =
∑
k,λ

qk,λ(t) ϵk,λe
ik·r, (2.1.8)

where k is the wave vector, λ = 1, 2 labels the two transverse polarizations, and

k · ϵk,λ = 0. (2.1.9)

Substituting this expansion into the classical field Hamiltonian,

H =
1

2

∫
d3r

(
ϵ0E

2 +
1

µ0

B2

)
, (2.1.10)

one finds that the electromagnetic field is equivalent to an infinite collection of
independent harmonic oscillators,

H =
1

2

∑
k,λ

(
p2k,λ + ω2

kq
2
k,λ

)
, (2.1.11)

where qk,λ and pk,λ are canonically conjugate variables associated with each normal
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mode. Canonical quantization promotes these variables to operators satisfying

[q̂k,λ, p̂k′,λ′ ] = iℏδk,k′δλ,λ′ . (2.1.12)

It is then convenient to introduce the bosonic annihilation and creation
operators,

âk,λ =

√
ωk

2ℏ

(
q̂k,λ +

i

ωk

p̂k,λ

)
, (2.1.13)

â†k,λ =

√
ωk

2ℏ

(
q̂k,λ −

i

ωk

p̂k,λ

)
, (2.1.14)

which satisfy the commutation relations

[âk,λ, â
†
k′,λ′ ] = δk,k′δλ,λ′ . (2.1.15)

Expressed in terms of these operators, the vector potential becomes

Â(r, t) =
∑
k,λ

√
ℏ

2ϵ0ωkV

[
âk,λϵk,λe

i(k·r−ωkt) + â†k,λϵ
∗
k,λe

−i(k·r−ωkt)
]
, (2.1.16)

from which the electric and magnetic field operators follow directly from Eq. 2.1.6.

The Hamiltonian of the quantized electromagnetic field assumes the familiar
diagonal form

ĤF =
∑
k,λ

ℏωk

(
â†k,λâk,λ +

1

2

)
, (2.1.17)

revealing that each normal mode behaves as an independent quantum harmonic
oscillator. The first term corresponds to the energy carried by the photons
occupying each mode, while the second term represents the vacuum zero-point
energy.

The eigenstates of the field Hamiltonian are the number (Fock) states,

|nk,λ⟩ =
(â†k,λ)

n

√
n!

|0⟩, (2.1.18)

which satisfy
â†k,λâk,λ|nk,λ⟩ = n|nk,λ⟩. (2.1.19)
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The ladder operators act according to

âk,λ|nk,λ⟩ =
√
n |nk,λ − 1⟩, (2.1.20)

â†k,λ|nk,λ⟩ =
√
n+ 1 |nk,λ + 1⟩, (2.1.21)

demonstrating that photons are the elementary excitations of the quantized
electromagnetic field.

Although the electromagnetic field possesses infinitely many degrees of freedom,
many quantum-optical systems involve only a single resonant mode interacting
with matter. Under this approximation, the field Hamiltonian reduces to

ĤF = ℏω
(
â†â+

1

2

)
, (2.1.22)

which will constitute the starting point for the theoretical developments presented
throughout this thesis.

2.2 The electric dipole interaction

The interaction between an atom and the electromagnetic field can be introduced
through the principle of minimal coupling, according to which the canonical
momentum of a particle with charge q and mass m is replaced as

p → p− qA, (2.2.1)

leading to the Hamiltonian

Ĥ =
1

2m

[
p̂− qÂ(r̂)

]2
+ qΦ̂(r̂) + V (r̂), (2.2.2)

where Â and Φ̂ are the electromagnetic vector and scalar potentials, V (r̂) denotes
the binding potential.

Expanding the kinetic term yields

Ĥ =
p̂2

2m
− q

2m

[
p̂ · Â+ Â · p̂

]
+

q2

2m
Â2 + qΦ̂ + V (r̂). (2.2.3)
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In the Coulomb gauge,
∇ · Â = 0, (2.2.4)

the symmetrized interaction term can be simplified. Indeed,

p̂ · Â− Â · p̂ = −iℏ∇ · Â = 0, (2.2.5)

so that the interaction Hamiltonian becomes

ĤI = − q

m
Â(r̂) · p̂+

q2

2m
Â2(r̂). (2.2.6)

Although the minimal-coupling Hamiltonian provides a complete description
of light–matter interactions, it is often convenient to express the interaction in
terms of the electric field. To establish this connection, we first invoke the electric
dipole approximation. For an electromagnetic field with characteristic wavevector
k, the spatial dependence of a plane-wave component of the vector potential is of
the form

Â(r) ∝ eik·r. (2.2.7)

When the characteristic size of the atom (≈ 0.25nm) is much smaller than the
wavelength of the field (≈ 500nm),

kr =
2πr

λ
≪ 1, (2.2.8)

the phase factor varies negligibly across the atomic dimensions. Therefore,

eik·r ≃ 1, (2.2.9)

and the vector potential may be approximated as spatially uniform over the atom,

Â(r̂) ≃ Â(0), (2.2.10)

where the origin is taken at the atomic nucleus.

Within this approximation, the minimal-coupling and electric-dipole forms of
the interaction are related by a unitary transformation. We introduce

Û = exp

[
− i

ℏ
d̂ · Â(0)

]
, (2.2.11)
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where
d̂ = qr̂ (2.2.12)

is the electric dipole operator. The quantum state is then transformed as

|ψ′⟩ = Û |ψ⟩. (2.2.13)

Since Û depends on time through the field operator, the transformed state satisfies
the Schrödinger equation

iℏ
∂

∂t
|ψ′⟩ = Ĥ ′|ψ′⟩, (2.2.14)

with

Ĥ ′ = ÛĤÛ † + iℏ
∂Û

∂t
Û †. (2.2.15)

The transformation shifts the canonical momentum. Using the Baker–Campbell–
Hausdorff expansion and the commutation relation

[r̂i, p̂j] = iℏδij, (2.2.16)

we find

Û p̂Û † = p̂+

[
− i

ℏ
qr̂ · Â(0), p̂

]
= p̂+ qÂ(0). (2.2.17)

Here, higher-order commutators vanish because the atomic position operators
commute with the field operators. Consequently, using the dipole approximation,

Û
[
p̂− qÂ(r̂)

]
Û † ≃ p̂+ qÂ(0)− qÂ(0)

= p̂. (2.2.18)

Thus, within the electric dipole approximation, the light–matter coupling
is removed from the kinetic-energy term and reappears in the transformed
Hamiltonian through the coupling between the atomic dipole and the
electromagnetic field.

The coupling to the electric field arises from the transformation of the field
part of the Hamiltonian. Equivalently, in the Coulomb gauge, the electric field is
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related to the vector potential by

Ê(0) = −∂Â(0)

∂t
. (2.2.19)

The time-dependent contribution to the transformed Hamiltonian is therefore

iℏ
∂Û

∂t
Û † = iℏ

[
− i

ℏ
d̂ · ∂Â(0)

∂t

]

= d̂ · ∂Â(0)

∂t

= −d̂ · Ê(0). (2.2.20)

The resulting leading-order interaction is therefore

ĤI = −d̂ · Ê(0). (2.2.21)

For a two-level atom, the dipole operator takes the form

d̂ = degσ̂+ + dgeσ̂−, (2.2.22)

where σ̂+ = |e⟩⟨g| and σ̂− = |g⟩⟨e|. Likewise, the electric field can be decomposed
into its positive- and negative-frequency components,

Ê = Ê(+) + Ê(−), (2.2.23)

with
Ê(−) =

(
Ê(+)

)†
. (2.2.24)

Substituting these expressions into Eq. (2.2.21) yields four interaction processes,

ĤI = −g (σ̂+ + σ̂−) ·
(
â+ â†

)
, (2.2.25)

where g denotes the coupling strength. The first two terms describe the resonant
exchange of excitations between the atom and the field, whereas the remaining two
correspond to the simultaneous creation or annihilation of both excitations. Under
appropriate conditions, these counter-rotating terms can be neglected through
the rotating-wave approximation, leading to the Jaynes–Cummings Hamiltonian
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discussed in the following subsection.

2.3 The Jaynes-Cummings model

The interaction Hamiltonian obtained in the previous section,

ĤI = −g
(
âσ̂+ + â†σ̂− + â†σ̂+ + âσ̂−

)
, (2.3.1)

contains four distinct interaction processes. To understand their physical relevance,
it is convenient to move to the interaction picture considering the free Hamiltonian

Ĥ0 = ℏωcâ
†â+

ℏωq

2
σ̂z, (2.3.2)

where ωc denotes the cavity frequency and ωq the atomic transition frequency.

The interaction-picture Hamiltonian is defined as

ĤI(t) = eiĤ0t/ℏĤIe
−iĤ0t/ℏ. (2.3.3)

Using the commutation relations

[â†â, â] = −â, (2.3.4)

[â†â, â†] = â†, (2.3.5)

[σ̂z, σ̂±] = ±2σ̂±, (2.3.6)

the operators evolve as

â(t) = âe−iωct, (2.3.7)

â†(t) = â†eiωct, (2.3.8)

σ̂−(t) = σ̂−e
−iωqt, (2.3.9)

σ̂+(t) = σ̂+e
iωqt. (2.3.10)
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Substituting these expressions into Eq. (2.3.1) yields

ĤI(t) = −g
[
âσ̂+e

−i(ωc−ωq)t + â†σ̂−e
i(ωc−ωq)t

+ â†σ̂+e
i(ωc+ωq)t + âσ̂−e

−i(ωc+ωq)t
]
. (2.3.11)

Equation (2.3.11) clearly separates the interaction into two groups of processes.

The first two terms oscillate with detuning

∆ = ωq − ωc, (2.3.12)

and correspond to the exchange of excitations between the atom and the cavity
mode. Physically, the process âσ̂+corresponds to the absorption of a cavity photon
accompanied by the excitation of the atom, whereas â†σ̂−describes the reverse
process, in which the atom de-excites while emitting a photon into the cavity
mode. Together, these two terms conserve the total number of excitations.

In contrast, the remaining terms oscillate at the much higher frequency

ωc + ωq, (2.3.13)

and describe processes that simultaneously create or annihilate an atomic excitation
and a cavity photon. Unlike the other terms, these counter-rotating processes do
not conserve the total number of excitations. Under near-resonant conditions, and
provided that

g ≪ ωc, ωq, (2.3.14)

their rapidly oscillating contributions average to zero over the characteristic
timescale of the dynamics, a condition that is satisfied in the vast majority of cavity-
QED and circuit-QED experiments. Under this rotating-wave approximation, the
interaction Hamiltonian simplifies to

ĤI = ℏg
(
â†σ̂− + âσ̂+

)
, (2.3.15)

and the total Hamiltonian becomes

ĤJC = ℏωcâ
†â+

ℏωq

2
σ̂z + ℏg

(
â†σ̂− + âσ̂+

)
, (2.3.16)
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which is known as the Jaynes–Cummings Hamiltonian [34].

A remarkable property of Eq. (2.3.16) is that it conserves the total number of
excitations,

N̂ = â†â+ σ̂+σ̂−, (2.3.17)

since
[ĤJC, N̂ ] = 0. (2.3.18)

Consequently, the Hilbert space decomposes into independent two-dimensional
excitation manifolds,

{|g, n+ 1⟩, |e, n⟩}, (2.3.19)

within which the Hamiltonian takes the matrix form

Hn = ℏ

(
(n+ 1)ωc − ωq/2 g

√
n+ 1

g
√
n+ 1 nωc + ωq/2

)
. (2.3.20)

Diagonalizing this matrix yields the dressed states

|+, n⟩ = cos θn|e, n⟩+ sin θn|g, n+ 1⟩, (2.3.21)

|−, n⟩ = − sin θn|e, n⟩+ cos θn|g, n+ 1⟩, (2.3.22)

where the mixing angle satisfies

tan(2θn) =
2g
√
n+ 1

∆
. (2.3.23)

Their corresponding eigenenergies are

E±
n = ℏωc

(
n+

1

2

)
± ℏ

2

√
∆2 + 4g2(n+ 1). (2.3.24)

On resonance (∆ = 0), the energy splitting becomes

E±
n = ℏωc

(
n+

1

2

)
± ℏg

√
n+ 1, (2.3.25)

revealing the characteristic
√
n+ 1 nonlinearity of the Jaynes–Cummings ladder.

This anharmonic spectrum has been experimentally observed in cavity and circuit
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quantum electrodynamics and constitutes one of the clearest signatures of the
quantization of the electromagnetic field.

The Jaynes–Cummings Hamiltonian forms the starting point for numerous
effective descriptions of light–matter interactions. Depending on the coupling
strength and detuning, it gives rise to dispersive interactions, quantum non-
demolition measurements, photon blockade, and effective optical nonlinearities.
In the following subsection, we consider the dispersive regime, where the atom
and cavity are far detuned, and derive the effective Hamiltonians that ultimately
lead to Kerr-type nonlinearities used throughout this thesis.

2.4 Dispersive regime and effective Hamiltonians

The Jaynes–Cummings Hamiltonian provides an exact description of the coherent
interaction between a two-level emitter and a single quantized cavity mode. While
its resonant regime is characterized by the reversible exchange of excitations
between the atom and the field, many cavity- and circuit-QED experiments
operate in the opposite limit, where the atomic transition frequency and the cavity
resonance are largely detuned. In this regime, the exchange of real excitations is
strongly suppressed, and the interaction is instead mediated by virtual photon
processes. Eliminating these virtual transitions leads to an effective Hamiltonian
that accurately describes the system dynamics while revealing the origin of
dispersive frequency shifts and nonlinear optical effects.

The dispersive regime is defined by

|∆| = |ωq − ωc| ≫ g
√

⟨n⟩, (2.4.1)

where ∆ is the atom–cavity detuning. Under this condition, the probability of
exchanging excitations between the atom and the cavity is negligible, allowing
the interaction to be treated perturbatively.

The Jaynes–Cummings Hamiltonian can be written as

Ĥ = Ĥ0 + V̂ , (2.4.2)



2.4. Dispersive regime and effective Hamiltonians 29

where

Ĥ0 = ℏωcâ
†â+

ℏωq

2
σ̂z, (2.4.3)

V̂ = ℏg
(
â†σ̂− + âσ̂+

)
. (2.4.4)

Since the interaction is weak compared with the detuning, it is convenient
to eliminate it perturbatively through a Schrieffer–Wolff transformation. This
procedure consists of performing a unitary transformation generated by an anti-
Hermitian operator Ŝ,

Ĥeff = eŜĤe−Ŝ, (2.4.5)

whose purpose is to remove the interaction to first order in the small parameter
g/∆. Expanding Eq. (2.4.5) through the Baker–Campbell–Hausdorff formula
yields

Ĥeff = Ĥ + [Ŝ, Ĥ] +
1

2
[Ŝ, [Ŝ, Ĥ]] + · · · . (2.4.6)

Substituting Ĥ = Ĥ0 + V̂ gives

Ĥeff = Ĥ0 + V̂ + [Ŝ, Ĥ0] + [Ŝ, V̂ ] +
1

2
[Ŝ, [Ŝ, Ĥ0]] + · · · . (2.4.7)

The generator is chosen such that

[Ĥ0, Ŝ] = −V̂ , (2.4.8)

which cancels the interaction term to first order, leaving only second-order
corrections associated with virtual transitions. A convenient solution of Eq. (2.4.8)
is

Ŝ =
g

∆

(
â†σ̂− − âσ̂+

)
, (2.4.9)

which satisfies Ŝ† = −Ŝ, ensuring that the transformation remains unitary.

Keeping terms up to second order in g/∆, the effective Hamiltonian becomes

Ĥeff = Ĥ0 +
1

2
[Ŝ, V̂ ] +O

(
g3

∆2

)
. (2.4.10)
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Evaluating the commutator gives

[Ŝ, V̂ ] =
2g2

∆

[(
â†â+

1

2

)
σ̂z +

1

2

]
, (2.4.11)

where the last term corresponds only to a constant energy shift and can therefore
be omitted. The resulting effective Hamiltonian is

Ĥdisp = ℏωcâ
†â+

ℏ
2
(ωq + χ)σ̂z + ℏχâ†âσ̂z, (2.4.12)

where

χ =
g2

∆
(2.4.13)

is the dispersive coupling strength.

Equation (2.4.12) shows that the exchange of real excitations has been
eliminated. The atom and the cavity no longer exchange photons, but the virtual
transitions induce state-dependent frequency shifts. From the cavity perspective,
the resonance frequency becomes

ωc → ωc ± χ, (2.4.14)

depending on whether the atom occupies its ground or excited state. Conversely,
the atomic transition acquires the photon-number-dependent ac Stark shift

ωq → ωq + 2χn, (2.4.15)

where
n = â†â. (2.4.16)

Thus, the presence of photons modifies the atomic transition frequency without
changing the photon number stored inside the cavity.

Since
[Ĥdisp, n̂] = 0, (2.4.17)

the photon number remains conserved throughout the evolution. This property
constitutes the basis of quantum non-demolition (QND) measurements, allowing
information about the cavity field to be extracted without destroying the stored
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photons. Likewise, the atom accumulates a phase proportional to the intracavity
photon number, while the cavity field acquires a phase conditioned on the internal
atomic state. Such conditional phase shifts are fundamental resources for quantum
logic gates, quantum state engineering, and quantum state tomography.

Although the Schrieffer–Wolff transformation modifies both the Hamiltonian
and the quantum states according to

|ψeff⟩ = eŜ|ψ⟩, (2.4.18)

the generator Ŝ is proportional to the small parameter g/∆. Consequently, the
transformed (dressed) eigenstates differ from the bare product states only by
corrections of order g/∆,

|ψ̃⟩ = |ψ⟩+O
( g
∆

)
. (2.4.19)

To the same order of approximation employed in deriving Eq. (2.4.12), it is
therefore sufficient to work in the bare basis {|g, n⟩, |e, n⟩}, while the effects of
virtual photon exchange are entirely incorporated into the effective Hamiltonian.
Physically, the atom and cavity become weakly dressed by one another, but the
photon-number basis remains an excellent approximation in the dispersive regime.

The Schrieffer–Wolff procedure can be systematically extended by retaining
higher-order terms in the Baker–Campbell–Hausdorff expansion. While the second-
order contribution produces the dispersive interaction, the leading nonlinear
correction appears at fourth order in the perturbative parameter g/∆. The
effective Hamiltonian then acquires the form

Ĥeff = Ĥdisp + ℏK(â†â)2 +O
(
g6

∆5

)
, (2.4.20)

where
K ∼ g4

∆3
. (2.4.21)

Unlike the dispersive interaction, which produces a frequency shift proportional
to the photon number, the Kerr term makes the cavity frequency itself depend on
the intracavity population. Indeed,

En = ℏωcn+ ℏKn2, (2.4.22)
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so that the transition frequency between adjacent Fock states becomes

ωn→n+1 = ωc + (2n+ 1)K. (2.4.23)

Therefore, the cavity no longer behaves as a harmonic oscillator with equally
spaced energy levels, but instead becomes anharmonic. As a consequence, different
photon-number components accumulate different dynamical phases during the
evolution, providing the microscopic origin of self-phase modulation, photon
blockade, Schrödinger-cat generation, and a wide variety of non-Gaussian state
engineering protocols.

More generally, higher-order perturbative corrections naturally give rise to
effective Hamiltonians that depend only on the photon-number operator,

Ĥ = f(n̂), (2.4.24)

which form an important class of nonlinear interactions in quantum optics. These
Hamiltonians constitute the theoretical framework employed in Chapter 2, where
we demonstrate that arbitrary photon-number nonlinearities universally transform
coherent states into highly non-Gaussian quantum states.
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Chapter 3

Emergence of Non-Gaussian

Coherent States

Chapter 1 highlighted the importance of nonclassical states as key resources for
quantum technologies and continuous-variable quantum information. At the same
time, coherent states remain the most accessible and widely used states of the
electromagnetic field, owing to their robustness, ease of generation, and broad
applicability across quantum optical platforms [17, 35]. An important question
therefore arises: under what conditions can useful quantum properties be extracted
from these seemingly classical, yet inherently quantum, states of light [36, 37]?

This chapter addresses this question by considering the evolution of coherent
states under a broad class of nonlinear Hamiltonians. Using a general theoretical
framework, we identify the minimal physical ingredients required for coherent
states to develop genuinely nonclassical features.

Within this framework, we introduce a family of electromagnetic-field states
describing the evolution of an initially coherent state under nonlinear interactions.
We show that photon-number nonlinearities provide a general mechanism for
the emergence of nonclassicality, independently of the microscopic origin of the
interaction and regardless of whether the associated matter subsystem is initially in
a pure or mixed state. As a consequence of this nonlinear evolution, the resulting
states generally develop non-Gaussian features that evokes nonclassicality. We
characterize their nonclassicality through the negativity of the Wigner function [26,
38] and the quantum Fisher information [39], revealing their nonclassicality and



34 3.1. Model

metrological potential.

These results establish a general connection between nonlinear optical evolution,
the emergence of nonclassicality, and the generation of non-Gaussian states from
initially coherent light. This provides the conceptual foundation for the subsequent
chapters, where we move beyond the question of how nonclassical states emerge to
address how they can be deterministically engineered and efficiently characterized.

3.1 Model

The light-matter interaction Hamiltonian in the dipole approximation is given by
Ĥint = −P̂a · Ê, where Ê is the electric field and P̂a is the total atomic dipole
moment. Depending on the atomic susceptibility, the interactions are generally
nonlinear in the electric field, as P̂a ∝

∑
i χ

(i)Êi, where the i-th order susceptibility
χ(i) characterizes the i-th order nonlinear response of the medium [40]. For an
initial coherent state of the field in the large intensity limit, atoms and field
evolve almost as separable states [41, 42, 43, 44]. In such case, the interaction
Hamiltonian in the interaction picture and rotating wave approximation can be
approximated by a product of the atomic operator and a field operator proportional
to the square-root of the photon number, Ê ∼

√
n̂, as Ĥint = ℏgiŜxn̂

i+1
2 , where gi

includes the information of the i-th order susceptibility, Ŝ(x,y,z) is the collective
atomic spin operator, and we have assumed the atomic frequency to be i+1 times
the field frequency1.

To study a range of nonlinear light-matter interactions for single-mode
macroscopic states of the EM field, independently of the details of the matter
subsystem, we consider the following interaction Hamiltonian in the interaction
picture

Ĥint = ℏgn̂ϵÔa, (3.1.1)

where ℏ is the reduced Planck constant, g is the coupling frequency, Ôa is an
atomic operator, and ϵ is the nonlinear parameter , determined by the type of
interaction.

Although Eq. (3.1.1) excludes some nonlinear interactions, such as the squeezing

1This particular condition is equivalent to a degenerate parametric amplification of an arbitrary
order, which could be selected by imposing the resonant condition of the field in a cavity.
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Hamiltonian, it represents the simplest form of nonlinearities and provides a useful
representation of a range of physical interactions. For example: the Jaynes-
Cummings Hamiltonian in the dispersive limit, when ϵ = 1 and Ôa = Ŝz[45];
the Kerr Hamiltonian, when ϵ = 2 and Ôa is a non-zero constant number [46];
and the Jaynes-Cummings Hamiltonian in the resonant intense field limit, when
ϵ = 1/2 and Ôa = Ŝx [37, 41, 42, 43, 44]. Particularly, ϵ = (i+1)/2 is related to a
resonant i-th order susceptibility when Ôa = Ŝx, and its definition helps to show
that non-classical light emerges for nonlinearities in the photon number operator.

We assume that the initial state of the light-matter system |ψ(0)⟩ is the outer
product of the field in a coherent state |α⟩ and an arbitrary atomic pure state∑

j cj |λj⟩, where |λj⟩ are the eigenstates of Ôa. The Schrödinger equation for the
evolution of |ψ(t)⟩ leads to the state 2

|ψ(t)⟩ =
∑
j

cj
∣∣αθj ,ϵ(t)

〉
⊗ |λj⟩ , (3.1.2)

where

|αθ,ϵ(t)⟩ =
∑
n

αne−|α|2/2
√
n!

Exp {−iθnϵt} |n⟩ , (3.1.3)

and θj = gλj is a function of the light-matter coupling strength and the eigenvalues
of the atomic operator.

The states |αθ,ϵ(t)⟩ constitute a subset of the previously called generalized
coherent states (GCS) [47, 48, 49, 50], and in this work we refer to them as such.
As we will show next, they represent the evolution of the EM field from a Gaussian
(standard) to a non-Gaussian coherent state, maintaining the photon statistics
while offering a metrological quantum advantage.

3.2 Generalized coherent states

The GCS represent a family of states that fully characterizes the evolution of a
coherent state under nonlinear light-matter interactions of the form of Eq. (3.1.1).
They reduce to well-known states depending on the details of the interaction. For
example: |α0,ϵ(t)⟩ = |α⟩, |αθ,0(t)⟩ = e−iθt |α⟩, |αθ,1(t)⟩ =

∣∣αe−iθt
〉
, and |αθ,2(t)⟩

2The overall approximation of the interaction Hamiltonian in Eq. (3.1.1) and the separable
atom-field evolution at any time t for some atomic initial states (|λj⟩), are valid as long as
gt < n̄ [41, 42], equivalent to the intense field limit we are studying.
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Figure 3.1.1: Examples of possible evolutions of an intense, macroscopic, coherent
state of the electromagnetic field upon nonlinear interaction with matter. The
Wigner functions represent the state of the field |α⟩, with |α|2 = 50, that evolves
from a coherent to a highly quantum non-Gaussian coherent state, depending
on the nonlinear parameter ϵ given in Eq. 3.1.1. The color red (blue) represents
positive (negative) values of the Wigner function.

represents Kerr states [46], which have been largely studied for their potential
applications in quantum metrology. Fig. 3.1.1 exemplifies two possible evolutions
of the Wigner function of GCS for ϵ = 0.5 and 2. The figures share the same scale,
which exemplifies how a minimum-uncertainty, nearly localized, state can spread
over the quadrature space creating a, evidently quantum, non-Gaussian field.

GCS are non-orthogonal and they form an overcomplete basis, with∫
dα |αθ,ϵ(t)⟩ ⟨αθ,ϵ(t)| = π1, where 1 is the identity operator. Their mean photon

number is constant throughout the evolution, ⟨αθ,ϵ(t)| n̂ |αθ,ϵ(t)⟩ = |α|2. In
general, the expectation value of any power of the photon number operator
respect to the GCS is the same as the one respect to a coherent state, meaning
⟨αθ,ϵ(t)| n̂m |αθ,ϵ(t)⟩ = ⟨α| n̂m |α⟩[51]. In particular, their Mandel Q parameter
[21] and its generalization to higher order statistics [52, 53] corresponds to the
same photon statistics of a coherent state. More properly defined, given the
n-order correlation function of the field G(n), a state is said to have coherence
of the m-order if |G(n)|2 = Π2n

j=1G
(1) for n ≤ m [17, 54], equivalent to say that

the n-th order normalized correlation function is equal to one. Such condition is
satisfied to all orders for the GCS, earning them the name coherent. Furthermore,
GCS do not show minimum-uncertainty or squeezing in any quadrature [49, 51].
This means that any non-Gaussianity or quantum advantage that they might
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present does not come from removing or adding a quanta of light to the field or
changing its Poissonian photon statistics. It rather comes from the evolution of
the quantum fluctuations of the electric field.

The underlying physical mechanism can be easily interpreted using the Wigner
function representation of the field: While a linear evolution simply rotates a
coherent state in quadrature space, a nonlinear evolution (in the radial direction)
unevenly spreads the minimal uncertainty region of a coherent state throughout
the quadrature space 3. Since all radial components of the field evolve periodically
circling the phase space, periodic structures emerge (see Fig. 3.1.1). The unitary
evolution preserves the phase coherence among the EM field components, producing
high visibility fringes in the Wigner representation, and therefore its negative
values. The metrological advantage is related to the size of such fringes, since
small displacement of the fields lead to a noticeable displacement of fringe pattern.

3.3 Non-Gaussianity of generalized coherent states

We characterize the non-Gaussianity of the EM field by the condition of a negative
value in its Wigner function [26, 38], which indicates quantum features. The Wigner
negativity is defined as Nϕ =

∫
dβ
[
|W |ϕ⟩⟨ϕ|(β)| −W |ϕ⟩⟨ϕ|(β)

]
, where W |ϕ⟩⟨ϕ| is the

Wigner function of |ϕ⟩.

The Wigner functions of the GCS, given by Eq. (3.1.3), are:

W |αθ,ϵ⟩⟨αθ,ϵ|(β) = 2e−α2−2r2

π

(
e−α2+4αr cos δ−

4
∑

m,n,m>n

(−1)n
αm+n

m!
sin

(
(m− n)δ +

θ

2
(mϵ − nϵ)

)
sin

(
θ

2
(mϵ − nϵ)

)
(2r)m−nLm−n

n (4r2)

)
, (3.3.1)

where Lm
n are the generalized Laguerre polynomial [55] and β = reiδ is a complex

number that represents every point in quadrature space.

While a linear evolution leaves the phase space representation of a coherent
state unchanged, nonlinearities will create a nontrivial superposition of different
components of the probability distribution of the field. The Wigner representation

3For a clear visualization of the process, see the video in the Supplemental Material of Ref [37]
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Figure 3.3.1: a) Wigner negativity N̄ as a function of the evolution parameter
θ for different nonlinear parameters ϵ considering an initial coherent state with an
average photon number of n̄ = 10. The evolution parameter is re-scaled by eϵ(ϵ−1)

for visualization purposes. b) Maximum Wigner negativity as a function of the
nonlinear parameter. The red (blue) dots represent non-zero (zero) negativity. N̄
is normalized to that of a Fock state with n = 10 for both figures.

of such a superposition of states of the field would then be non-Gaussian, showing
fringes and negative values. Fig. 3.3.1 a) shows the evolution of the Wigner
negativity N of GCS for different values of the nonlinear parameter ϵ, numerically
calculated from Eq. (3.3.1). We normalize the negativity by that of a Fock
state with the same mean photon number. We observe that as long as there is a
degree of nonlinearity (ϵ /∈ {0, 1}), the field will eventually become non-classical 4.
Fig. 3.3.1 b) shows the maximum Wigner negativity reached through the entire
evolution for different values of ϵ. For all nonlinear interactions, the negativity
of the GCS can surpass that of a Fock state. This result opens a discussion
about the interpretation of the negativity of the Wigner function and how, or if,
quantumness could be quantified, which is beyond the scope of this paper.

3.4 Quantum advantage of coherent states

The metrological advantage of the GCS can be quantified by their quantum
Fisher information FQ [39]. It relates to the minimum attainable uncertainty
in estimating a parameter δx via the Cramer-Rao bound

√
⟨δx2⟩ ≥ 1/

√
n̄FQ,

where n̄ is the mean number of photons involved in the measurement. When
the quantum Fisher information scales with the average number of photons, one
achieves the minimum uncertainty

√
⟨δx2⟩ ∝ 1/n̄, which is the optimum scenario

4We point out that the time at which the Wigner negativity for ϵ < 1 is maximum is not shown
in the figure for visualization purposes.
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for quantum metrology known as the Heisenberg limit [56, 57]. GCS are good
candidates to detect small displacements of the field [58, 59]. The quantum Fisher
information for displacements in the phase space of a pure state is given by the
variance of the quadrature in the direction orthogonal to the displacement, namely
FQ = 4 ⟨(∆X)2⟩ [57].

The quadrature variance of a GCS is (see Appendix A1)

〈
(∆X)2

〉
αθ,ϵ

(t) = 4n̄
(〈

Re[z1/2n,2 (t)]
2
〉
α
− ⟨Re[zn,1(t)]⟩2α

)
+ 1 (3.4.1)

where we define the expectation value ⟨on⟩α =
∑

n |⟨α|n⟩|2on and the function
zn,j(t) = Exp{−iθ(t)((n + j)ϵ − nϵ)}. GCS evolve between states of large and
small Fisher information, with 1 ≤ ⟨(∆X)2⟩αθ,ϵ

≤ 4n̄+ 1. The n̄ dependence in
the variance, and consequently FQ, leads to the Heisenberg limit. We highlight
that the maximum Fisher information for GCS is equivalent to that of a squeezed
state with a squeezing of −10Log10 [4n̄ + 1] dB 5, while displaying non-minimum
uncertainty and Poissonian photon statistics.

Figure 3.4.1 a) shows the evolution of the quantum Fisher information F̄Q for
different nonlinear parameters, normalized by its highest value. The quantum
Fisher information from the variance of the orthogonal quadrature is equivalent,
but with the red-to-blue fringes in the figure completely out of phase. Fig. 3.4.1
b) shows the maximum quantum Fisher information reached through the entire
evolution for different nonlinear parameters. We observe a metrological advantage
over a coherent state for all nonlinear parameters, reaching an optimum F̄Q

max = 1.

Both Figs. 3.3.1 and 3.4.1 show the evolution of a coherent state with an
average photon number of n̄ = 10. Nonetheless, the overall behavior of N̄ and F̄Q

is independent of n̄. For the range of numerically tested parameters, N̄max > 1 for
all nonlinear interactions. Similarly, the dynamic behavior of F̄Q

max always oscillate
between 0 and 1 for even values of ϵ and offers metrological advantage over a
coherent state for ϵ ≠ {0, 1}. This result shows that non-classicality emerges for
arbitrarily large, i.e. macroscopic, initial coherent states of the EM field.

5For n̄ > 8 one can generate states with metrological advantage beyond what has been
experimentally achieved with squeezed light [60, 61]
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Figure 3.4.1: a) Quantum Fisher information F̄Q and as a function of the
evolution parameter θ for different nonlinear parameters ϵ considering an initial
coherent state with an average photon number of n̄ = 10. The evolution parameter
is re-scaled by eϵ(ϵ−1) for visualization purposes. b) Maximum quantum Fisher
information as a function of the nonlinear parameter. The red (blue) dots represent
metrological advantage (or lack thereof). F̄ is normalized to its maximum value,
4(4n̄+ 1).

3.5 Role of the atomic subsystem

So far, we have analyzed the case of the EM field interacting with a medium
consisting of one or many atoms in a pure state that is the eigenstate of the
collective atomic spin operator represented by Ôa in Eq. (3.1.1). Such description
leaves out the effects of the atomic state on the EM field. To address this
issue, we consider that the atomic subsystem starts in an arbitrary mixed state
ρa(0) =

∑
i,j ρij |λi⟩ ⟨λj|. Then, the state of the EM field evolves to ρf(t) =∑

j ρjj
∣∣αθj ,ϵ(t)

〉 〈
αθj ,ϵ(t)

∣∣, a statistical mixture of the GCS. Such mixed states
have diminished quantum properties compared to pure GCS, since the field can get
entangled with the atoms upon evolution [45], but they can still be non-classical.

To quantitatively assess the role of quantum correlations in the initial state of
the atomic subsystem, we consider it to be a Werner state defined as [62, 63]

ρa(0) = p |Ψ⟩ ⟨Ψ|+ (1− p)
1⊗ 1

d
, (3.5.1)

where d is the dimension of the Hilbert space of the atomic subsystem, and
|Ψ⟩ =

∑
j cj |λj⟩ is an arbitrary pure state written in terms of the eigenstates |λj⟩

of the collective atomic operator Ôa. The parameter p allows to continuously vary
the initial state from fully mixed (p = 0) to pure (p = 1). Tracing over the atomic
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subsystem, the state of the EM field after its evolution is

ρf (t) =
∑
j

(
p|cj|2 +

1− p

d

) ∣∣αθj ,ϵ(t)
〉 〈
αθj ,ϵ(t)

∣∣ . (3.5.2)

Since the Wigner function is a linear transformation, we get that

W ρf (β, t) =
∑
j

(
p|cj|2 +

1− p

d

)
W |αθj ,ϵ

(t)⟩⟨αθj ,ϵ
(t)|(β). (3.5.3)

Figure 3.5.1 shows the maximum normalized Wigner negativity N̄max during
the EM field evolution as a function of the Werner parameter p. The initial
atomic state in the case of highest purity (p = 1) corresponds to an eigenstate of
the atomic operator, leading to a pure GCS state of the EM field. The Wigner
negativity increases monotonically with p, same as the purity of the initial atomic
state P = Tr{ρa(0)2}.

From Eq. (3.5.3) one sees that for |cj|2 = 1/d the Wigner function of the
EM field does not depend on p. This means that the obtained state of the field
is the same whether the initial atomic state is fully mixed or a pure state with
an equal superposition of eigenstates of the atomic operator Ôa. Moreover, for
d = 2, the maximally entangled states are equal superpositions of the eigenstates
of the collective atomic operators Ŝ(x,y,z). This suggests that quantum correlations
between the atoms are not just unnecessary but can be detrimental for obtaining
a non-classical EM field. Although Werner states, as in Eq. (3.5.1), might not
constitute the most general scenario, they serve to prove by counterexample
that quantum correlations in the atomic subsystem do not aid the emergence of
quantum correlations in the field.

We notice that even for p = 0, the resulting mixed state of the EM field still
presents a non-zero Wigner negativity for ϵ ≠ {0, 1}, evidencing the ubiquity of
non-classical light emerging from nonlinear interactions. We highlight the universal
aspect of the evolution into non-classicality since the maximum negativity of the
resultant state of the EM field is relatively insensitive to the nonlinear parameter
ϵ, especially towards high purity of the initial atomic state.
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Figure 3.5.1: Maximum Wigner negativity N̄max of the EM field and purity P
of the initial atomic state (solid black) as a function of the Werner parameter
p. The negativity for the nonlinear parameters ϵ = {0.5, 1.5, 2, 3} is shown with
circles, triangles, diamonds, and squares, respectively. The Wigner negativity is
normalized to that of a Fock state with the same average photon number.

3.6 Discussion and outlook

Macroscopic coherent states of light are commonly considered the most classical
ones. However, nonlinear interactions can be used to extract their quantum
resources even in a closed system with no initial quantum correlations and
unaffected by measurements [64, 65]. Our results are another example of this
phenomenon.

This phenomenon offers new possibilities for engineering the EM field. For
example, different linear combinations of the GCS can lead to useful states. In
particular, combining two GCS with ϵ = 1/2 one could obtain a macroscopic
Fock state, as Ref. [37] discusses. On a different approach, one can study the
metrological advantage gained by applying a broader class of nonlinear interactions
to an initial state beyond a coherent one, for example an squeezed state.

We believe our result have natural applications in quantum metrology based
on cavity QED platforms, for example, to precisely measure electromagnetic fields
[58, 59]. However, the phenomenon is general enough to be extended to other
quantum optics platforms.
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3.7 Conclusions

In this chapter, we showed that photon-number nonlinearities provide a universal
mechanism for extracting genuinely quantum features from coherent states. We
demonstrated that any degree of nonlinearity gives rise to highly non-Gaussian
states of light while preserving the characteristic Poissonian photon-number
statistics of the initial coherent state. These states exhibit strong nonclassical
features, revealed by the negativity of their Wigner function, together with a
metrological advantage that can approach the Heisenberg limit.

Furthermore, we showed that this behavior is independent of the microscopic
details of the interaction and remains valid regardless of whether the matter
subsystem is prepared in a pure or mixed quantum state or initially exhibits
correlations. These results establish non-Gaussianity as a universal consequence
of nonlinear optical evolution.

This result provides a fundamental understanding of how useful quantum
resources naturally emerge from coherent states through nonlinearities. Having
established how nonclassical states naturally emerge from coherent states, the
next chapter addresses the deterministic engineering of specific quantum states.
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Chapter 4

Engineering of Multi-Photon Added

Coherent States

Having established how nonclassical states emerge from coherent states, the next
question naturally arises: how can specific nonclassical states be engineered using
nonlinear interactions?

Among the many families of nonclassical states, photon-added coherent states
(PACS) occupy a unique position by continuously interpolating between coherent
states and photon-number states [66]. While coherent states are the closest
quantum analog of classical electromagnetic fields [17], photon-number states are
prototypical examples of nonclassical light [67, 68]. This intermediate character
makes PACS valuable resources for quantum information science and fundamental
studies [8, 69, 70, 71]. However, their generation has so far been largely restricted
to small numbers of added photons and probabilistic protocols [72, 73, 74, 75].

This chapter addresses this question by introducing a protocol for the generation
of high-fidelity multi-photon PACS without post-selection. We consider a
coherently driven Kerr resonator (Fig. 4.0.1), where the interplay between the
Kerr nonlinearity and the external drive naturally gives rise to displaced PACS.
Because this displacement hides the target state during the evolution, we introduce
a witness that identifies these states independently of phase-space displacements.
By monitoring the dynamics of this witness, we identify the evolution time at
which a displaced PACS is formed. We then determine the coherent displacement
that removes the residual displacement and unveils the underlying N -photon
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𝑎†𝑛|α⟩|𝑣𝑎𝑐 ⟩

Figure 4.0.1: Schematic of the protocol for high fidelity generation of PACS. A
coherent drive of amplitude E excites a single-mode cavity with Kerr nonlinearity
χ and decay rate κ. Starting from the vacuum state |vac⟩, the system reaches a
state resembling a displaced multi-photon added coherent state â†n |α⟩ at a time
t. The lower panel illustrates the transformation in phase space, highlighting the
emergence of non-classical features from an initially Gaussian state.

PACS.

Finally, we analyze the robustness of the protocol under realistic
conditions using experimentally accessible parameters from recent circuit-QED
experiments [76]. These results demonstrate a feasible route toward the post-
selection free generation of highly nonclassical states. The following chapter
addresses the complementary problem of their efficient characterization.

4.1 PACS definition

Coherent states of light |α⟩ are quantum states characterized by intensity
correlations at all orders and a Poissonian photon-number distribution, which
makes them nearly classical states [17]. In contrast, photon-number states |n⟩ are
the archetypic quantum states with particle-like intensity correlations without
classical analogs, such as antibunching [77]. Photon-added coherent states (PACS)
smoothly connect both contrasting examples [66]. They are obtained by applying
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n times the creation operator, â†, to a coherent state as

|α, n⟩ = â†n |α⟩√
Nn

, (4.1.1)

where n is an integer that determines the number of added photons and Nn =

n!Ln(−|α|2) is a normalization constant, with Ln(x) being the Laguerre polynomial
of order n [55]. In the limit α → 0, PACS tends to a photon-number state of n
photons, while in the limit of large α, adding photons to a coherent state has
negligible effects on its statistics, creating a crossover between non-classical to
classical states as a function of α.

PACS can also be written in the photon-number basis as [66]

|α, n⟩ = D̂(α)√
Nn

n∑
s=0

(
n

s

)√
s!(α∗)n−s |s⟩

= D̂(α) |Γα,n⟩ ,
(4.1.2)

where D̂(α) is the coherent displacement operator. Because the displacement
operator is a linear transformation, |Γα,n⟩ preserves the essential features of the
state, such as its non-Gaussian character. This notation allows us to relate PACS
to a truncated Hilbert space [78], with an upper bound n, and suggests that
systems with strong photon blockade [79, 80] could lead to PACS generation under
right conditions.

4.2 Theoretical model

We consider a driven single-mode cavity containing a Kerr nonlinear medium in
order to realize photon blockade. The evolution of the electromagnetic field inside
the cavity is well described by the Drummond and Walls model [81], given by the
Hamiltonian

H = ℏω0â
†â+ ℏE

(
â eiωdt + â†e−iωdt

)
+ ℏχâ†2â2, (4.2.1)

where ω0 (ωd) is the frequency of the cavity (driving) field, E the driving amplitude,
and χ the nonlinearity strength. Working within a rotating frame with respect to
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Figure 4.2.1: Photon number distribution as a function of evolution time for
different driving values (E/χ = 1.5, 4.5, 7.25, 10, 13, 16) and fixed δ = 2χ. The
roman numerals represent the number of added photons for the best PACS
generated in each driving regime. The insets on the top represent the Wigner
function of the best PACS found in the left (n = 1) and right (n = 6) cases.

the drive frequency ωd, we obtain

HR = ℏδ â†â+ ℏE(â+ â†) + ℏχ â†2â2, (4.2.2)

with detuning δ = ω0 − ωd.

This Hamiltonian captures the competition between two mechanisms: the
coherent drive increases the number of excitations along a defined phase in the
quadrature space within the cavity, while the nonlinearity shifts the cavity out of
resonance by activating upper number states, suppressing additional excitations.
This competition between the drive and Kerr nonlinearity leads to a photon
blockade [82], where the creation of additional photons in the cavity mode is
inhibited [79, 83].

We consider the system initialized in the vacuum state |ψsys(0)⟩ = |0⟩ and out
of resonance (ω0 ̸= ωd). Figure 4.2.1 shows the time evolution of the photon-
number distribution for different driving amplitudes and fixed detuning δ = 2χ

(meaning that the field linear evolution frequency coincides with the smallest Kerr
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evolution frequency; see Appendix B1). The presence of an upper bound in the
photon-number distribution evidences the effect of photon blockade. The insets
in the upper part correspond to the Wigner function distributions of the states
that closely resemble a displaced |Γα,n⟩ and produce PACS with high fidelity.
These states emerge almost periodically, appearing at times determined by an
interplay of drive amplitude and nonlinearity, suggesting the creation of dressed
states connecting ground and fully blockaded states. They emerge almost when
the photon number ⟨n̂⟩ is maximum, or more precisely when the remnant photon
number (defined bellow) is maximized.

4.3 Remnant photon number

As discussed above, the cavity field periodically evolves into a blockaded state
that resembles D̂(β) |Γα,n⟩. This state retains the fundamental non-classicality of
a PACS [Eq. (4.1.2)] but follows a complex trajectory in the phase space due to
the nonlinear dynamics. The followed trajectory creates a moving-target, whose
fidelity respect to a PACS is difficult to compute, since there is no analytical
solution for β(t).

To bypass this limitation, we define the remnant photon number as a frame-
independent witness of state formation, given by

nr = ⟨(∆x̂θ)2⟩+ ⟨(∆x̂θ+π/2)
2⟩ − 1/2. (4.3.1)

Here, x̂θ = (âe−iθ + â†eiθ)/2 is an arbitrary quadrature of the field, and ⟨(∆·)2⟩
represents the variance. Crucially, nr measures the total fluctuations of the
amplitude and depends only on the shape of the Wigner function, rendering
it invariant under both rotation and coherent displacement [84]. This quantity
corresponds to subtracting a constant of 1/2 from the total noise [85], but it
also illustrates another physical aspect. Physically, nr represents the remnant
photon number: the minimum mean photon number remaining in the field after
an optimal displacement operation effectively centers the state at the origin of the
phase space (see Appendix B1). For example, nr = 0 for any coherent state |α⟩
and nr = n for the Fock state |n⟩. As such, nr can thus be regarded as a measure
of non-classicality for pure states [85], related to its quantum Fisher information
[18].
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Consequently, we can use nr to detect the emergence of the Fock-like structure
inherent to PACS, independent of the displacement of the state. By monitoring
the evolution, we identify the interaction times where nr is maximized, signaling
the formation of a PACS upon rectifying coherent displacement.

4.4 Parameters optimization and results

The cavity field state |ψ(t)⟩ evolves almost periodically to a state close to displaced
|Γα,n⟩. In order to obtain a PACS |α, n⟩, |ψ(t)⟩ must be corrected by a coherent
displacement with an unknown amplitude and phase. To find such a displacement,
we first center |ψ(t)⟩ in the phase space by applying a displacement D̂(−γ), with
a measurable quantity γ = ⟨x̂0(t)⟩+ i

〈
x̂π/2(t)

〉
. The resulting state must then be

displaced by D̂(ζ) to approximate the PACS |α, n⟩. This means that we want to
compute the fidelity of the state |Ψ(t)⟩ = D̂(ζ)D̂(−γ) |ψ(t)⟩ compared to |α, n⟩,
defined as F (t) = |⟨α, n|Ψ(t)⟩|2.

We emphasize that neither the displacement ζ nor the coherent state amplitude
α are known, and their values depend on the state evolution. Given a value of
|ψ(t)⟩, we can find the values of α and ζ that optimize the PACS generation by
maximizing F . Without loss of generality, we define the complex phase of α such
that it has the same orientation as the phase space representation of the obtained
state |Ψ(t)⟩, so that ζ and α share a common phase ϕ(t). Thus, the optimization
reduces to the parameters |ζ|, |α|, and ϕ.

To reduce the number of optimization parameters, we propose a heuristic model
based on the evolution of the Wigner function of the field. We consider an ansatz
for the complex phase ϕ(t), which is determined by the vector normal to the state
trajectory in the phase space. There is an additional physical restriction: the
number of photons should be the same for both |Ψ(t)⟩ and |α, n⟩, allowing us to
establish a relationship between the magnitudes of ζ and α. This relationship is
given by

ζ(α) = ⟨x̂ϕ⟩α,n ±
√
nr(|ψ(t)⟩)− nr(|α, n⟩), (4.4.1)

where ⟨x̂ϕ⟩α,n is the quadrature expectation value of the PACS |α, n⟩ and
nr(|α, n⟩) = Nn+1/Nn − ⟨x̂ϕ⟩2 − 1 is the remnant photon number for the PACS,
with Nn being the normalization constant in Eq. (4.1.2). Finally, there is only
one free parameter to optimize |α|.



50 4.4. Parameters optimization and results

0 5 10 15 20

n = 1 n = 2 n = 3 n = 4 n = 5 n = 6

tim
e,

 
PA

CS

op
tim

al
 p

ar
am

et
er

s
ta

rg
et

0.5
1.0

5.0

ge
ne

ra
tio

n100
99.8
99.6
99.4
99.2
99.0

1.0

2.0

3.0

Figure 4.3.1: Fidelities and optimal parameters for PACS generation. The
horizontal axis represents the drive amplitude E normalized by the nonlinear
parameter χ. From top to bottom: Wigner function representations, optimal
evolution time, amplitude of the coherent component, and optimal fidelity of the
obtained PACS. The shapes connected by colored curves represent the different
number of photons added n in the obtained PACS. We considered a drive detuning
δ = 2χ for all the calculations.
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The procedure described above is ad first heuristic approximation and may not
yield the highest fidelity. Therefore, we refine the result by varying ϕ around the
guessed value after optimizing for |α|. Our simple optimization procedure already
produces PACS with large added photon numbers and fidelities exceeding 99%.

Figure 4.3.1 shows the fidelities and best parameters that optimize the procedure.
These parameters were determined for a specific condition δ = 2χ. Out of this
condition, the fidelity decays below 99%. In all cases, the optimization is localized
in times around the second maxima of the remnant number of photons nr(|ψ⟩).
Figure 4.3.1 shows examples of the Wigner function representation of the generated
states for increasing photon number, as well as the required evolution time, coherent
amplitude |α|, and fidelities for the generated PACS with up to 6 photons.

4.5 Experimental feasibility

In a realistic scenario, dissipation must be considered. In the rotating frame, the
photonic state ρ of a lossy cavity evolves according to the master equation

dρ

dt
=

1

iℏ
[HR, ρ] + κ(nth + 1)Lâ[ρ] + κnthLâ† [ρ] (4.5.1)

where Lξ[•] = 2ξ • ξ† − •ξ†ξ − ξ†ξ• is the Lindblad superoperator that describes
incoherent processes. The parameter κ characterizes the cavity loss rate, while
nth is the mean thermal photon number, which accounts for finite-temperature
effects.

Cavity losses degrade the purity of the evolving state. To assess the experimental
feasibility of generating PACS, we numerically solve Eq. (4.5.1), apply the
necessary coherent displacement to generate a PACS, and compute its infidelity
(1−F ) from the target state. Figure 4.5.1 shows the infidelity as a function of the
cavity decay rate κ for different driving amplitudes E . A vertical gray line indicates
the experimental parameters for state-of-the-art experimental realizations [76].
We conclude that generating useful PACS with fidelities around 99%, is currently
feasible.
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Figure 4.5.1: Infidelity for the optimal cases under decoherence for different
driving amplitudes E , with optimized numbers of added photons n. The vertical
dashed gray line indicates the experimental state-of-the-art relation between the
decoherence rate κ and the nonlinearity χ, as reported in Ref. [76].

4.6 Analysis and discussion

The deterministic generation of PACS relies on the interplay between photon
blockade and the phase-space dynamics. The detuned drive creates an effective
rotation around a displaced origin in the phase space, while the Kerr nonlinearity
induces amplitude-dependent phase shifts (shearing). The emergent blockade effect
acts as a rigorous constraint on the photon number distribution, preventing the st
ate from spreading indefinitely. It is precisely this dynamical balance—confinement
via blockade against shearing via nonlinearity—that sculpts the target non-classical
state, in close analogy with the dynamic discussed in Ref. [86].

Owing to the quasi-periodic nature of these dynamics, the system approaches
the target state at multiple interaction times, resulting in distinct solution branches.
We find that the highest fidelities are achieved in the regime |α| < 1 (see Fig.
4.3.1(c)).

Although the nonlinear nature of the system prevents a complete analytical
solution, we find analytic results for the PACS generations in the weak drive limit
using a perturbative method (see Appendix B1).

Finally, although we employed the remnant photon number nr, specifically
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for PACS recognition, its utility extends to the characterization of general non-
Gaussian resources. Because nr quantifies non-classicality independent of the
quadrature definition, it is superior to fixed-phase metrics for analyzing dynamic
systems.

4.7 Conclusions

In this chapter, we showed that nonlinear interactions can be exploited to
deterministically engineer specific nonclassical states of light. In particular,
we introduced a post-selection-free protocol for the generation of high-fidelity
multi-photon PACS using a coherently driven Kerr resonator, a well-established
quantum-optical platform.

The protocol relies on the natural emergence of displaced PACS during
the system dynamics. Because these states remain hidden by the coherent
displacement, we introduced a displacement-independent witness that identifies
the evolution time at which they appear. Once this time is determined, the
corresponding coherent displacement can be found to recover the underlying
PACS.

Our numerical simulations demonstrate the deterministic generation of PACS
with at least ten added photons and fidelities exceeding 99% under unitary
evolution. Moreover, the short timescale of the protocol naturally reduces the
effects of environmental decoherence, allowing high-fidelity multi-photon PACS to
remain accessible under realistic dissipation using state-of-the-art circuit-QED
parameters.

By overcoming the probabilistic limitations of previous approaches, this protocol
establishes a practical route toward the deterministic generation of highly non-
Gaussian states for continuous-variable quantum information processing, quantum
metrology, and fundamental studies. Having established how specific nonclassical
states can be engineered, the following chapter addresses the complementary
problem of their efficient characterization.
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Chapter 5

Characterization of

Continuous-Variable Quantum

States

The previous chapters established how nonlinear interactions give rise to
nonclassical states of light and how they can be harnessed to engineer specific
quantum states. The next question naturally arises: how can continuous-
variable quantum states be characterized beyond the limitations of conventional
tomography?

The characterization of quantum states is essential for benchmarking,
verification, and optimization across quantum technologies [2, 3, 4, 5, 6, 7]. In
continuous-variable (CV) systems, however, tomography remains particularly
demanding [87]. Compared with discrete-variable systems, its sample complexity
increases rapidly with the energy of the field [88, 89, 90], while recovering
quasiprobability distributions typically requires prior knowledge together with
computationally intensive numerical methods [87, 91, 92, 93, 94, 95, 96, 97, 98, 99,
100]. Given the central role of CV platforms in quantum communication, sensing,
and fault-tolerant quantum information processing [9, 10, 11, 12, 13, 14, 15], more
efficient tomographic approaches are highly desirable.

This chapter addresses these challenges by introducing a family of CV
tomography protocols based on quantum mirrors—light matter interfaces whose
optical response is coherently controlled by an ancillary atom [101] (Fig. 5.0.1).
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Figure 5.0.1: (a) The control atom in state |e⟩ changes the optical response of
the bulk, which generates a complete reflection, thus ”gaining” a phase shift. (b)
The control atom in state |g⟩ generates complete transmission of the modes going
through the mirror. (c) Representation of the quantum mirror in a superposition
state and its effect on the input photonic modes.

By exploiting the entangling interaction between propagating optical modes
and the control atom, these protocols reconstruct arbitrary unknown traveling
states through measurements performed exclusively on the atomic system. They
enable the direct determination of the wavefunction and a broad class of
quasiprobability distributions, in several cases without prior information or
numerical reconstruction.

Finally, we show that these protocols overcome several limitations of
conventional homodyne tomography for propagating optical fields, including
photodetection inefficiency, mode mismatch, bandwidth limitations, and electronic
noise, by transferring the measurement task to the well-developed toolbox of
two-level atom tomography. Together, these results establish quantum mirrors as
a powerful platform for the efficient characterization of propagating CV states.

5.1 Quantum Mirrors

Atomic ensembles coupled to a control two-level atom, whose state induces
perfect reflection or complete transparency for incoming electromagnetic modes
[101], are usually referred to as quantum metasurfaces or quantum mirrors (QM).
Coherent light-matter interaction enables the generation of entanglement between
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electromagnetic modes and the control two-level atom. These devices exhibit
complex transmission and reflection coefficients [102], t and r, related by

t = eiϕ + r, (5.1.1)

where ϕ is the scattering phase acquired by each mode upon interaction. Although
ϕ is often considered a global phase that can be neglected, it plays a central role
in quantum mirrors by defining the relative phase in the quantum superposition
between the transmitted and reflected fields (see Appendix C1).

The action of a mirror over two arbitrary incoming photonic states {|ψ⟩ , |φ⟩}
is given by ÛM , under appropriate parameterization (see Appendix C1)

ÛM |ψ⟩0 |φ⟩1 = e−iϕn̂0Π̂0 |φ⟩0 e
−iϕn̂1Π̂1 |ψ⟩1 , (5.1.2)

where n̂k and Π̂k = eiπn̂k denote the photon-number and photon-parity operators
for mode k, respectively. Owing to the coherent nature of the atom controlling the
QM, the optical response of the medium can be modified such that an excited atom
|e⟩ leads to complete reflection, whereas its ground state |g⟩ leads to transmission
[103, 101]. In this case, the action of a QM is described by

ÛQM = π̂g ⊗ 1⊗ 1+ π̂e ⊗ ÛM , (5.1.3)

where π̂k = |k⟩⟨k| denotes the projector onto the atomic basis {|g⟩ , |e⟩}. Here, the
phase ϕ acquires physical relevance because it governs the superposition between
the transmitted and reflected fields.

5.2 Measurement of the quantum states of light

To reconstruct the quantum state of light, we consider a single QM supplemented
by controllable path-dependent phase shifts. Specifically, we apply a phase shift
generated by L̂3 = (â†0â0 − â†1â1)/2 [102], as illustrated in Fig. 5.2.1.

One can engineer a photon-parity operator in the second mode by choosing
ϕ = π/2, such that the unitary operator of the complete setup ÛS is given by (see
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Figure 5.2.1: Quantum circuit implementing the unitary operation defined in
Eq. (5.1.3). The system is initialized as an unknown input state ρ, coherently
displaced by α, and a pure probe state |φ⟩ in the photonic modes, while the
control atom is in a superposition state |+⟩. Finally, the control atom is measured.
a measurement is taken onto the atom.

Appendix C1)

ÛS |g⟩a |ψ⟩0 |φ⟩1 = |g⟩a |ψ⟩0 |φ⟩1
ÛS |e⟩a |ψ⟩0 |φ⟩1 = |e⟩a |φ⟩0 Π̂1 |ψ⟩1 .

(5.2.1)

The platform initializes the control atom in |+⟩a = (|g⟩a + |e⟩a)/
√
2, coherently

displaces an input state ρ by α, obtaining ρ′ = D̂(α)ρD̂†(α), and injects a pure
state |φ⟩ as the probe. The system entangles the control atom and photonic modes
via Eq. (5.2.1). Then, measuring the control atom in the convenient superposition
states |ξ±⟩a = (|g⟩a ± eiδ |e⟩a)/

√
2 maps the interference between the incident

fields onto the probabilities (see Appendix C1)

p±(δ) =
1

2
(1± Re[eiδ ⟨φ| Π̂ D̂(α)ρD̂†(α) |φ⟩]). (5.2.2)

Here, the photonic modes are traced out, and Π̂ acts as the photon parity operator.
Acknowledging the unusual expression, we note that it relates atomic coherences
to the complex value overlap of the photonic states, that can be expressed as

⟨φ| Π̂ D̂(α)ρD̂†(α) |φ⟩ = ⟨σ̂x⟩ − i ⟨σ̂y⟩ , (5.2.3)

which is determined exclusively from measurements of the control atom. Phase
δ provides access to the real and imaginary components of this quantity. As we
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shall see, this expression contains all the information about the state ρ.

5.3 P and Q quasiprobability measurements

Now, we outline protocols that provide direct access to phase-space representations
of ρ via suitable choices of the displacement parameter α and probe states. The
Husimi Q function [77], one of the most widely used quasiprobability distributions
due to its favorable analytical and experimental properties [94, 95, 99, 104, 105],
can be measured by choosing the probe state |φ⟩ = |0⟩ and the coherent
displacement α = −γ, yielding

⟨γ| ρ |γ⟩ = p+(0)− p−(0), (5.3.1)

which is the Q function, multiplied by π/2, at the phase space point γ. This
protocol is analogous to the well-known swap test [106, 107, 108].

Similarly, the Glauber–Sudarshan P function is the Fourier transform of the
matrix element ⟨−γ| ρ |γ⟩ [109]. Its negativities or singular features constitute
clear signatures of nonclassicality, while its robustness against detection losses
[110] makes it a useful witness of quantumness. Simultaneously, its potentially
singular character makes experimental reconstruction notoriously challenging
[111, 112]. Within our protocol, setting the displacement α = 0 and the probe
state |φ⟩ = |γ⟩ yields the kernel

⟨−γ| ρ |γ⟩ = ⟨σ̂x⟩ − i ⟨σ̂y⟩ . (5.3.2)

In contrast to the Husimi Q-function case, the parity operator here plays a crucial
role, since it provides the π-rotation of γ in ⟨−γ|.

5.4 Wavefunction measurements

With minor modifications, we can define a protocol for the direct measurement
of the wavefunction of an unknown input pure state |ψ⟩. The protocol starts by
choosing a coherent probe state |β/2⟩ and coherently displacing the input state by
β/2− γ, with γ phase-aligned with respect to β, to simplify the implementation.

By measuring the control atom according to Eq. (5.2.2), one can estimate
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Figure 5.4.1: (a) Real part of the projection of the probe state (coherent state
in blue) and unknown input state (purple) in the q and p representation. The
imaginary part can also be obtained (not shown). (b) Real part of the projection
of the probe state (coherent state in blue) and unknown input state (purple) in
representation r.

the value Zβ = ⟨γ| D̂(β) |ψ⟩ ⟨ψ|γ⟩ (see Appendix C1). Performing the estimation
twice, once for β = 0 and β ̸= 0 one finds

⟨γ| D̂(β) |ψ⟩ = Zβ√
Z0

e−iϕ0 . (5.4.1)

The wavefunction of |ψ⟩ can be obtained by tuning the parameter β = it eiϑ/
√
2,

with t being a real scanning parameter and ϑ being a conveniently fixed parameter.
This quantity can be expressed as the overlap

⟨γ| D̂(it eiϑ/
√
2) |ψ⟩ =

∫
γ∗r (s)e

itsψr(s)ds, (5.4.2)

where ψr(s) = ⟨rϑ|ψ⟩ and γr(s) = ⟨rϑ|γ⟩ denote the wavefunctions of the input and
probe states, respectively, in the rotated quadrature representation |rϑ⟩ = eiϑn̂ |q⟩
which is the eigenstate of R̂ϑ = Q̂ cosϑ+ P̂ sinϑ, with the canonical quadrature
operators Q̂ = (â+ â†)/

√
2 and P̂ = i(â† − â)/

√
2.

Equation (5.4.2) is the inverse Fourier transform [113, 114, 115] of the product
of wavefunctions with respect to variable t. Upon applying a Fourier transform to
the measurement in t, we obtain (see Appendix C1)

F [⟨γ| D̂(iteiϑ/
√
2) |ψ⟩](ω) =

√
2πγ∗r (ω)ψr(ω), (5.4.3)

which directly provides ψr(ω), as γr(ω) is known.
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By scanning β and applying Eq. (5.4.3), the wavefunction is reconstructed up
to the global phase ϕ0. A schematic representation of the protocol is shown in
Fig. 5.4.1, which enables full state characterization directly at the wavefunction
level.

5.5 Wigner function measurement

By adding a second QM, we propose a protocol that enables the direct measurement
of the Wigner function for an arbitrary mixed input state ρ.

The protocol starts by coherently displacing the input state by a known quantity
α, which defines a given point in the phase space, while the probe field remains in
the vacuum state. As before, the control atom is initialized in the state |+⟩a, as
shown in Fig. 5.5.1. Both quantum mirrors should be controlled using the same
atomic state. This can be achieved with a single atom controlling both mirrors,
two entangled atoms each controlling a separate mirror, or a single control atom
in a single QM upon reinjecting the same photonic modes back into the system.
Finally, a measurement is performed on the state |±⟩a, yielding the probabilities

p± =
1

2

(
1± Tr

[
ρD̂†(α)Π̂D̂(α)

])
. (5.5.1)

Thus, the Wigner function [116] is explicitly obtained as

W (α) =
2

π

(
p+(α)− p−(α)

)
. (5.5.2)

This expression has also been obtained in the reconstruction of a field contained
in a cavity [95]. In our case, the expression above applies to a propagating field
and, unlike other approaches, does not require photon counting [117].

It is worth noting that the Wigner function of a pure state ρ = |ψ⟩⟨ψ| can
also be measured using only a single QM, provided that a copy of the state is
introduced as a probe into the setup in Fig. 5.2.1. The probe state must be
|φ⟩ = D̂(α) |ψ⟩, allowing the measurement of the quantity ⟨ψ| D̂(α)Π̂D̂†(α) |ψ⟩,
which is proportional to the Wigner function of |ψ⟩.
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Figure 5.5.1: Direct measurement of the Wigner function of the unknown input
state ρ at phase space point α, represented as a quantum circuit. The setup
incorporates a second quantum mirror, which may equivalently be realized by
re-injecting the modes into the same QM.

5.6 Experimental feasibility

A quantum mirror has been recently demonstrated [118], where tunable reflectivity
was enabled by strong dipolar Rydberg interactions. This provided validation for
the theoretical proposals [101, 119].

To the best of our knowledge, there are no studies on the relative phase ϕ
between the reflected and transmitted output fields. This is the last key ingredient
for implementing any of the previously mentioned protocols, as detailed in the
Appendix C1. Previous studies have shown that the phase of the transmission
and reflection coefficients can be modified by engineering the susceptibility of
the medium [120], controlling the population of the relevant atomic levels [121],
considering different geometries [122, 123], or alternatively, by adjusting the
polarization and angle of incidence [124], which allows for phase modulation
while preserving the magnitude of t and r. These works provide a direct
route to the experimental control of ϕ by tuning the phase of either coefficient.
Moreover, this phase can be measured using homodyne detection [125]. Together,
these considerations place our proposal within the reach of current experimental
capabilities.

Notably, the protocols presented here are not exclusive to atomically thin
metamaterials but can also be realized in nanofibers [126, 127], conducting
nanowires [128], and cavity-atom systems [129, 130, 131].



62 5.7. Analysis and discussion

5.7 Analysis and discussion

QMs offer several significant advantages for CV-QST applications. The interference
between the input photonic modes is mapped onto the coherences of the atom,
which notably enables the measurement of freely propagating photonic states.
Moreover, these protocols are robust against phase mismatches between the probe
and input photonic fields, as shown in Fig. 5.2.1. In addition, the ability to
obtain all the information of a field confirms the ability to directly measure the
wavefunction, along with the formerly discussed known quasiprobability functions,
but is not limited to those [132].

From a technical standpoint, these protocols offer a major advancement in
measuring propagating states, comparable to weak measurement protocols [100,
133], allowing the characterization of quantum states through the measurement
of the control atom. A thorough robustness analysis of the presented protocols
is beyond the scope of this study, as it would require details of platform-specific
experimental parameters and errors. Furthermore, this advancement shows
promise for characterizing intense/macroscopic quantum fields, which are known
for their rapidly scalable complexity in QST protocols, thus opening a unique
window for metrology at the Heisenberg limit and for robust quantum information
processing.

5.8 Conclusions

In this chapter, we developed a family of quantum state tomography protocols
based on quantum mirrors for propagating continuous-variable quantum states.
By mapping the interference between two optical modes onto the coherences
of a control atom, these protocols reconstruct arbitrary unknown states while
providing direct access to the wavefunction and a broad class of quasiprobability
distributions, in several cases without requiring prior information or numerical
reconstruction.

By transferring the characterization of propagating optical fields to the well-
established toolbox of two-level atom tomography, this approach overcomes
several limitations of conventional homodyne detection, including photodetection
inefficiency, mode mismatch, bandwidth limitations, and electronic noise, while
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remaining robust against phase mismatches between the probe and the unknown
field.

More generally, these results extend the scope of continuous-variable
tomography beyond standard quasiprobability distributions to more general
phase-space representations. Their applicability to highly nonclassical and high-
energy optical states establishes quantum mirrors as a promising platform for
benchmarking, verification, and quantum metrology, with concepts that may also
be extended to other interfaces, such as superconducting quantum circuits.
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Chapter 6

Conclusions and outlook

Taken together, the results presented in this thesis provide a unified perspective on
the role of light–matter interactions in continuous-variable quantum information
science. We first showed that photon-number nonlinearities constitute a universal
mechanism through which coherent states naturally evolve into highly non-
Gaussian states, establishing the emergence of nonclassicality as a general
consequence of nonlinear optical evolution. Building upon this understanding, we
demonstrated how nonlinear interactions can be harnessed to deterministically
engineer specific nonclassical resources, namely high-fidelity multi-photon-added
coherent states, using a driven Kerr resonator. Finally, we introduced a
family of quantum mirror-based tomography protocols that enable the efficient
characterization of propagating continuous-variable quantum states through atomic
measurements, overcoming several limitations of conventional approaches.

Beyond their individual contributions, these studies illustrate how nonlinear
light–matter interactions can be exploited throughout the entire lifecycle of
nonclassical optical states: from understanding their physical origin, to engineering
them in a controlled manner, and ultimately to their efficient characterization.
In this way, the work presented in this thesis advances the understanding of the
emergence, engineering, and efficient characterization of nonclassical states of
light, providing new tools for continuous-variable quantum information, quantum
metrology, and future quantum technologies.
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Appendix A

A1 Variance of generalized coherent states

To obtain the variance of a GCS, we first calculate the following expectation
values of the creation and annihilation operators:

⟨â⟩ = ⟨α| eiθtn̂ϵ

âe−iθtn̂ϵ |α⟩ = α ⟨α| e−iθt{(n̂+1)ϵ−n̂ϵ} |α⟩

= α
∑
n

C2
ne

−iθt{(n+1)ϵ−nϵ},

〈
â†
〉
= α∗

∑
n

C2
ne

iθt{(n+1)ϵ−nϵ},

〈
â2
〉
= ⟨α| eiθtn̂ϵ

â2e−iθtn̂ϵ |α⟩ = α2 ⟨α| e−iθt{(n̂+2)ϵ−n̂ϵ} |α⟩

= α2
∑
n

C2
ne

−iθt{(n+2)ϵ−nϵ},

〈
â†2
〉
= α∗2

∑
n

C2
ne

iθt{(n+2)ϵ−nϵ},

with C2
n = |⟨α|n⟩|2, and where we used the relation âf(n̂) = f(n̂+ 1)â, with f(n̂)

an arbitrary function of the number operator [134].

Considering the generalized quadrature operator and its square

X̂ϕ = âe−iϕ + â†eiϕ,

X̂2
ϕ = â2e−2iϕ + â†2e2iϕ + 2n̂+ 1,

we compute their expectation values as

〈
X̂ϕ

〉
= 2Re

[
α
∑
n

C2
ne

−iθt{(n+1)ϵ−nϵ}e−iϕ

]
= 2

∑
n

C2
nRe

[
αe−iθt{(n+1)ϵ−nϵ}e−iϕ

]
, (A1.1)〈

X̂2
ϕ

〉
= 2

∑
n

C2
nRe

[
α2e−iθt{(n+2)ϵ−nϵ}e−2iϕ

]
+ 2|α|2 + 1. (A1.2)

Defining zn,j(t) = e−iθt{(n+j)ϵ−nϵ} we can write the expectations values of X̂ϕ
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and X̂2
ϕ as 〈

X̂ϕ

〉
= 2

∑
n

C2
nRe

[
αzn,1(t)e

−iϕ
]
, (A1.3)〈

X̂2
ϕ

〉
= 2

∑
n

C2
nRe

[
α2zn,2(t)e

−2iϕ
]
+ 2|α|2 + 1

= 4
∑
n

C2
nRe[αz1/2n,2 (t)e

−iϕ]2 + 1. (A1.4)

Combining both terms, the variance is given by〈
(∆X̂ϕ)

2
〉
= 4

〈
Re[αz1/2n,2 (t)e

−iϕ]2
〉
α
− 4

〈
Re
[
αzn,1(t)e

−iϕ
]〉2

α
+ 1. (A1.5)

In the particular case we analyze in the main text, we consider α real and
ϕ = 0, obtaining〈

(∆X̂)2
〉
= 4α2

{〈
Re[z1/2n,2 (t)]

2
〉
α
− ⟨Re [zn,1(t)]⟩2α

}
+ 1. (A1.6)
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Appendix B

B1 Remnant photon number

In this section, we provide the derivation of the remnant photon number. Consider
a general bosonic state |ψ⟩ and a complex displacement parameter z = x + iy.
The mean photon number after applying the displacement D̂(z) is

n(z) = ⟨ψ| D̂†(z)n̂D̂(z) |ψ⟩

= x2 + y2 + 2x ⟨x̂⟩+ 2y ⟨p̂⟩+
〈
x̂2
〉
+
〈
p̂2
〉
− 1/2,

(B1.1)

where x̂ = (â + â†)/2 and p̂ = (â − â†)/2i are the field quadrature operators.
Minimizing n(z) with respect to x and y yields the critical point xc = −⟨x̂⟩ , yc =
−⟨p̂⟩, corresponding to a displacement that shifts the state to the origin of phase
space. Substituting these values back into n(z), we obtain the remnant photon
number

nr =
〈
x̂2
〉
− ⟨x̂⟩2 +

〈
p̂2
〉
− ⟨p̂⟩2 − 1/2, (B1.2)

which quantifies the residual photon number associated with intrinsic quantum
fluctuations after optimal displacement.

In the case of a general quadrature x̂θ = x̂ cos θ + p̂ sin θ, one can verify the
conserved quantities

⟨x̂2θ⟩+ ⟨x̂2θ+π/2⟩ = ⟨x̂2⟩+ ⟨p̂2⟩, (B1.3)

reflecting energy conservation under phase-space rotations, and

⟨x̂θ⟩2 + ⟨x̂θ+π/2⟩2 = ⟨x̂⟩2 + ⟨p̂⟩2, (B1.4)

corresponding to the invariance of the mean amplitude under phase-space rotations.
Combining these results, the remnant photon number takes the form

nr =
〈
x̂2θ
〉
− ⟨x̂θ⟩2 + ⟨x̂2θ+π/2⟩ − ⟨x̂θ+π/2⟩2 − 1/2, (B1.5)

which shows explicitly that nr is invariant under the phase-space direction in which
it is probed, as discussed in the main text. This invariance highlights that nr is a
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basis-independent quantity, determined solely by intrinsic quantum fluctuations.
Consequently, it provides a physically meaningful ordering of non-classicality.

B2 Photon-number matching condition

As discussed in the main text, the state |Ψ(t)⟩ = D̂(ζ)D̂(−γ) |ψ(t)⟩ resembles the
photon added coherent state (PACS) |α, n⟩, where γ = ⟨x̂⟩+ i⟨p̂⟩. We therefore
impose, as a physically motivated constraint, that the displaced state D̂(−γ) |ψ(t)⟩
at the relevant evolution time and the displaced PACS D̂(−ζ) |α, n⟩ should have
the same mean number of photons. Writing α = |α|eiϕ and ζ = |ζ|eiϕ so that
both amplitudes share the same phase ϕ, this condition reads

⟨ψ(t)| D̂(γ)n̂D̂†(γ) |ψ(t)⟩ = nr

(
|ψ(t)⟩

)
= ⟨α, n| D̂(ζ)n̂D̂†(ζ) |α, n⟩

= ⟨α, n| ââ† − 1− |ζ|(âe−iϕ + â†eiϕ) + |ζ|2 |α, n⟩

=
Nn+1

Nn

− 2|ζ|⟨x̂ϕ⟩α,n + |ζ|2 − 1

(B2.1)
where ⟨x̂ϕ⟩α,n = |α|L(1)

n (−|α|2)/Ln(−|α|2) with L
(1)
n (x) and Ln(x) denoting the

associated and ordinary Laguerre polynomials [55], respectively. This expression
follows from the results derived in Ref. [66] under the condition arg(α) = arg(ζ) =

ϕ.

Equation (B2.1) can also be used to determine the remnant photon number
of the PACS itself. Minimizing the right-hand side with respect to |ζ| yields the
optimal displacement |ζ|opt = ⟨x̂ϕ⟩α,n, from which we obtain

nr(|α, n⟩) =
Nn+1

Nn

− ⟨x̂ϕ⟩2α,n − 1, (B2.2)

whose behavior can be seen in Fig. B2.1. Finally, solving Eq. (B2.1) for |ζ| gives

|ζ| = ⟨x̂ϕ⟩α,n ±
√

⟨x̂ϕ⟩2α,n −
Nn+1

Nn

+ 1 + nr

(
|ψ(t)⟩

)
= ⟨x̂ϕ⟩α,n ±

√
nr

(
|ψ(t)⟩

)
− nr(|α, n⟩).

(B2.3)

This expression establishes the relation between the displacement amplitude |ζ|
and the difference between the remnant photon numbers of the evolved state and
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the corresponding PACS.

Figure B2.1: Remnant photon number nr of the photon-added coherent
state |α, n⟩ as a function of the coherent amplitude |α| for different photon-
addition numbers n. At |α| = 0, the remnant photon number coincides with the
photon number of the corresponding Fock state. As |α| increases, nr decreases
monotonically and approaches zero in the large amplitude limit, where the state
resembles a coherent state. Larger values of n yield higher remnant photon
numbers, reflecting the enhanced nonclassicality induced by photon addition.

B3 Physical Interpretation of the Condition δ = 2χ

The condition δ = 2χ plays a central role in the emergence of PACS-like structures
as a spectral constraint that preserves the intrinsic phase organization of the
Kerr system. This condition is satisfied when the field linear evolution frequency
δ coincides with the smallest Kerr evolution frequency 2χ. As a consequence,
the periodicity of the linear evolution matches the periodicity of the nonlinear
evolution.

The effective Fock-state energies of the driven Kerr Hamiltonian are

En = ℏδn+ ℏχn(n− 1), (B3.1)

with level spacings
En+1 − En = ℏ(δ + 2χn). (B3.2)

For zero detuning (δ = 0), the states |0⟩ and |1⟩ are degenerate. The condition
δ = 2χ removes this low-energy degeneracy while preserving the characteristic
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Figure B3.1: Spectral decomposition probabilities pn = |⟨λn|0⟩|2 of the vacuum
state projected onto the eigenstates |λn⟩ of the Hamiltonian HR as a function of
the ratio E/χ. In the weak-driving regime, the vacuum state is predominantly
composed of the lowest-energy eigenstates. As the ratio E/χ increases, a larger
number of eigenstates contributes significantly to the decomposition, resulting in
a broader spectral distribution. The insets show the Fock-basis representation
of the eigenstates for E/χ = 2 and E/χ = 6, respectively. For weak driving,
the eigenstates remain strongly localized near the diagonal, whereas stronger
driving leads to a broader distribution over Fock states, reflecting the increasing
complexity of the dressed-state structure.

quadratic Kerr structure, yielding

En = ℏχn(n+ 1). (B3.3)

The dynamics retains the intrinsic Kerr structure, but with a reordered low-energy
ladder free from the |0⟩–|1⟩ degeneracy.

The coherent drive,
Ĥdrive = ℏE(â+ â†), (B3.4)

induces sequential transitions between neighboring Fock states with a given
phase. The resulting dynamics is therefore governed by the interplay between
driven transitions and Kerr-induced phase evolution. Since the condition δ = 2χ

preserves the monotonic Kerr ladder structure, the driven transitions can interfere
constructively over time, favoring partial rephasing of low-lying Fock components
and the emergence of structured nonclassical states.
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B4 Spectral and Dynamical Properties of the

System

In the main text, the Hamiltonian governing the time evolution of the system is
given by

H = ℏω0â
†â+ ℏE

(
â eiωdt + â†e−iωdt

)
+ ℏχâ†2â2, (B4.1)

where ω0 is the cavity frequency, ωd is the driving frequency, E denotes the
driving amplitude and χ characterizes the Kerr nonlinearity. Transforming into
the rotating frame defined by R(t) = e−iωdâ

†ât, the Hamiltonian becomes

HR = RHR−1 + iℏ(∂tR)R−1 = ℏδ â†â+ ℏE
(
â+ â†

)
+ ℏχ â†2â2, (B4.2)

where δ = ω0 − ωd = 2χ is the selected detuning between the cavity and driving
frequencies. Due to the nonlinear nature of the system, analytical expressions
for the eigenstates are generally not available. Denoting the eigenstates and
eigenvalues of HR by |λj⟩ and λj, respectively, the initial vacuum state can be
expanded as

|ψ(0)⟩ = |0⟩ =
∑
j

cj |λj⟩ . (B4.3)

As shown in Fig. B3.1, the vacuum state is represented by a finite superposition
of these eigenstates with probabilities pj = |cj|2. As the ratio E/χ increases, a
larger number of eigenstates contributes significantly to the decomposition. In
the weak-driving regime, the dominant eigenstates themselves involve only a few
Fock components, typically no more than three. In contrast, for larger values of
E/χ, the structure of the eigenstates becomes increasingly delocalized in the Fock
basis, as illustrated in the insets of Fig. B3.1.

Moreover, since the Hamiltonian HR is represented by a real symmetric matrix
in the Fock basis, its eigenvalues λj are real and its eigenvectors |λj⟩ can be chosen
with purely real coefficients. Consequently, the overlaps cj = ⟨λj|0⟩ are also real
quantities. The state of the system at time t is therefore given by

|ψ(t)⟩ =
∑
j

⟨λj|0⟩ e−iλjt |λj⟩ . (B4.4)
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Figure B4.1: Time evolution of the mean photon number ⟨n̂(t)⟩ (blue curves)
and the remnant photon number nr (black curves) for two different driving
regimes E/χ = {1.5, 6.5}. The vertical dashed red lines indicate the characteristic
oscillation period determined by the dominant energy splitting (λm − λn) arising
from the interference between the two most relevant dressed eigenstates in the
spectral decomposition of the initial vacuum state. In the weak-driving regime
(left panel), the dynamics are governed by a small number of eigenstates, leading
to nearly periodic oscillations with low photon occupation and a comparatively
small remnant photon number. In the stronger-driving regime (right panel), a
larger number of dressed eigenstates contributes to the dynamics, producing higher
photon populations and more complex oscillatory behavior. The remnant photon
number remains systematically smaller than ⟨n̂(t)⟩, reflecting the removal of the
coherent displacement contribution.

The expectation value of the photon number operator then reads

⟨n̂(t)⟩ =
∑
j,k

⟨0|λk⟩ ⟨λj|0⟩ ei(λk−λj)t/ℏ ⟨λk| n̂ |λj⟩

=
∑
j

|⟨0|λj⟩|2 ⟨λj| n̂ |λj⟩+
∑
j ̸=k

⟨0|λk⟩ ⟨λj|0⟩ ⟨λk| n̂ |λj⟩ cos[(λk − λj)t] .

(B4.5)
Here we have used the fact that the matrix elements ⟨λk| n̂ |λj⟩ are real. The
first term describes the static contribution arising from the populations of the
dressed eigenstates, while the second term encodes coherent oscillations generated
by quantum interference between different eigenstates. The oscillation frequencies
are determined by the energy differences (λk−λj), revealing the spectral structure
of the driven nonlinear system.

A particularly relevant situation occurs when the dynamics are dominated by
two eigenstates, |λm⟩ and |λn⟩. In this case, the photon-number mean value can
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be approximated as

⟨n̂(t)⟩ = pm ⟨λm| n̂ |λm⟩+pn ⟨λn| n̂ |λn⟩+2 ⟨0|λm⟩ ⟨λn|0⟩ ⟨λm| n̂ |λn⟩ cos[(λm − λn)t] .

(B4.6)
The dynamics are therefore characterized by a dominant oscillation period
2π/(λm − λn). This characteristic timescale is highlighted by the vertical red
lines in Fig. B4.1. Additionally, it is worth to mention that the system is initially
prepared in the vacuum state, then one has ⟨n̂(0)⟩ = 0. Consequently, the
interference contribution must compensate the positive diagonal terms at t = 0,
implying that ⟨0|λm⟩ ⟨λn|0⟩ ⟨λm| n̂ |λn⟩ < 0. As a result, the photon number
reaches its maximum value when (λm − λn)t = π.

B5 Weak-Driving Regime Analysis

To gain analytical insight into the generation of PACS, we now focus on the
weak-driving regime. In this limit, the dynamics is dominated by a small number
of low-excitation Fock states, enabling a perturbative description of both the
dressed eigenstates and the resulting time evolution. This regime is particularly
relevant because it is precisely where the highest fidelities are obtained, as shown
in Fig. B5.1(b), making it especially suitable for analytical treatment.

In order to apply perturbation theory, the driving amplitude must satisfy

E ≪ En+1 − En

ℏ
= δ + 2χn, (B5.1)

so that the dressed eigenstates can be approximated as

|n′⟩ = |n(0)⟩+ |n(1)⟩+ |n(2)⟩+ · · · . (B5.2)

Up to first order, the corrections are given by

|n(0)⟩ = |n⟩ ,

|n(1)⟩ = E
∑
k ̸=n

⟨k| â+ â† |n⟩
(δ + χ(n+ k − 1))(n− k)

|k⟩

= E
( √

n

δ + 2χ(n− 1)
|n− 1⟩ −

√
n+ 1

δ + 2χn
|n+ 1⟩

)
.

(B5.3)



74 B5. Weak-Driving Regime Analysis

The first two dressed states provide the dominant contribution to the dynamics,
since higher-order states do not contain a vacuum component at first order. They
are therefore approximated by

|0′⟩ = 1√
Z0

(
|0⟩ − E

δ
|1⟩
)

and |1′⟩ = 1√
Z1

(
|1⟩+ E

δ
|0⟩ − E

√
2

δ + 2χ
|2⟩

)
,

(B5.4)
where Z0 and Z1 are their normalization constants. The state of the system at time
t can be expanded in the basis {|n′⟩} as |ψ(t)⟩ =

∑
n ⟨n′|0⟩ e−iλnt |n′⟩. Within the

weak-driving approximation, the dynamics is mainly governed by the two lowest
dressed states, yielding |ψ(t)⟩ = ⟨0′|0⟩ e−iλ0t |0′⟩ + ⟨1′|0⟩ e−iλ1t |1′⟩. Substituting
the perturbative expressions for |0′⟩ and |1′⟩, the evolved state in the Fock basis
becomes

|ψ(t)⟩ = e−iλ0t

[(
1

Z0

+
E2

Z1δ2
e−i(λ1−λ0)t

)
|0⟩

+

(
E
Z1δ

e−i(λ1−λ0)t − E
Z0δ

)
|1⟩

− E2
√
2

Z1δ(δ + 2χ)
e−i(λ1−λ0)t |2⟩

] (B5.5)

As shown in Fig. B4.1, the remnant photon number is strongly correlated with the
total photon number, indicating that the nonclassical behavior becomes maximal
approximately when the photon population reaches its maximum value. Within
the two dressed state approximation showed in Eq. (B4.6), this occurs when
(λ1 − λ0)t = π. At this time, the evolved state reduces to

|ψπ⟩ ∝ −
(

1

Z0

− E2

Z1δ2

)
|0⟩+ E

δ

(
1

Z0

+
1

Z1

)
|1⟩ − E2

√
2

Z1δ(δ + 2χ)
|2⟩ . (B5.6)

We now derive an analytical approximation for the generated state in the
weak-driving regime and we will compare it with the previous expression. The
single photon added coherent state (SPACS), introduced in Ref. [66], is defined as

|α, 1⟩ = â† |α⟩√
N1

, N1 = 1 + |α|2, (B5.7)

where |α⟩ = D̂(α) |0⟩ is a coherent state. Applying an additional small
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Figure B5.1: (a) Photon-number distribution Pn of the states |Γα,m⟩ for different
photon-addition numbers m and coherent amplitude α = 0.5. Each distribution
is shifted vertically for clarity. As the number of added photons increases, the
probability distribution moves toward higher photon-number sectors and becomes
strongly concentrated around a characteristic maximum photon number, reflecting
the photon-blockade structure induced by the nonlinear excitation process. The
insets show the corresponding phase-space structure of the states, highlighting
the increasing nonclassical character. (b) Fidelity F obtained from the numerical
optimization between the dynamically generated states and the target photon-
added coherent states as a function of the normalized driving strength E/χ for
photon-addition numbers up to m = 10 under the resonance condition δ = 2χ.
Each curve identifies the parameter region where the dynamics most efficiently
reproduces a given photon-added coherent state. The dashed horizontal line marks
the 99% fidelity threshold. (c) Comparison between numerical and analytical
results in the weak-driving regime for the single-photon-added coherent state. The
blue curve corresponds to a fitted interpolation of the fidelities obtained between
the numerically generated states and the analytical prediction as a function of
E/χ. The inset shows the comparison between the numerically extracted coherent
amplitude α (blue points) and the corresponding analytical weak-driving prediction
(black dashed line).

displacement D̂(γ) gives

D̂(γ) |α, 1⟩ = D̂(α)√
1 + α2

D̂(γ)

|Γα,1⟩︷ ︸︸ ︷
(α |0⟩+ |1⟩), (B5.8)

where |Γα,1⟩ is a state only composed of two Fock states, as shown in
Fig.B5.1.Expanding the displaced state up to first order in γ yields

D̂(γ) |Γα,1⟩ ≈
1√

1 + α2

[
(α− γ) |0⟩+ (1 + αγ) |1⟩+ γ

√
2 |2⟩

]
. (B5.9)
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Comparing Eq. (B5.6) with the displaced SPACS expansion in Eq. (B5.9), we
obtain the system

α− γ√
1 + α2

=
E2

Z1δ2
− 1

Z0

,

γ√
1 + α2

= − E2

Z1δ(δ + 2χ)
,

1 + αγ√
1 + α2

=
E
δ

(
1

Z0

+
1

Z1

)
.

(B5.10)

Assuming Z1 ≃ Z0 and δ = 2χ, the system can be easily solved, yielding

α = − 1− s√
3s(s+ 2)

and γ =
αs

1− s
, (B5.11)

where s = (E/χ)2/8. These relations establish a direct correspondence between
the driving strength and the effective PACS parameters, showing that the weak-
driving regime reproduces a displaced SPACS structure. This accounts for the
high fidelities in Fig. B5.1(b) and is quantitatively confirmed by the agreement
with numerics in Fig. B5.1(c).

B6 Experimental robustness

In realistic experimental implementations, imperfections in the control parameters
may affect the quality of the generated states. In particular, deviations in the
evolution time and in the coherent displacement applied to reconstruct the target
PACS can reduce the final fidelity. To quantify the robustness of the protocol, we
analyze the fidelity landscape around the optimal preparation parameters.

Figure B6.1 shows the fidelity F between the generated state and the target
photon-added coherent state as a function of relative variations in the displacement
parameter, ∆ζ, and in the evolution time, ∆t. As the photon-addition number
increases, the high-fidelity region becomes progressively narrower. This behavior
reflects the enhanced sensitivity of higher-order PACS to small perturbations
in the preparation protocol. Since these states involve increasingly structured
quantum interference between several Fock components, slight deviations in the
accumulated dynamical phases or in the displacement amplitude can noticeably
modify the resulting state.
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Figure B6.1: Density plots of the fidelity F as a function of relative deviations
in the displacement parameter ∆ζ and evolution time ∆t for (a) n = 2 and
(b) n = 10. The reference point (∆t,∆ζ) = (0, 0) corresponds to the optimal
parameters maximizing the fidelity. The dashed cyan contours indicate fidelity
thresholds of 0.90 and 0.99. In both cases, the fidelity remains high within a finite
parameter region, demonstrating the robustness of the generated states against
small deviations in the preparation protocol.
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Appendix C

C1 Mode-Independent Beam Splitter Formalism

Consider a device in which the transmission and reflection coefficients are identical
for both input ports (or equivalently, for both propagation directions). The
relation between the input and output field modes can be expressed in terms of
the symmetric transfer matrix

M =

(
t r

r t

)
, (C1.1)

where t and r denote the transmission and reflection coefficients, respectively. For
an ideal (lossless) beam splitter, the input and output modes obey the bosonic
commutation relations. Consequently, the matrix M is unitary, leading to the
following conservation relations:

|t|2 + |r|2 = 1 (C1.2)

r∗t+ t∗r = 0. (C1.3)

In general, these coefficients are complex numbers and can be written as t = |t|eiϕt

and r = |r|eiϕr . Using Eq. (C1.2) and Eq. (C1.3), the relation between r and
t is often written in the simplified form t − 1 = r. However, this expression
neglects the presence of a global phase, which is commonly considered physically
irrelevant but plays a significant role in the present work. With this, the more
general relation can be written as

t = r + eiϕ. (C1.4)

A phase relation for r and t can be derived from Eq. (C1.3); solving for the
phase component

ϕr − ϕt = ±π/2. (C1.5)

A convenient parameterization for r and t can be obtained from t = eiϕ+ |r|eiϕr .
Starting from Eq. (C1.2), one arrives to

|r|(cos(ϕ− ϕr) + |r|) = 0,
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and the solutions for this equation are simply

|r| = 0 and |r| = − cos(ϕ− ϕr), (C1.6)

where (ϕr − ϕ) ∈ [π/2, π] to ensure |r| ≥ 0. Substituting the nontrivial solution
into the expression for t, we obtain

t = −ieiϕr sin (ϕr − ϕ). (C1.7)

Using these parameterized coefficients and introducing the change of variables
ϕr − ϕ = θ + π

2
, θ ∈ [0, π/2]. The transfer matrix M can be written as

M = ei(ϕ+θ)

(
cos θ i sin θ

i sin θ cos θ

)
︸ ︷︷ ︸

∈ SU(2)

. (C1.8)

Since matrix M , without the exponential, belongs to the SU(2) group, we adopt
the angular-momentum formalism for beam splitter devices, as introduced in
Ref. [102]. Defining the operators

L̂1 =
1

2

(
â†0â1 + â†1â0

)
, L̂2 =

1

2i

(
â†0â1 − â†1â0

)
, L̂3 =

1

2

(
â†0â0 − â†1â1

)
,

(C1.9)
which leads to the unitary evolution corresponding to the lossless beam splitter
associated with Eq. (C1.8) as

Û(θ, ϕ) = e−i(θ+ϕ)n̂ei
π
2
L̂3e−2iθL̂2e−iπ

2
L̂3 = e−i(θ+ϕ)n̂e−2iθL̂1 = e−i{(θ+ϕ)n̂+2θL̂1},

(C1.10)
where n̂ = â†0â0 + â†1â1 is the total photon number operator. The corresponding
transformation of the field operators is given by

â0 → Û(θ, ϕ) â0 Û
†(θ, ϕ) = ei(θ+ϕ)(â0 cos θ + iâ1 sin θ), (C1.11)

â1 → Û(θ, ϕ) â1 Û
†(θ, ϕ) = ei(θ+ϕ)(iâ0 sin θ + â1 cos θ). (C1.12)

A particularly relevant case is obtained for θ = π/2, which corresponds to a
perfect mirror. Defining the mirror operator ÛM = Û(θ = π/2, ϕ). Its action on
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an arbitrary two-mode state is

ÛM |ψ⟩0 |φ⟩1 = ÛM

(∑
n

cn
â†n0√
n!

∑
m

dm
â†m1√
m!

)
|0⟩

=
∑
n

cn
(ÛM â

†
0Û

†
M)n√

n!

∑
m

dm
(ÛM â

†
1Û

†
M)m√

m!
ÛM |0⟩

=
∑
n

cn
(−1)n(e−iϕn)(â†1′)

n

√
n!

∑
m

dm
(−1)m(e−iϕm)(â†0′)

m

√
m!

|0⟩

= e−iϕn̂0′ Π̂0′ |φ⟩0′ e
−iϕn̂1′ Π̂1′ |ψ⟩1′

(C1.13)

where Π̂k = eiπn̂k is the photon-parity operator associated with mode k and |n⟩ is
the Fock basis. Hence, each reflected field acquires the same phase shift ϕ and a
parity operation. At this stage, the factors e−iϕn̂k contribute only global phases
to the individual modes and are therefore physically irrelevant in the absence of a
relative phase.

C2 Parity operator manipulation

We define the unitary operation of the quantum mirror (QM) as a perfect mirror
coherently controlled by a two-level system

ÛQM = π̂g ⊗ 1⊗ 1+ π̂e ⊗ ÛM , (C2.1)

where π̂k = |k⟩⟨k| denotes the projector onto the atomic basis {|g⟩ , |e⟩} and the
operator ÛM is defined as in Eq. (C1.13). In contrast to the previous situation, the
phase factors associated with ÛM are no longer global, as they appear as relative
phases imprinted on the reflected-field modes conditioned on the atomic states
|g⟩ and |e⟩. Consequently, these phases become physically observable through
interference in the atomic degree of freedom.

Additional control over these phases can be achieved by introducing mode-
dependent phase shifts {φ0, φ1, φ2, φ3} before and after the QM interaction. These
phases can be physically implemented using optical path-length differences or
external phase shifters that act independently on each mode. The corresponding
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unitary operations are

ei(φ0n̂0+φ1n̂1) and e−i(φ2n̂0+φ3n̂1), (C2.2)

respectively. The resulting system operator is therefore

ÛS = e−i(φ2n̂0+φ3n̂1) ÛQM ei(φ0n̂0+φ1n̂1),

= π̂g ⊗ ei(φin−φout)n̂/2ei(∆−∆′)L̂3

+ π̂e ⊗ ei(φin−φout)n̂/2e−i∆′L̂3ÛM ei∆L̂3 ,

(C2.3)

where we have introduced the phase sums and differences φin = φ0 + φ1, φout =

φ2 + φ3, ∆ = φ0 − φ1 and ∆′ = φ2 − φ3. Factorizing the common terms yields

ÛS = 1⊗ ei(φin−φout)n̂/2ei(∆−∆′)L̂3

(
π̂g ⊗ 1⊗ 1+ π̂e ⊗ e−i∆L̂3 ÛM ei∆L̂3

)
. (C2.4)

Without loss of generality, we set φ0 = φ2 and φ1 = φ3, because the factorized
term corresponds to a global operation on the field modes and has no physical
consequence when only the atomic subsystem is measured (see Fig. C2.1). Then
the simplified unitary system operator is given by

ÛS = π̂g ⊗ 1⊗ 1+ π̂e ⊗ e−i∆L̂3 ÛM ei∆L̂3 . (C2.5)

Finally, the action of ÛS on two incoming field modes prepared in arbitrary states
|ψ⟩ and |φ⟩ and on the atomic state is given by

ÛS |g⟩ |ψ⟩ |φ⟩ = |g⟩ |ψ⟩ |φ⟩

ÛS |e⟩ |ψ⟩ |φ⟩ = |e⟩e−i(ϕ+∆)n̂0Π̂0 |φ⟩ ⊗ e−i(ϕ−∆)n̂1Π̂1 |ψ⟩ .
(C2.6)

Then, by appropriately tuning the phases ϕ and ∆ one can choose the mode in
which a parity operator is applied.

The platform consists of initializing the control atom in |+⟩a = (|g⟩a+ |e⟩a)/
√
2,

an input state ρ displaced by α, obtaining ρ′ = D̂(α)ρD̂†(α), and a pure state |φ⟩
as the probe. As shown in Fig. C2.1, the initial state of the system can be written
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Figure C2.1: Quantum circuit implementing the unitary operator defined in
Eq. (C2.5) The phase symmetrical response of the quantum mirror (QM) is
modified by introducing relative path-dependent phases ∆ before and after the
QM, enabling the existence of a photon-parity operator acting on only one of the
two modes. The mode in which this parity operator is applied depends on the
choice of ∆ and ϕ. The operator Û (ϕ)

M becomes ÛS once the phase ϕ = π/2 is set,
as shown in Fig. 5.2.1.

as

ρ(i)sys = |+⟩⟨+| ⊗ ρ′ ⊗ |φ⟩⟨φ| =
(
π̂g + π̂ge + π̂eg + π̂e

2

)
⊗

(∑
i

p′i |ψ′
i⟩⟨ψ′

i|

)
⊗ |φ⟩⟨φ| .

(C2.7)
The action of the operator ÛS, defined in Eq. (C2.7), on the initial state is given
by

ÛS ρ
(i)
sys Û

†
S =

1

4

(
πgg ⊗ ρ′ ⊗ |φ⟩ ⟨φ|

+ πge ⊗
∑
i

p′i |ψ′
i⟩ ⟨φ| Û

†
π+∆−ϕ ⊗ |φ⟩ ⟨ψ′

i| Û
†
π−∆−ϕ

+ πeg ⊗
∑
i

p′i Ûπ−∆−ϕ |φ⟩ ⟨ψ′
i| ⊗ Ûπ+∆−ϕ |ψ′

i⟩ ⟨φ|

+ πee ⊗ Ûπ−∆−ϕ |φ⟩ ⟨φ| Û †
π−∆−ϕ ⊗ Ûπ+∆−ϕρ

′Û †
π+∆−ϕ

)
,

(C2.8)

where Ûα = eiαn̂ implements a phase shift α in the corresponding mode. We then
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apply a partial trace over the photonic modes

ρ
(f)
at = Tr0,1{ÛSρsysÛ

†
S}

=
1

4

(
π̂gg + π̂eg

∑
i

p′i ⟨ψ′
i| Π̂0e

−i(ϕ+∆)n0 |φ⟩ ⟨φ| Π̂1e
−i(ϕ−∆)n1 |ψ′

i⟩

+ π̂ge
∑
i

p′i ⟨φ| Π̂
†
0e

i(∆+ϕ)n0 |ψ′
i⟩ ⟨ψ′

i| Π̂
†
1e

i(ϕ−∆)n1 |φ⟩+ π̂ee

)
=

1

4

(
π̂gg + π̂eg ⟨φ| Π̂ e−i(ϕ−∆)n̂D̂(α)ρD̂†(α)Π̂ e−i(ϕ+∆)n̂ |φ⟩

+ π̂ge ⟨φ| Π̂†ei(∆+ϕ)n̂D̂(α)ρD̂†(α)Π̂†ei(ϕ−∆)n̂ |φ⟩+ π̂ee

)
,

(C2.9)

which allows us to recognize the interference terms on the final state of the control
atom. Measuring them on the superposition basis |ξ±⟩a = (|g⟩a ± eiδ |e⟩a)/

√
2, we

can write the probabilities as

p±(δ) =
1

2

(
1± Re

[
eiδ ⟨φ| Π̂†ei(∆+ϕ)n̂D̂(α)ρD̂†(α)Π̂†ei(ϕ−∆)n̂ |φ⟩

])
(C2.10)

In the main manuscript, we have selected the parameters ϕ = ∆ = π/2.

C3 Wavefunction reconstruction

The electromagnetic field can be described as a collection of decoupled harmonic
oscillators, each characterized by canonical operators position q̂ and momentum
p̂ satisfying the commutation relation [q̂, p̂] = iℏ. For each mode of frequency ω,
the corresponding bosonic annihilation operator is defined as

â =

√
1

2ℏω
(ωq̂ + ip̂). (C3.1)

It is convenient to introduce the dimensionless quadrature operators Q̂ = q̂
√
ω/ℏ

and P̂ = p̂/
√
ℏω, which satisfy the normalized commutation relation [Q̂, P̂ ] = i.

Since Q̂ is proportional to q̂, they both share the same eigenstates in the continuous
spectra |q⟩ such that Q̂ |q⟩ = s |q⟩ with s = q

√
ω/ℏ.

On the other hand, one may generate a rotated quadrature by applying the
phase-space rotation operator eiϑn̂, acting on the eigenvalue equation for Q̂
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(
âe−iϑ + â†eiϑ√

2

)
|rϑ⟩ = (Q̂ cosϑ+ P̂ sinϑ)︸ ︷︷ ︸

R̂ϑ

|rϑ⟩ = s |rϑ⟩ , (C3.2)

where |rϑ⟩ = eiϑn̂ |q⟩ is the eigenstate of the rotated quadrature operator R̂ϑ,
which retains the same eigenvalue s. In the particular case of ϑ = π/2, one finds∣∣rπ/2〉 = eiπn̂/2 |q⟩ = |p⟩ which is the eigenstate of the momentum-like quadrature
operator P̂ .

We now derive the wavefunctions of Fock states in the q-representation. Starting
from the eigenvalue equation â†â |n⟩ = n |n⟩ and projecting onto the continuous
basis |q⟩, one obtains the differential equation

∂2ψ
(n)
q (s)

∂s2
+ (2n+ 1− s2)ψ(n)

q (s) = 0, (C3.3)

where ψ(n)
q (s) = ⟨q|n⟩. The normalized solutions in s variable are given by

ψ(n)
q (s) =

1

(2nn!)1/2
4

√
1

π
e−s2/2Hn(s), (C3.4)

where Hn(s) denotes the Hermite polynomial of order n.

The wavefunction of a coherent state |α⟩ in the q-representation can be obtained
from its expansion in the Fock basis and projecting onto |q⟩. Then, using the
generating function of Hermite polynomials, one finds

ψ(α)
q (s) = ⟨q|α⟩ = e−|α|2/2

∑
n=0

αn

√
n!
ψ(n)
s (s) =

4

√
1

π
e−|α|2/2e−s2/2

∑
n=0

(α/
√
2)n

n!
Hn(s)

=
4

√
1

π
e−|α|2/2e−s2/2e−α2/2+

√
2αs

(C3.5)

Since the q-representation and p-representation wavefunctions are related by a
Fourier transform, we introduce the following definition [114]:

f̃(k) = 1√
2π

∫∞
−∞ f(s) e−iskds := (F̂ f)(k) (C3.6)

f(s) = 1√
2π

∫∞
−∞ f̃(k) eiskdk := (F̂−1f)(s) (C3.7)

where an operator form F̂ of this transform is introduced. Applying this operator
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to the wavefunction of a Fock state in the q-representation yields

ψ(n)
p (s)︸ ︷︷ ︸
⟨p|n⟩

= F̂ψ(n)
q (s)︸ ︷︷ ︸

⟨q|e−i π2 n̂|n⟩

= e−iπn/2ψ(n)
q (s) = (−i)nψ(n)

q (s), (C3.8)

where the Fourier transform operator can be expressed in terms of the photon
number operator as F̂ = e−iπ

2
n̂.

Because the q-representation wavefunctions belong to the square-integrable
space L2(R), the Fourier transform is a closed operation and maps this space onto
itself.

As an example, we determine the wavefunction of a coherent state |α⟩ in
the p-representation. Although this result can be obtained in several ways, the
most straightforward approach employs the operator representation of the Fourier
transform

ψ(α)
p (s) = ⟨p|α⟩ = ⟨q| e−iπ

2
n̂ |α⟩ = ⟨q|−iα⟩ = 4

√
1

π
e−|α|2/2e−s2/2eα

2/2−iαs
√
2. (C3.9)

This result can be independently verified by directly applying the Fourier transform
defined in Eq. (C3.6) to the explicit q-representation wavefunction given in
Eq. (C3.5).

The above reasoning can be extended beyond the q and p representations to
a continuous family of intermediate quadrature representations obtained by an
arbitrary phase-space rotation generated by the number operator. Defining the
rotated quadrature eigenstates as |rϑ⟩ = eiϑn̂ |q⟩, the corresponding wavefunction
of the coherent state reads as

ψ(α)
r (s) = ⟨rϑ|α⟩ = ⟨q| e−iϑn̂ |α⟩ =

〈
q
∣∣αe−iϑ

〉
=

4

√
1

π
e−|α|2/2e−s2/2e−α2e−2iϑ/2+αse−iϑ

√
2

= F−ϑ[ψ
(α)
q (s)],

(C3.10)

where the rotation operation corresponds to a fractional Fourier transform (FrFT)
that maps the q-representation to an arbitrary quadrature representation. The
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FrFT is defined as [115]

[Fξf ](k) =
ei(π−2ξ)/4

√
2π sin ξ

e−ik2 cot(ξ)/2

∫ ∞

−∞
e−is2 cot(ξ)/2+isk/ sin ξf(s)ds. (C3.11)

For ξ = −π/2, this expression reduces to the Fourier transform defined in
Eq. (C3.6).

C3.1 Cross-correlation procedure

Using an appropriate choice of variables, the displacement operator can be
rewritten as a function of quadrature operators

D̂

(
iteiϑ√

2

)
= eit(Q̂ cosϑ+P̂ sinϑ) = eitR̂ϑ . (C3.12)

Using this representation, the wavefunction of the unknown state |ψ⟩ can be
reconstructed through a cross-correlation with a reference coherent state |α⟩.
Upon applying an appropriate completeness operation, the inverse Fourier
transform of the product wavefunctions naturally arises. Subsequently, the bare
product of the wavefunctions is recovered by applying the Fourier transform. The
details of this procedure are described below for two cases.

Wavefunction product in q-representation (ϑ = 0)

⟨α| D̂
(
it/

√
2
)
|ψ⟩ =

∫
⟨α| eitQ̂ |q⟩ ⟨q|ψ⟩ ds =

∫
⟨α|q⟩ eits ⟨q|ψ⟩ ds =

∫
ψ(α)∗
q (s)eitsψq(s)

(C3.13)

F
[
⟨α| D̂

(
it/

√
2
)
|ψ⟩
]
(ω) =

1√
2π

∫∫
ψ(α)∗
q (s)ψq(s)e

itse−iωtdsdt

=
1√
2π

∫
ψ(α)∗
q (s)ψq(s)

∫
eit(s−ω)dt︸ ︷︷ ︸
2πδ(s−ω)

ds
(C3.14)

F
[
⟨α| D̂

(
it/

√
2
)
|ψ⟩
]
(ω) =

√
2πψ(α)∗

q (ω)ψq(ω) (C3.15)
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Wavefunction product in p-representation (ϑ = π/2)

⟨α| D̂
(
−t/

√
2
)
|ψ⟩ =

∫
⟨α| eitP̂ |p⟩ ⟨p|ψ⟩ ds =

∫
⟨α|p⟩ eits ⟨p|ψ⟩ ds =

∫
ψ(α)∗
p (s)eitsψp(s)

(C3.16)

F
[
⟨α| D̂

(
−t/

√
2
)
|ψ⟩
]
(ω) =

√
2πψ(α)∗

p (ω)ψp(ω) (C3.17)

Wavefunction product in r-representation: In this particular case, we choose the
phase ϑ = δ−π/2 such that the phase of the displacement operator coincides with
the phase δ of the reference coherent state |α⟩, which provides an experimentally
convenient implementation due to the shared phase.

⟨α| D̂
(
teiδ/

√
2
)
|ψ⟩ =

∫
⟨α| eitR̂ϑ |rϑ⟩ ⟨rϑ|ψ⟩ ds =

∫
ψ(α)∗
r (s)eitsψr(s) (C3.18)

F
[
⟨α| D̂

(
teiδ/

√
2
)
|ψ⟩
]
(ω) =

√
2πψ(α)∗

r (ω)ψr(ω) (C3.19)

An alternative choice is ϑ = δ, for which the coherent state wavefunction is real
in that representation; however, this option requires delicate experimental control
of the phase in the orthogonal quadrature for displacement.

C3.2 Quantum mirror implementation

As shown in the main paper, the quantity measurable by quantum mirrors is
⟨φ| eiπn̂D̂(α)ρD̂(α) |φ⟩. In order to reconstruct the wavefunction, it is necessary
to measure the cross-correlation between a coherent state |γ⟩ and the unknown
pure state |ψ⟩, namely

⟨γ| D̂(β) |ψ⟩ , (C3.20)

where β contains the variable dependencies, as discussed in the previous subsection.
Therefore, the measurement procedure was performed in two stages.

We choose the probe state as the coherent state |β/2⟩ and displace the unknown
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state by β/2− γ. The measurable quantity then becomes

Zβ = ⟨β/2| eiπn̂D̂(β/2− γ) |ψ⟩ ⟨ψ| D̂†(β/2− γ) |β/2⟩

= ⟨−β/2| D̂(β/2− γ) |ψ⟩ ⟨ψ|γ⟩

= ⟨0| D̂(−γ)D̂(β) |ψ⟩ ⟨ψ|γ⟩

= ⟨γ| D̂(β) |ψ⟩ ⟨ψ|γ⟩ .

(C3.21)

In particular, Z0 = | ⟨ψ|γ⟩ |2, which implies ⟨ψ|γ⟩ =
√
Z0 e

iϕ0 . Therefore, the
desired overlap can be extracted as

⟨γ| D̂(β) |ψ⟩ = Zβ√
Z0

e−iϕ0 . (C3.22)

Finally, the wavefunction in the r-representation can be reconstructed according
to

√
2π ψ(γ)∗

r (ω)ψr(ω) = F
[
⟨γ| D̂(β) |ψ⟩

]
=
e−iϕ0

√
Z0

F [Zβ], (C3.23)

where F denotes the Fourier transform. If a different quadrature representation is
required, the corresponding fractional Fourier transform (FrFT) can be applied to
the signal.

C4 Direct measurement of the Wigner function

The Wigner function of the state ρ can be measured by applying two QMs, as
shown in Fig. C4.1. The corresponding unitary operator of this system is given by

ÛQM · ÛQM = π̂g ⊗ 1⊗ 1+ π̂e ⊗ Û2
M . (C4.1)

We now evaluate the action of this operator on two incoming field modes prepared
in arbitrary states |ψ⟩ and |φ⟩, assuming that the atom is initially in the excited
state |e⟩:

ÛQM · ÛQM |e⟩ |ψ⟩ |φ⟩ = ÛQM ·
(
|e⟩ ⊗ e−iϕn̂0Π̂0 |φ⟩ ⊗ e−iϕn̂1Π̂1 |ψ⟩

)
= |e⟩ ⊗ e−2iϕn̂0 |ψ⟩ ⊗ e−2iϕn̂1 |φ⟩ .

(C4.2)

Thus, the action of the total operator reduces to the addition of a phase 2ϕ to
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Figure C4.1: Direct measurement of the Wigner function of an unknown state ρ
at phase space point α, represented as a quantum circuit. The setup incorporates
a second QM, which may equivalently be realized by re-injecting the modes into
the same QM.

each photonic mode when the atom is in the excited state.

Without making any assumption about the value of ϕ, the final density matrix of
the system can be written as

ρ(f)sys = Û2
QM ρ(i)sys Û

†2
QM

= πgg ⊗ ρ′ ⊗ |φ⟩⟨φ|+ πge ⊗ ρ′e2iϕn̂0 ⊗ |φ⟩⟨φ| e2iϕn̂1

+ πeg ⊗ e−2iϕn̂0ρ′ ⊗ e−2iϕn̂1 |φ⟩⟨φ|+ πee ⊗ e−2iϕn̂0ρ′e2iϕn̂0 ⊗ e−2iϕn̂1 |φ⟩⟨φ| e2iϕn̂1

(C4.3)

To obtain the probabilities, we measure the control atom. The diagonal
contributions in the atomic basis yield unity due to the normalization of the
states, whereas nontrivial contributions arise from the off-diagonal atomic terms.
Imposing the vacuum condition for the second mode, |φ⟩ = |0⟩, the probabilities
reduce to

p± =
1

2

(
1± Tr[ρ′e−2iϕn̂]± Tr[e2iϕn̂ρ′]

)
. (C4.4)

For the specific choice ϕ = π/2, the photon-number parity operator Π̂ = eiπn̂

naturally emerges. So, the probabilities take the simple form

p± =
1

2

(
1± Tr[Π̂ ρ′]

)
. (C4.5)

Finally, writing the state as ρ′ = D̂(α)ρD̂†(α) and using the definition of the
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Wigner function introduced in Ref. [132], we obtain

W (α) =
2

π

(
p+ − p−

)
=

2

π
⟨σ̂x⟩ . (C4.6)

This establishes a direct connection between the atomic measurement probabilities
and the Wigner function of the field.

C5 Relative phase

In Eq. (C1.4), we establish the relation between the transmission and reflection
coefficients for the beam splitter. Consequently, the two subspaces introduced
in Eq. (C2.1), corresponding to the ground (g) and excited (e) states, can be
described by this type of beam splitter. In each subspace, the coefficients satisfy
the relation

tk = rk + eiϕk , (C5.1)

with k = e, g. From this expression, explicit forms of the coefficients in each
subspace can be obtained. In particular, since |rg| → 0 when the atom is in the
ground state and |te| → 0 when the atom is in the excited state, we obtain

tg = eiϕg (for |g⟩), (C5.2)

re = −eiϕe (for |e⟩). (C5.3)

The action of these coefficients in each subspace leads to the following
transformations of the field operators:

(â0, â1)
Ûg−→ (â0e

iϕg , â1e
iϕg), (C5.4)

(â0, â1)
Ûe−→ (−â1eiϕe ,−â0eiϕe), (C5.5)

this allows us to write a more general version of the QM operator, which can be
written as

Û ′
QM = π̂g ⊗ Ûg + π̂e ⊗ Ûe. (C5.6)
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Finally, the action of Û ′
QM on two incoming field modes prepared in arbitrary

states |ψ⟩ and |φ⟩ and on the atomic state is given by

Û ′
QM |g⟩ |ψ⟩ |φ⟩ = |g⟩ Û (g)

M |ψ⟩ |φ⟩ = |g⟩ e−iϕgn̂0 |ψ⟩ e−iϕgn̂1 |φ⟩

= (1⊗ e−iϕgn̂) |g⟩ |ψ⟩ |φ⟩
(C5.7)

Û ′
QM |e⟩ |ψ⟩ |φ⟩ = |e⟩ Û (e)

M |ψ⟩ |φ⟩ = |e⟩ e−iϕen̂0Π̂ |φ⟩ e−iϕen̂1Π̂ |ψ⟩

= (1⊗ e−iϕgn̂) |e⟩ e−i(ϕe−ϕg)n̂0Π̂ |φ⟩ e−i(ϕe−ϕg)n̂1Π̂ |ψ⟩
(C5.8)

From these two expressions, we observe that the phase ϕg appears only as a global
phase factor and is therefore physically irrelevant. Consequently, the physically
relevant phase shift appearing in Eq. (C1.13) can be identified as the phase
difference between the two internal states of the QM,

ϕ = ϕe − ϕg. (C5.9)
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Appendix D: Additional Research

D1 Publications

This appendix presents additional publications produced during or shortly before
my PhD studies that are not directly related to the main results of this thesis.

Shortly before beginning my doctoral studies, I had the pleasure to meet
Dr. Carla Hermann-Avigliano and my current advisor, Dr. Pablo Solano. Our
collaboration began with the study of the Dicke model and led to a protocol
for the deterministic generation of large-photon-number states from an initial
coherent state. The protocol does not require postselection and can reach photon
numbers of n ∼ 100 with optimal fidelities above 70% [37].

Similarly, at the beginning of my doctoral studies, I participated in the doctoral
research of my former colleague, now Dr. David Ruelas, at the PUCP. Our work
focused on the study of weak values beyond the regime of weak measurements.
We extended a previous proposal to optical and quantum-computing platforms,
demonstrating that weak values can be determined across a range of measurement
strengths and that, for the model considered, strong measurements do not always
outperform weak ones [135].



D1. Publications 93

During my PhD, I also collaborated with Master’s students Ignacio Salinas
and Gerd Hartmann, as well as with the laboratory’s recent acquisition, the
postdoctoral researcher Dr. Victor Gondret. Our work focused on developing
an experimentally accessible witness of nonclassicality for generalized coherent
states. We showed that the intensity–field correlation function alone can reveal
nonclassical behavior, providing a simple and low-complexity approach to detecting
quantum signatures in non-Gaussian states [136].
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We also explored an application of quantum mirrors in collaboration with
Dr. Aldo Delgado. In this work, we proposed the use of quantum mirrors as nodes
in quantum networks, where propagating coherent states mediate interactions
between distant control qubits. This architecture enables quantum teleportation,
quantum state transfer, and entanglement swapping, with both the success
probability and average fidelity approaching unity as the mean photon number
increases. We further showed that the teleportation protocol is robust against
several realistic sources of error, providing a promising platform for long-distance
quantum communication [103].
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