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Abstract

The goal of this work is to examine the coherence of classical light fields in order
to assess their usefulness for quantum-informational tasks and to draw conclusions
about the properties of the light source. To this end, we use and extend several optical
homodyne tomography techniques employing four-port, eight-port, and sixteen-port
detection schemes. To understand the role of coherence of a light field in solving a
quantum informational task such as coherent qubit control, we begin by analyzing
the qubit excitation process from a resource-theoretical perspective. By simulating
the light-matter interactions, we demonstrate how the quantum coherence of the
driving light field emerges as a key ingredient for coherent qubit control. At the same
time, we show how the presence of thermal noise or dephasing significantly degrades
the achievable quantum coherence of the light field. After studying the coherence
properties of conventional lasers, we turn to non-conventional coherent light sources
and investigate the emission of a non-resonantly excited exciton-polariton condensate.
By employing long-lived polaritons and minimizing interactions with the reservoir,
we optimize the condensation process and achieve a pronounced buildup of quantum
superpositions in the condensate immediately above the condensation threshold.
Finally, we shift our focus entirely to the matter system itself and use the coherence
of the emitted light field to investigate its dynamics. For this purpose, we introduce a
sixteen-port detection scheme that enables non-stationary and conditional analyses
tailored to the requirements of semiconductor spectroscopy. Benchmarking the
setup with a thermal light field, then demonstrate how we can resolve the stochastic
fluctuations of the thermal state on the femtosecond level. Overall, our results
establish connections between quantum optics, quantum information science, and
semiconductor physics, providing insights relevant for quantum technologies and
future hybrid quantum devices.
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Zusammenfassung

Das Ziel dieser Arbeit ist es, die Kohärenzeigenschaften klassischer Lichtfelder zu
untersuchen, um ihre Eignung für quanteninformationstechnische Aufgaben zu bew-
erten und Rückschlüsse auf die Eigenschaften der Lichtquelle zu ziehen. Zu diesem
Zweck nutzen und erweitern wir verschiedene Techniken der optischen homodynen
Tomographie unter Einsatz von Vierport-, Achtport- und Sechzehnportdetektor
Setups. Um zunächst die Rolle der Kohärenz eines Lichtfeldes bei der Lösung eines
quantuminformationstechnischen Problems wie der Manipulation von Qubits zu
verstehen, beginnen wir die Analysen, indem wir den Qubitanregungsprozess aus
einer quantenresourcentheoretischen Perspektive betrachten. Hierzu simulieren wir
die Licht-Materie-Wechselwirkungen und zeigen, dass die Quantenkohärenz des
treibenden Lichtfeldes die Schlüsselkomponente für die Preparation kohärenter Su-
perpositionszustände ist. Gleichzeitig zeigen wir, wie thermische Fluktuationen oder
Dephasierung die Quantenkohärenz des Lichtfeldes signifikant reduzieren. Nachdem
wir die Kohärenzeigenschaften zunächst an konventionellen Lasern studiert haben,
wechseln wir nun zu unkonventionellen kohärenten Lichtquellen und untersuchen
die Emission eines nichtresonant angeregten Exziton-Polariton-Kondensates. Indem
wir langlebige Polaritonen verwenden und zusätzlich die Wechselwirkungen mit
dem inkohärenten Reservoir minimieren, erreichen wir die Ausbildung kohärenter
Quantensuperpositionen innerhalb des Kondensats direkt oberhalb der Kondensation-
sschwelle. Zuletzt fokussieren wir uns vollständig auf die Lichtquelle und untersuchen
die Kohärenzeigenschaften des emittierten Lichtfeldes, um dessen Dynamiken zu bes-
timmen. Zu diesem Zweck führen wir einen Sechzehnportdetektor ein, welcher es uns
erlaubt, nichtstationäre und konditionale Analysen durchzuführen, angepasst an die
Anforderungen der Halbleiterspektroskopie. Anhand des Benchmarks mit einem ther-
mischen Lichtfeldes demonstrieren wir, dass wir die stochastischen Prozesse innerhalb
des Lichtfeldes mit Femtosekundengenauigkeit auflösen können. Zusammenfassend
verbinden unsere Ergebnisse Quantenoptik, Quanteninformationswissenschaften und
Halbleiterphysik und geben Einblicke, die relevant für Quantentechnologien und
zukünftige hybride Quantengeräte sind.
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1 Introduction

In recent years, advances in quantum optics and quantum information science have
led to remarkable progress in fields such as optical quantum computing, quantum
communication, and quantum metrology. Within the framework of quantum in-
formation theory, the resourcefulness of a light field for performing a specific task
can be quantified by an appropriately tailored quantum resource theory[1]. In most
established approaches, non-classical light fields are regarded as resourceful, whereas
classical light fields are considered not resourceful or free. In practice, however, this
separation is not always consistent. A wide range of applications, including qubit
manipulation[2, 3, 4] and quantum random number generation[5, 6], can also be
implemented using classical states. Since classical light fields can be typically more
easily, reliably, and cost-effectively generated, a tension arises between theoretical
frameworks and experimental practice.

To address part of this discrepancy, we begin this work by introducing a quantum
resource theory for lasers in which coherent states are considered resourceful while
thermal states are regarded as free. This theory is tailored to the requirements
of coherent qubit control and is based on the framework of quantum coherence.
Building on this foundation, we investigate which physical mechanisms degrade
quantum coherence and how quantum coherence influences the performance of
coherent qubit control. After establishing the resource theory used to describe laser
emission, we adapt it to evaluate the emission of other non-conventional sources
of partially coherent light. An ideal test platform for this approach is a system
of exciton-polaritons, hereafter referred to simply as polaritons[7]. These hybrid
light-matter quasiparticles can undergo a phase transition into a Bose-Einstein-
condensate-like state, accompanied by the formation of quantum superpositions.
The quality of the condensate depends on the relative fractions of condensed and
uncondensed polaritons as well as on interactions with incoherent particles in the
surrounding reservoir. In this work, we therefore aim to improve the coherence prop-
erties of the condensate by optimizing polariton thermalization while simultaneously
minimizing interactions with the incoherent reservoir. The coherence properties of
the condensate are analyzed through its optical emission, since polaritons decay by
emitting photons that inherit their quantum properties. In this way, the coherence
characteristics of the condensate are transferred to the emitted light field. This
property makes polariton condensates not only promising low-threshold sources of
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1 Introduction

coherent light fields, but also valuable test beds for the investigations of non-trivial
dynamics. To characterize the coherence properties of the emission - as well as
those of the other light fields studied throughout this work - we employ optical
homodyne tomography. By sampling the quadrature operator of the light field
using homodyne detection, this method provides us access to information about
the underlying quantum state of the optical field. Finally, we extend the coherence
analysis to applications in semiconductor spectroscopy. To this end, we expand the
previously used homodyne detection scheme and develop a detection architecture
that enables non-stationary and conditional analyses with temporal resolutions down
to 100 fs and a wide range of a posteriori applicable conditions. The capabilities
of this advanced detection scheme are then benchmarked on a thermal light field,
demonstrating how the incoherent field emerges from the incoherent superposition
of coherent pulses emitted by a large ensemble of emitters

The thesis is structured as follows: chapters 2 and 3 establish the theoretical
fundamentals of quantum optics and exciton-polaritons. Building upon these
concepts, chapter 4 introduces the principles of homodyne detection and optical
tomography. Subsequently, chapter 5 describes the experimental setup employed
to generate and investigate polariton condensates. The experimental results are
presented in chapters 6-8. In chapter 6, we develop a new quantum resource
theory for realistic laser light fields, based on the framework of quantum coherence.
Subsequently, quantum coherence is used to study the condensation process of a
polariton condensate in chapter 7. Extending the methodological scope of optical
homodyne tomography to the needs of semiconductor spectroscopy, chapter 8
modifies the experimental setup to enable non-stationary and conditional analyses.
The work is concluded with a brief summary and an outlook in chapter 9. Since
the result chapters are largely self-contained, chapters 6-8 each include dedicated
introductions and conclusions.
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2 Theoretical Foundations - Quantum Optics

The goal of this chapter is to set the theoretical foundations required to describe light
fields in quantum optics and to evaluate their coherence properties. The chapter is
divided into two major sections. The first section provides a concise introduction to
the quantum-optical description of light fields. We introduce different types of light
fields and consider their representations in terms of discrete density matrices and
continuous phase-space distributions. In the second section, we build upon these
definitions and discuss a range of coherence quantifiers. We will use these quantifiers
not only to distinguish between different types of light fields but also to assess their
usefulness for concrete quantum-optical tasks.

2.1 Light Field Description in Quantum Optics

2.1.1 A Light Field Is an Electromagnetic Wave

We begin our considerations on light fields with the classical picture of light as an
electromagnetic wave consisting of an electric field E⃗ and a magnetic field B⃗. The
dynamics of both fields are governed by the Maxwell equations. In the absence of
electric charges or currents, these equations yield the wave equation for the electric
field

∇2E⃗ =
1

c2
∂2E⃗

∂t2
, (2.1)

where c = (µ0ϵ0)
− 1

2 ≈ 299 792 458m s−1 denotes the speed of light, determined
by the vacuum permittivity ϵ0 and permeability µ0 [8]. The simplest non-trivial
solution of the wave equation is the monochromatic, linearly polarized plane wave,
corresponding to a single optical mode. Assuming propagation along the z-axis and
polarization along the x-axis, the electric field is given by

E⃗(z, t) = E0ei(kzz−ωt+ϕ0)e⃗x , (2.2)
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2 Theoretical Foundations - Quantum Optics

and depends on the electric-field amplitude E0, the angular frequency ω, the wave
vector component kz, and a constant but otherwise arbitrary phase offset ϕ0. The
magnetic field, polarized along the y-axis, follows analogously as

B⃗(z, t) = B0ei(kzz−ωt+ϕ0+
π
2
)e⃗y . (2.3)

In general, a real light field is a superposition of several modes E⃗i, such that the
total electric field is

E⃗(z, t) =
∑︂

i
E⃗i(z, t) =

∑︂
i
E⃗0,iei(kz,iz−ωit+ϕ0,i) (2.4)

2.1.2 A Light Field Is a Quantum Object

A fundamentally different description emerges when the light field is treated quantum
mechanically. In this picture, a light field is not regarded as a superposition
of electromagnetic waves but rather as a stream of photons - bosonic particles
with the energy h̄ω. A photon stream is mathematically described by a quantum
state, an abstract tensor, defined on an infinite-dimensional Hilbert space H. The
representation of a quantum state depends on the set of basis vectors {|Ψi⟩} spanning
H. Depending on its structure, a quantum state may be either pure or mixed.
Additionally, one must distinguish between single-mode and multi-mode quantum
states. In this context, we define a single-mode state as a state associated with a single
light-field mode that is characterized by a specific spatial-temporal distribution,
energy, polarization, and orbital angular momentum. Importantly, we do not
necessarily consider mixed states as multi-mode states. We begin with the description
of single-mode quantum states:

1. Pure States
A state is referred to as pure if it is represented by a single state vector. The
representation in a given basis {|Ψi⟩} is then a coherent superposition of basis
states

|Ψ⟩ =
∑︂

i
⟨Ψi|Ψ⟩|Ψi⟩ , (2.5)

using the identity operator Î =
∑︁

i|Ψi⟩⟨Ψi| and the scalar product of the
Hilbert space ⟨Ψi|Ψ⟩. In addition, we introduce the density operator of the
pure state, denoted by ρ̂P, which is defined by the dyadic product

ρ̂P = |Ψ⟩⟨Ψ| . (2.6)
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2.1 Light Field Description in Quantum Optics

2. Mixed States
If a state cannot be described by a single state vector, it is referred to as
mixed. This situation arises when the light field is described as a stochastic
ensemble of several pure states due to incomplete knowledge of the system. In
this case, the state must be represented by a mixed density operator of the
form

ρ̂M =
∑︂

i
Wiρ̂P,i =

∑︂
i
Wi|Ψi⟩⟨Ψi| , (2.7)

where each pure state |Ψi⟩ occurs with probability Wi.

Throughout this work, we primarily employ the description with density operators.
In the next step, we extend the description to two-mode quantum states, defined
on a Hilbert space HAB = HA ⊗ HB. The characterization of such two-mode
states depends on whether the modes are separable or entangled. If the modes are
separable, the joint density operator of the light field can be factorized as

ρ̂AB =
∑︂

i
pi

(︂
ρ̂A

i ⊗ ρ̂B
i

)︂
. (2.8)

If such a factorization is not possible, the modes are entangled. Finally, we consider
the calculation of expectation values. The expectation value of an observable Ô for
a given state ρ̂ is determined by the trace operation

⟨Ô⟩ = tr(Ôρ̂) . (2.9)

For multipartite systems, subsystems can be traced out using the partial trace [9,
p. 123-124]. As an example, the operation

trB(ρ̂
AB) =

∑︂
i
(ÎA ⊗ ⟨ΨB

i |)ρ̂AB(ÎA ⊗ |ΨB
i ⟩) = ρ̂A , (2.10)

traces out subsystem B out of a two-mode system, described by ρ̂AB, and yields the
reduced density operator of subsystem A.

2.1.3 The Photon Number Representation

Up to this point, we have treated quantum states as abstract mathematical objects
represented in a fixed but otherwise arbitrary basis. Our next objective is to find
a basis that is particularly well-suited for describing light fields. The first basis of
interest is the orthogonal Fock basis {|n⟩}, which consists of the eigenstates of the
photon number operator n̂ = â†â, where â and â† denote the bosonic annihilation
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2 Theoretical Foundations - Quantum Optics

and creation operators of a single mode. The Fock states can be constructed from
the vacuum state |0⟩ through repeated application of the bosonic creation operator

|n⟩ = (â†)n√
n!

|0⟩ . (2.11)

The representation of an arbitrary single-mode density operator in the Fock basis is
given by

ρ̂ =
∑︂
m,n

|m⟩⟨m|ρ̂|n⟩⟨n| =
∑︂
m,n

ρm,n|m⟩⟨n| , (2.12)

where the elements ρm,n = ⟨m|ρ̂|n⟩ form the density matrix ρρρ of the quantum
state in Fock representation, hereafter simply referred to as the density matrix. Its
main diagonal elements ρn,n correspond to the photon statistics P (n) = ρn,n of the
light field. In the special case of a Fock state, the density matrix contains a single
non-zero element. For example, the state |10⟩ yields a density matrix and photon
statistics as shown in panels (a) and (d) of figure 2.1. The density matrix is singular
with ρ10,10 = 1, and the photon statistics exhibit a single entry at n = 10. In the
following section, we employ the density-matrix formalism to discuss additional light
fields that are more readily accessible experimentally and play an important role
throughout this work.

2.1.4 Classical States of Light

The Coherent State

The first important light field is the coherent light, emitted, for example, by an ideal
laser. The motivation is to identify a light field whose quantum-mechanical descrip-
tion resembles the properties of a classical electromagnetic wave. Consequently, such
a state |α⟩ must be an eigenstate of the annihilation operator, since the properties
of a classical wave would remain unchanged under measurement [10, p. 523-524].
Assuming that such a state exists, we start with the general expansion

|α⟩ =
∞∑︂
n=0

cn|n⟩, cn ∈ C , (2.13)

and insert it into the eigenvalue equation

â|α⟩ = α|α⟩ . (2.14)
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2.1 Light Field Description in Quantum Optics

This yields the recurrence relation between consecutive coefficients
√
ncn = αcn−1 , (2.15)

which can be traced back to

cn =
αn

√
n!
c0 . (2.16)

After normalizing the state, one obtains the Fock representation

|α⟩ = e−
|α|2
2

∞∑︂
n=0

αn

√
n!
|n⟩ . (2.17)

From this representation, the photon statistics of the coherent state can be derived
as

Pn = |⟨α|n⟩|2 = e−|α|2 |α|2n

n!
. (2.18)

Thus, the photon statistics of a coherent state follow a Poisson distribution with
⟨n̂⟩ = |α|2. The density matrix and photon statistics of a coherent state with
mean photon number |α|2 = 10 are illustrated in figure 2.1 (b) and (e). Compared
to a Fock state, the photon statistics are broadened with Var(n) = |α|2, and the
density matrix exhibits significant off-diagonal elements. Coherent states form an
overcomplete basis [11, p. 301-302], whereby the scalar product between two coherent
states |α⟩ and |β⟩ is given by

⟨α|β⟩ = e−
1
2
(|α|2+|β|2)+α∗β . (2.19)

The Thermal State

A second important type of light field is the thermal light, emitted, for example,
by light bulbs, LEDs, or the sun. It is described by a thermal state with density
operator ρ̂th. In contrast to coherent light, thermal light cannot be interpreted as
radiation from a single emitter. Instead, it must be considered as the incoherent
superposition of many wave packets emitted by a large number of uncorrelated
emitters. Consequently, the density matrix of a thermal state is diagonal, since all
coherent superpositions vanish under ensemble averaging. The Fock representation
of a thermal state with mean photon number ⟨n̂⟩ = nth is given by [11, p. 52]

ρ̂th(nth) =
1

nth + 1

∞∑︂
n=0

(︃
nth

nth + 1

)︃n

|n⟩⟨n| . (2.20)

7



2 Theoretical Foundations - Quantum Optics

The corresponding photon statistics follow the Bose-Einstein distribution. The
density matrix and photon statistics of a thermal state are illustrated for the
example nth = 10 in figure 2.1, panels (c) and (f). In this case, the matrix is
diagonal, and the vacuum state has the most probable outcome while the outcome
probability of higher Fock states decreases gradually with increasing Fock-state
number. The Bose-Einstein distribution leads to a variance of Var(n̂) = ⟨n̂⟩2+⟨n̂⟩.

Figure 2.1: Density matrices and photon statistics for a Fock state ((a), (d)), a
coherent state ((b), (e)) and a thermal state ((c), (f)) of average photon number
⟨n̂⟩ = 10.

2.1.5 Light-Field Description in Phase Space

So far, we have described light fields exclusively in terms of density matrices using the
discrete Fock-basis representation. An alternative approach, better suited to describe
the field-like properties of light, is a description in phase space using continuous
variables. The following motivation is based on [12, p. 13]. We begin with the
classical picture of the electric field as a plane wave, as introduced in equation (2.2).
Although the electric field is generally dependent on several parameters, many of
these parameters remain fixed in a typical experiment. As an example, we consider
the detection of a light field propagating along the z-axis on a detector. In a typical
experimental configuration, the detector position z0 is fixed. Furthermore, one is
usually not interested in the entire signal but rather in a specific mode characterized

8



2.1 Light Field Description in Quantum Optics

by a fixed frequency ω0, a fixed wave-vector component kz,0, and a fixed polarization
vector E⃗0. Under these conditions, the spatial term kzz becomes constant and can
be absorbed into the phase ϕ = kz,0z0 + ϕ0. Considering the electric field within
the plane of polarization, the field reduces to a harmonic oscillation in time,

E(z0, t) = E0eiϕe−iω0t = Ee−iω0t , (2.21)

where the spatial properties are embedded into the complex amplitude E . The
real and imaginary parts of E can be mapped onto the position and momentum
coordinates q and p, such that the complex amplitude corresponds to a point in
phase space, determined by the field amplitude E0 and the phase ϕ:

q = Re[E ] = E0 cos(ϕ)
p = Im[E ] = E0 sin(ϕ) .

(2.22)

In the next step, the light field is quantized by promoting the variables q and p
to the position and momentum operators q̂ and p̂. These operators are related to
the bosonic annihilation and creation operators, as the quantized light field can be
mapped onto the harmonic oscillator problem; see, for example, [11, p. 256-272].
Using the commutator relation convention [q̂, p̂] = i and adopting the convention
h̄ = 1, one obtains

q̂ =
1√
2
(â+ â†)

p̂ =
1√
2i
(â− â†) .

(2.23)

An equivalent way to span the phase space is to use the complex eigenvalues of
the annihilation operator. Since â is related to q̂ and p̂ via â = 1√

2
(q̂ + ip̂), the

corresponding relation between the phase space variables is given by

α =
1√
2
(q + ip) . (2.24)

This equivalence allows one to switch between phase-space variables depending
on the application. In practice, the (q, p)-space representation is commonly used
in experiments, whereas the α-space representation is often more convenient for
definitions and theoretical calculations. The position and momentum operators can
further be generalized to the quadrature operator ϵ̂ϕ [11, p. 293], defined as

ϵ̂ϕ = cos(ϕ)q̂ + sin(ϕ)p̂ =
1√
2
(âe−iϕ + â†eiϕ) , (2.25)

9



2 Theoretical Foundations - Quantum Optics

where the relative contributions of q̂ and p̂ are determined by the phase ϕ. The
generalized operator satisfies the same commutator relation as [q̂, p̂] as one finds

[ϵ̂ϕ, ϵ̂ϕ+π
2
] = [(cos(ϕ)q̂ + sin(ϕ)p̂) (− sin(ϕ)q̂ + cos(ϕ)p̂)]−

[(− sin(ϕ)q̂ + cos(ϕ)p̂) (cos(ϕ)q̂ + sin(ϕ)p̂)]
=

(︁
sin(ϕ)2 + cos(ϕ)2

)︁ (︁
q̂p̂− p̂q̂

)︁
= [q̂, p̂] .

(2.26)

2.1.6 Light-Field Description via Phase-Space Quasi-Probability
Distributions

The phase space spanned by α can be used to define a family of phase-space
distributions, quasi-probability distributions, which contain the complete information
about the quantum state. We begin with the representation of an arbitrary state
described by the density operator ρ̂ in the basis of coherent states

ρ̂ =
1

π2

∫︂
d2α

∫︂
d2β |α⟩⟨α|ρ̂|β⟩⟨β| =

∫︂
d2α

∫︂
d2β F (α, β)|α⟩⟨β| , (2.27)

by inserting the identity operator in the coherent basis Î = 1
π

∫︁
d2α |α⟩⟨α|. The

continuous function F (α, β) = 1
π2 ⟨α|ρ̂|β⟩ then defines a quasi-probability distribu-

tion.

The Glauber-Sudarshan P Distribution

In contrast to the density matrix, F (α, β) is not uniquely defined because the set of
coherent states forms an overcomplete basis. Consequently, every quantum state
has a specific distribution P (α), which diagonalizes the representation

ρ̂ =

∫︂
d2αP (α)|α⟩⟨α| . (2.28)

This distribution is the Glauber-Sudarshan P distribution, hereafter simply referred
to as the P distribution. It was independently introduced by R.J. Glauber and
E.C.G. Sudarshan [13][14]. While the properties of the P distribution are powerful,
different drawbacks often complicate its efficient use. From a theoretical perspective,
its implicit definition often hardens the calculation of analytical expressions. From
an experimental perspective, the occurrence of higher-order singularities hinders nu-
merical treatment. For this reason, one usually prefers other, smoother distributions
that are related to the P distribution via convolution.

10



2.1 Light Field Description in Quantum Optics

Although there is, in principle, an infinite number of information-wise equivalent
phase-space distributions, in practice, mainly two additional distributions are par-
ticularly relevant due to their properties.

The Husimi-Kano Q Distribution

The first of these distributions is the Husimi-Kano Q distribution, hereafter referred
to as Husimi-Q or simply Q distribution. It was originally introduced by K. Husimi
and later rediscovered by Y. Kano [15][16]. The Q distribution Q(α) is defined as

Q(α) =
1

π
⟨α|ρ̂|α⟩ , (2.29)

and corresponds to the probability of finding the quantum state ρ̂ in the coherent
state |α⟩. Using equations (2.28) and (2.19), one obtains

Q(α) =
1

π
⟨α|ρ̂|α⟩ = 1

π

∫︂
d2β P (β)|⟨α|β⟩|2 = 1

π

∫︂
d2β P (β)e−|α−β|2 , (2.30)

which shows that the Q distribution is related to the P distribution through
convolution with a Gaussian kernel of width 1√

2
. This convolution produces a

smooth phase-space distribution that remains positive over the entire complex
plane.

The Wigner W Distribution

The final important phase-space distribution is the Wigner W distribution. Histor-
ically, it was first introduced by E. Wigner as the Weyl transform of the density
operator

W (q, p) =
1

2π

∫︂ ∞

−∞
dζ e−ipζ

⟨︃
q +

1

2
ζ

⃓⃓⃓⃓
ρ̂

⃓⃓⃓⃓
q − 1

2
ζ

⟩︃
, (2.31)

in order to describe a quantum-mechanical system in a manner analogous to a
classical statistical mechanical system characterized by a probability distribution
in phase space [17]. The Weyl transformation consists of two steps. First, one
evaluates the probability amplitude for the system to perform a quantum step from
the position eigenstate

⃓⃓⃓
q − ζ

2

⟩︂
to the position eigenstate

⃓⃓⃓
q + ζ

2

⟩︂
. Second, a Fourier

transform is applied to convert the stepsize ζ into the associated momentum p.

11



2 Theoretical Foundations - Quantum Optics

Similar to the Q distribution, the W distribution is related to the P distribution
through convolution with a Gaussian kernel [18, p. 54]. One obtains

W (α) =
2

π

∫︂
d2β P (β)e−2|α−β|2 , (2.32)

which corresponds to a kernel width of 1
2 . Consequently, the W distribution is

less strongly smoothed than the Q distribution. Due to this reduced smoothing,
the W distribution can become locally negative. Such negativities are commonly
interpreted as an indicator of the non-classicality of a light field. The converse,
however, is not necessarily true, since certain non-classical states - such as squeezed
states - possess a positive W distribution.

The P , W , and Q distributions of an exemplarily coherent state |α0⟩ = |2 + i⟩ are
shown in figure 2.2.

Figure 2.2: Phase-space distributions P (α), W (α), and Q(α) of the coherent
state |α⟩ = |2 + i⟩

12



2.1 Light Field Description in Quantum Optics

2.1.7 The Displacement Operator

Based on the phase-space representation of quantum states, one can introduce the
displacement operator D̂(α), which displaces a quantum state in phase space by the
complex value α [10, p. 525-526]. The operator is defined as

D̂(α) = exp
(︂
αâ† − α∗â

)︂
. (2.33)

A special case arises when the displacement operator is applied to the vacuum state.
In this situation, the resulting state is a coherent state,

|α⟩ = D̂(α)|0⟩ . (2.34)

Thus, a coherent state corresponds to a vacuum state, displaced in phase space.

2.1.8 The Displaced Thermal State

The displacement operator can also be used to generalize coherent and thermal states
to a displaced thermal state ρ̂DT(|α|2, nth) [19, p.131], which contains both coherent
and thermal contributions. This state is obtained by applying the displacement
operator to a thermal state

ρ̂DT(|α|2, nth) = D̂(α)ρ̂th(nth)D̂
†(α) . (2.35)

The average photon number of the displaced thermal state is given by the sum of the
coherent and thermal photon numbers ⟨n̂⟩ = nDT = |α2|+ nth, while the variance
is given by Var(n̂) = |α|2 + n2

th + (2|α|2 + 1)nth [20]. Displaced thermal states form
a class of Gaussian states that are characterized by a positive centrosymmetric
Gaussian distribution in phase-space. In this situation, a change from the P
distribution to the W or the Q distribution affects only the distribution’s width, not
its general shape. The coherent state and the thermal state arise as special cases of
the displaced thermal state model as a coherent state corresponds to ρ̂Coh(|α|2) =
ρ̂DT(|α|2, 0), while a thermal state is obtained by ρ̂th(nth) = ρ̂DT(0, nth).

2.1.9 Calculation of Expectation Values from a Phase-Space Distribution

Finally, we consider the calculation of expectation values from a phase-space distri-
bution. The underlying idea stems from the desire to determine the expectation
value of an observable, analogous to the procedure used in classical statistical me-
chanics. In classical statistical mechanics, a single-particle system is described by

13



2 Theoretical Foundations - Quantum Optics

a probability distribution P (cl)(q, p) in phase space, spanned by the generalized
position and momentum variables q and p. The expectation value of a classical
observable O(cl)(q, p) is then given by

⟨O(q, p)⟩ =
∫︂ ∞

−∞
dq

∫︂ ∞

−∞
dpO(cl)(q, p)P (cl)(q, p) , (2.36)

which corresponds to the weighted average of the observable, with P cl(q, p) acting as
the weight function. In classical physics, this relation is unambiguous. In quantum
mechanics, however, it is not, as a potential classical analog to Ô would depend
on the operator ordering of Ô. This ambiguity can be resolved using the optical
equivalence theorem [14][21][22][23]. Let Ô(â, â†) be an operator expressed in terms
of the bosonic annihilation and creation operators with a finite normal-ordered finite
expansion

Ô(â, â†) =
∑︂
i,j

ci,jâ
†iâj . (2.37)

One can then define the function O(n)(α) associated with this operator,

O(n)(α) =
∑︂
i,j

ci,jα
∗iαj , (2.38)

which allows calculating the expectation value of Ô via

⟨Ô⟩ =
∫︂

d2αO(n)(α)P (α) . (2.39)

This formalism can be generalized to normal, symmetric, and antinormal operator
ordering. In this case, one obtains

⟨Ô⟩ =
∫︂

d2αO(Ω)(α)F (Ω̄)(α) , (2.40)

where O(Ω)(α) denotes the function corresponding to the Ω-ordered observable
and F (Ω̄)(α) represents the phase-space distribution associated with the oppositely-
ordered density operator. Within this framework, the P distribution is associated
with the antinormally-ordered density operator ρ̂(a), the Wigner distribution with
the symmetrically-ordered density operator ρ̂(s), and the Husimi-Q distribution with
the normally-ordered density operator ρ̂(n).
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2.2 Quantifying the Coherence of a Light Field

2.2 Quantifying the Coherence of a Light Field

In the previous section, we introduced the general quantum-optical description of
light fields. However, in order to classify an unknown light field in an experiment or
to assess its suitability for a quantum-optical task, it is necessary to characterize
the light field through measurable physical properties. One of the most important
properties is the coherence of the light field. As will become apparent, coherence
cannot be quantified unambiguously by a single quantifier; rather, the appropriate
quantifier depends on the specific application. For this reason, we briefly introduce
several coherence measures in the following.

2.2.1 Correlation Functions

The most widely used family of coherence quantifiers consists of the correlation
functions g(n)(r⃗, r⃗′, t, t′). A correlation function measures the correlations between
the light field at two points in space and time (r⃗, t) and (r⃗′, t′), normalized to
the case of completely uncorrelated fields. The type of coherence probed depends
on the order of the correlation function. Throughout this work, we will focus on
temporal correlations of the form g(n)(t, t′ = t+ τ), where τ denotes the time delay
between the two points. Further, we distinguish between general and stationary
light fields. In the general case, the correlations depend on both t and τ , whereas in
the stationary case the coherence properties become independent of the absolute
time, and the correlation functions reduce to the form g(n)(τ).

The First-Order Correlation Function

The lowest-order correlation function is the first-order correlation function g(1)(t, τ)
[24, p. 16-19], defined in terms of the complex electric field E(t) as

g(1)(t, τ) =
⟨E∗(t)E(t+ τ⟩)√︁

⟨E∗(t)E(t)⟩⟨E∗(t+ τ)E(t+ τ)⟩
. (2.41)

The first-order correlation function quantifies how well the phase of the field at
time t+ τ can be predicted from the phase at time t. Its magnitude takes values
in the interval [−1, 1], where |g(1)(t, τ)| = 1 indicates perfect coherence and 0
corresponds to a completely incoherent phase relation. By definition, one always
has |g(1)(t, 0)| = 1, independent of the specific light field. For a single-mode light
field, the phase coherence persists for increasing τ . In contrast, for multi-mode light
fields, the coherence decreases with increasing time delay. This behavior arises from
the finite spectral width of the light field, which leads to a gradual broadening of the
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2 Theoretical Foundations - Quantum Optics

phase distribution over time. As a consequence, |g(1)(t, τ)| approaches zero when the
time delay becomes large compared to the first-order coherence time. For stationary
light fields, power spectrum S(ω) and autocorrelation function ⟨E∗(t)E(t+ τ)⟩ are
related through the Wiener-Khinchin theorem [10, p. 56-59]

⟨E∗(t)E(t+ τ)⟩ =
∫︂ ∞

−∞
dω S(ω)e−iωτ . (2.42)

Importantly, this relation implies that g(1) characterizes the properties of the light
field itself but does not necessarily allow direct conclusions about the emitting
light source. For instance, the coherence time of a light field can be artificially
increased by narrowing its spectral bandwidth with a spectral filter. In order to
distinguish between different types of light sources, it is therefore necessary to
consider higher-order correlation functions.

The Second-Order Correlation Function

The lowest-order correlation function that allows one to distinguish between different
light sources is the second-order correlation function g(2)(t, τ). It corresponds to
the conditional probability of detecting a photon at time t+ τ , given that a photon
has been detected at time t, normalized to the case of uncorrelated detection events.
This measurement scheme is associated with the Hanbury Brown-Twiss experiment
[25]. For a single-mode light field, g(2)(t, τ) is defined as [24, p. 161]

g(2) (t, τ) =
⟨â†(t)â†(t+ τ)â(t+ τ)â(t)⟩
⟨â†(t)â(t)⟩⟨â†(t+ τ)â(t+ τ)⟩

. (2.43)

Similar to g(1), g(2) typically exhibits an extremum at τ = 0, corresponding to the
detection of photon pairs, and approaches unity for increasing τ as the correlations
between the detection events vanish. In the remainder of this section, we focus on
the detection of photon pairs. Using the bosonic commutation relation g(2)(t, 0)
simplifies to

g(2) (t, 0) =
⟨n̂(t) (n̂(t)− 1)⟩

⟨n̂(t)⟩2
, (2.44)

which depends solely on the photon number operator. In the next step, we express the
expectation values in terms of ensemble averages. Each sampled photon number ni
can be written as a deviation ∆ni from the ensemble average such that ni = ⟨n̂⟩+∆ni.
Using this substitution, all terms linear in ∆n vanish in the ensemble average, yielding
the final expression

g(2)(t, 0) = 1− 1

⟨n̂(t)⟩
+

Var(n̂(t))
⟨n̂(t)⟩2

, (2.45)
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which depends only on the average photon number ⟨n̂(t)⟩ and the variance of the
photon statistics Var(n̂(t)) = ⟨(∆n(t))2⟩. Since this expression is central to the
subsequent chapters, we briefly discuss the physical interpretation of the three
contributing terms. The first term corresponds to the standard value expected for
uncorrelated detection events. The second term decreases g(2)(0). It arises from
the removal of a photon during the first photon-detection event, which reduces
the probability of detecting a second photon immediately afterward. Light fields
dominated by this term are referred to as antibunched, since their photon streams
consist primarily of temporally separated single photons. The third term increases
g(2)(0) and arises from two considerations: First, the probability of detecting the
first photon increases with the instantaneous photon number. Considering a light
field of fluctuating photon number, this implies that time intervals with higher
photon number contribute more strongly to g(2)(0) than time intervals with lower
photon number. Second, a high instantaneous photon number also increases the
probability of detecting a second photon, since the photon number after the first
detection is typically still above the average value. As a result, photon-number
fluctuations increase g(2)(0). Light fields dominated by the third term are referred
to as bunched, as the photons tend to appear in temporal clusters.

The three terms allow the evaluation of g(2)(0) for the light fields introduced in
the previous section. For a Fock state, the variance of the photon statistics is zero,
resulting in g(2)(0) = 1− 1

⟨n̂⟩ . This value becomes zero for an ideal single-photon
source and converges to unity with increasing ⟨n̂⟩. The general limitation g(2)(0) < 1
underscores the non-classical character of Fock states. For a coherent state, the
variance is given by Var(n̂) = ⟨n̂⟩. This leads to g(2)(0) = 1, since the second and
third terms cancel each other. The result reflects the interpretation of coherent
states as the quantum-mechanical analog of classical electromagnetic waves. For a
thermal state, the photon-number variance is given by Var(n̂) = ⟨n̂⟩2 + ⟨n̂⟩, which
results in g(2)(0) = 2. It reflects that the thermal light field is driven by photon-
number fluctuations. Finally, we consider the displaced thermal state, which has
a photon-number variance of Var(n̂) = |α|2 + n2

th + (2|α|2 + 1)nth [20]. Using this
variance, we obtain

g
(2)
DT(0)(|α|

2, nth) = 2−
(︃

|α|2

|α|2 + nth

)︃2

= 2−
(︃

R

R+ 1

)︃2

, (2.46)

where R = |α|2
nth

denotes the relation between the coherent and thermal photon
number. Dependent on R, g(2)(0) lies in the interval [1, 2].
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2.2.2 Coherence Quantifier Based on the Density Matrix

In the previous section, we introduced the second-order correlation function, which
is suitable for distinguishing different types of light sources. This characterization,
however, relies solely on the photon statistics of the light field and therefore neglects
the information contained in the off-diagonal elements of the density matrix. To
address this limitation, we introduce a second set of quantifiers based on the complete
density matrix. These quantifiers provide access to the coherence properties of the
quantum state beyond its photon statistics.

The Purity

The first quantifier is the purity P [9, p. 107], defined by

P(ρ̂) = tr(ρ̂2) , (2.47)

which measures the degree of purity of a quantum state. The purity of a pure state
equals one, while it decreases for mixed states. In the case of systems defined on
finite-dimensional Hilbert spaces, there exists a well-defined maximally mixed state
of minimal purity d−1, where d denotes the dimension of H. However, such a state
does not exist in the case of light fields that are defined on infinite-dimensional
Hilbert spaces. A second purity of particular interest is the purity of the state’s
closest incoherent counterpart P(ρ̂Inc), hereafter denoted by PInc(ρ̂). The closest
incoherent counterpart ρ̂Inc shares the same main diagonal matrix elements as ρ̂ but
lacks the off-diagonal matrix elements. Consequently, the relation between the two
states depends on the chosen basis. In Fock representation PInc(ρ̂) can be calculated
from the density matrix of ρ̂ via

P(ρ̂Inc) = PInc(ρ̂) = tr(ρρρ⊙ ρρρ) , (2.48)

where ρρρ denotes the density matrix of ρ̂ and ⊙ represents the Hadamard product.

The Mixedness

Complementary to the purity, we define the linear entropy or mixedness

M(ρ̂) = 1− P(ρ̂) , (2.49)

which quantifies the degree of mixing in the state.
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The Quantum Coherence

Finally, we define the quantum coherence C as the distance between the quantum
state ρ̂ and its closest incoherent counterpart ρ̂Inc. Using the squared Hilbert-Schmidt
norm ∥·∥2HS as a measure [26], one obtains

C(ρ̂) = ∥ρ̂− ρ̂Inc∥2HS =
∑︂

m,n∈N,m̸=n

|ρm,n|2 = P(ρ̂)− PInc(ρ̂) , (2.50)

In terms of density matrices, this definition corresponds to the sum of the squared
magnitudes of all off-diagonal matrix elements. Equivalently, it can be expressed
as the difference between the purities of the full state ρ̂ and its closest incoherent
counterpart ρ̂Inc. Quantum coherence therefore quantifies the amount of quantum
superpositions present in a state, which renders it complementary to g(2). In
particular, it can be used to assess the usefulness of a quantum state for a specific
quantum-optical task, as we will discuss in chapter 6. The definition of C, however,
comes with certain limitations: First, quantum coherence depends on the chosen
basis, since the difference between ρ̂ and ρ̂Inc is basis dependent. Consequently,
a common reference basis must be specified. Second, the definition of quantum
coherence, used by us, is not universally applicable to all quantum states, as the
monotonicity of C may be violated for certain classes of states or by certain operations
[26][27]. Nevertheless, it remains valid for the classical Gaussian states considered
throughout this work.

Together, the three quantifiers C, M and PInc satisfy the relation

C(ρ̂) +M(ρ̂) + PInc(ρ̂) = 1 . (2.51)
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3 Theoretical Foundations - Exciton-Polaritons in
a Microcavity

A second fundamental aspect of quantum optics concerns the study of interactions
between light fields and matter. In the regime of strong coupling, the interaction of
a photon with an exciton leads to the formation of an exciton-polariton, a bosonic
light-matter quasiparticle that exhibits properties of both constituents. In this
work, we focus exclusively on exciton-polaritons in a planar microcavity, whose
theoretical foundations are discussed in this chapter. We begin with the concept of
quantum well excitons, introduced in section 3.1. Subsequently, we consider planar
microcavities, described in section 3.2, which are employed to enhance the light-
matter interaction. Attaining the strong-coupling regime leads to the formation of
exciton-polaritons, discussed in section 3.3. In section 3.4, we extend the discussion
to the condensation process of a non-resonantly excited polariton population into a
Bose-Einstein condensate-like state. Finally, in section 3.5, we address strategies
for optimizing both the condensation efficiency and the coherence properties of the
condensate through tailored excitation geometries.

3.1 Excitons in a Semiconductor

Semiconductors are materials whose electrical conductivity lies between that of
isolators and metals. The ability to control their conductivity by external fields
makes them a cornerstone of modern technology. While the dispersion relation
of a semiconductor E(k⃗) is complex in general, it can often be approximated by
parabolic bands in the proximity of the Γ-point [28, p. 90-92]. For the case of
GaAs, which is used throughout this work, the conduction band is s-like, whereas
the valence band is p-like and split into the light-hole (LH), heavy-hole (HH), and
the energetically lower split-off (SO) bands. The corresponding band structure is
depicted schematically in figure 3.1. Based on the dispersion relation, the effective
electron mass m∗

e is defined as

m∗
e = h̄2

(︃
d2E(k)

dk2

)︃−1

, (3.1)
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Figure 3.1: Schematic of the GaAs bandstructure in parabolical approximation
near the Γ-point. The band structure consists of the p-like valence band (VB),
split into the heavy-hole band (HH), light-hole band(LH), and split-off band (SO),
and the s-like conduction band (CB). Valence bands and conduction band are
separated by the band gap of energy Eg. The Fermi level with the energy EF lies
within the band gap. Adapted from [28, p. 92]

which enables a description of crystal electrons analog to that of free electrons. When
a photon excites an electron from the valence to the conduction band, the electron
leaves behind a positively charged quasiparticle, referred to as hole, with charge +e
and effective mass m∗

h = −m∗
e . Due to their opposite charges, an electron and a hole

with sufficiently low kinetic energy can bind via Coulomb interaction, forming a new
quasi-particle, referred to as an exciton. Depending on the exciton binding energy
Ex,B, one distinguishes between weakly bound Wannier-Mott-excitons, typically
found in inorganic semiconductors, with binding energies of the order of several
meV, and strongly bound Frenkel excitons, usually found in organic semiconductors,
with typical binding energies of several hundred meV [28, p. 123-126]. Due to their
low binding energy, Wannier-Mott excitons can be delocalized over many lattice
constants, while Frenkel excitons usually localize at individual lattice sites. In this
work, we focus exclusively on Wannier-Mott excitons. In a bulk semiconductor,
the wave functions of a Wannier-Mott exciton can be derived analogously to the
hydrogen problem. This yields the exciton binding energies

En
x,B = − µx

m0ϵ2r

RH
n2

, (3.2)

connected to excitons with the radii

rnx =
me
µx

ϵraBn
2 , (3.3)

where n denotes the principal exciton quantum number, µx =
m∗

em
∗
h

m∗
e+m∗

h
is the reduced

effective mass, me is the free electron mass, RH is the Rydberg energy, and aB is
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the atomic Bohr radius. Further, the dielectric screening constant ϵr accounts for
screening of the Coulomb interaction by the surrounding lattice atoms. Including
the band gap energy Eg and the kinetic energy in the center-of-mass system, the
exciton dispersion relation can be written as

En
x (K⃗) = Eg − En

x,B +
h̄2|K⃗|2

2Mx
, (3.4)

where K⃗ denotes the center-of-mass wave vector and Mx = m∗
e+m∗

h is the total mass.
In the next step, we consider excitons confined in a planar two-dimensional quantum
well. The confinement leads to the quantization of the out-of-plane wave vector
component k⊥, while the in-plane component k∥ remains continuous. Additionally,
the exciton wave function is compressed by the potential barriers [29, p. 139-140]. For
narrow quantum wells with thickness d ≪ rnx , this confinement modifies the binding
energies and the Bohr radii according to En

x,B2D
= 4En

x,B3D
and aB2D = 1

2aB3D . For
the case d < rnx or for finite barrier potentials, the binding energy initially increases
with decreasing well width due to the compression of the wave function. However,
as the wave function begins to tunnel into the barrier, the effective width of the
wave function increases, and the binding energy again decreases.

3.2 Planar Microcavities

Figure 3.2: Discrete transmission spectrum of the longitudinal modes inside a
microcavity (a) and the reflection spectrum of a planar microcavity consisting of
two DBR mirrors. The overall reflectivity in (b) displays the structure of a single
DBR mirror, while the reflectivity dip at 841nm corresponds to the resonant cavity
mode. Adapted from [29, p. 10].

After introducing quantum well excitons in the previous section, we now consider
their coupling to a light field. The interaction between a light field and semiconductor
excitons without further amplification is, however, relatively weak. To enhance both
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the interaction time and the interaction strength between excitons and photons, we
embed the quantum well in a microcavity. The simplest cavity type is the planar
Fabry-Perot resonator, consisting of two plane-parallel mirrors of equal reflectivity
R, separated by a distance Lc. This spatial confinement discretizes the frequency
spectrum of the allowed resonator modes, as exemplarily illustrated in figure 3.2 (a).
The properties of a resonator mode of frequency ωc are commonly characterized via
two key quantities [29, p. 2-3]. The first is the quality factor, or Q-factor, defined
as

Q =
ωc
δωc

, (3.5)

where δωc denotes the linewidth of the resonator mode. For a λ/2 microcavity, the
Q-factor can be interpreted as the average number of cavity round-trips a photon
performs inside the cavity before it escapes the cavity through one of the mirrors.
The corresponding photon lifetime is given by τc = Q

ωc
. The second important

quantity is the finesse F , defined as

F =
∆ωc
δωc

=
π
√
R

1−R
, (3.6)

where ∆ωc is the free spectral range. When the finesse is primarily limited by mirror
losses, it can be used to estimate the enhancement of the electric field inside the
cavity relative to the field outside:

ICav
IOut

≃ F

π
√
R
. (3.7)

Both the Q-factor and the finesse rely on high-quality mirrors with very high
reflectivity (R ≈ 1). A suitable mirror design for achieving such high reflectivities
is the distributed Bragg reflector (DBR) [29, p. 54-58]. A DBR structure consists
of a periodic stack of two alternating dielectric layers with low and high refractive
indices nL and nH. At each interface, the incident light is partially transmitted and
partially reflected. When optimized for a central wavelength λ̄, the layer thicknesses
satisfy the condition

nL · dL = nH · dH =
(2j − 1)λ̄

4
, j ∈ N . (3.8)

The condition ensures the high reflectivity of the mirrors, as the relative phases
between the partial beams are modified in a manner such that the transmitted partial
beams interfere destructively while the reflected partial beams interfere constructively.
As a result, the system behaves as a one-dimensional photonic crystal exhibiting a
stop band with reflectivity R ≈ 1 around λ̄. Outside this stop band, the reflectivity
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decreases under oscillations, with the reflectivity minima commonly referred to
as Bragg minima. Using DBR mirrors, the cavity eigenfrequencies ωc satisfy the
resonance condition

LDBR
ncc

(ωc − ω̄) + k⊥Lc = jπ, j ∈ N , (3.9)

where LDBR = nLnHλ̄
2(nH−nL)

denotes the effective length of the Bragg mirror, nc is the
refractive index of the cavity layer, and k⊥ = nc2π

λc
is the out of plane component of

the wave vector [29, p. 61]. The eigenfrequencies are accompanied by a narrow dip
in the reflection spectrum of the cavity reaching almost R = 0, as the transmitted
light fields interfere constructively. An example of a complete cavity spectrum is
depicted in figure 3.2 (b). The main difference between a macroscopic cavity and
a microcavity lies in the spacing Lc. A macroscopic cavity has a large spacing of
Lc ≫ λ̄, leading to a dense frequency distribution of resonator modes. In contrast,
microcavities feature very small cavity lengths and therefore exhibit a large free
spectral range, such that typically only a single cavity mode overlaps with the stop
band of the Bragg mirrors.

According to [7], the dispersion relation of a cavity photon is given by

E(k⃗) =
h̄c

nc

√︂
k2⊥ + k2∥ . (3.10)

Near k∥ = 0, this relation can be approximated by a parabolic dispersion

E(k⃗) = E(k∥ = 0) +
h̄2k2∥

2m∗
c

, (3.11)

which introduces the effective cavity photon mass

m∗
c =

(︂nc
c

)︂2
E(k∥ = 0) . (3.12)

The effective cavity photon mass is typically on the order of 10× 10−5me.
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3.3 Exciton-Polaritons in a Microcavity

In the next step, we place GaAs quantum wells at the anti-nodes of the cavity mode
and consider the coupled system. The following description is based on [7] and [30,
p. 50-61]. The Hamiltonian of the coupled system is given by

Ĥ =
∑︂

k∥∈1. B.Z
Ec(k⊥, k∥)â

†
k∥
âk∥ + Exb̂

†
k∥
b̂k∥ + h̄g(â†k∥ b̂k∥ + b̂†k∥ âk∥) , (3.13)

where (â, â†) and (b̂, b̂†) denote the bosonic annihilation and creation operators of the
cavity photon and the exciton, respectively, and h̄g is the Rabi energy. Furthermore,
we assume that the exciton density remains below the Mott density, allowing us to
treat excitons as bosons. The first two terms describe the energy contributions of
cavity photon and exciton, while the third term represents the coupling between
both, determined by the Rabi energy. The Rabi energy is proportional to the
transition matrix element between the excitonic and the photonic state. In dipole-
approximation, the matrix element is determined by ⟨Xk∥ |d⃗xE⃗c|Ck∥⟩, where d⃗x is the
exciton dipole moment and E⃗c is the electric field vector of the cavity field. Further,
mainly ground state excitons couple to the light field as the exciton oscillator
strength decreases with n−3 [31, p. 276]. In general, coupling is restricted to modes
of identical wave vector. However, as the spatial confinement inside the quantum well
breaks the translational symmetry along the out-of-plane axis, this condition reduces
to equal k∥. Consequently, the Hamiltonian decomposes into a set of independent
Hamiltonians Hk∥ , each corresponding to a fixed k∥. These Hamiltonians can be
diagonalized individually by introducing a set of new operators

l̂k∥ = X(k∥)b̂k∥ + C(k∥)âk∥

ûk∥ = −C(k∥)b̂k∥ +X(k∥)âk∥
(3.14)

which translates the Hamiltonians into

Ĥk∥ = ELP(k∥)l̂
†
k∥
l̂k∥ + EUP(k∥)û

†
k∥
ûk∥ . (3.15)

The new operators l̂k∥ and ûk∥ correspond to the annihilation operators of the new
eigenmodes of the coupled system, namely the exciton polaritons of the lower and
upper branches. The excitonic and photonic contributions to the polaritons of the
lower polariton branch are determined by the Hopfield coefficients X and C, whereas
the connection is inverted for the polaritons of the upper polariton branch. The
Hopfield coefficients satisfy the normalization condition |X|2 + |C|2 = 1 and follow
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from the relations [32]

|C(k∥)|2, |X(k∥)|2 =
1

2

⎛⎝1∓
∆c-x(k∥)√︂

(2h̄g)2 +
(︁
∆c-x(k∥)

)︁2
⎞⎠ , (3.16)

where ∆c-x(k∥) = Ec(k∥)− Ex(k∥) denotes the energy detuning between the cavity
resonance energy and the exciton energy. The corresponding polariton dispersions
of the lower and upper branches ELP(k∥) and EUP(k∥) are given by

ELP,UP =
1

2

(︃
Ec(k∥) + Ex(k∥)∓

√︂
(2h̄g)2 +

(︁
∆c-x(k∥)

)︁2)︃ . (3.17)

Based on equation (3.16), we note two important aspects: First |X|2 becomes
minimal at k∥ = 0 and increases as ∆c-x(k∥) increases with increasing |k∥|. Second,
the minimum becomes more pronounced with decreasing ∆c-x(0). An illustration
of this relation based on three exemplary initial detunings of ∆c-x(0) = −10meV,
0meV, and 10meV is depicted in the top row of figure 3.3. Considering the effect of

Figure 3.3: Hopfield coefficients and polariton dispersion relations for the three
initial detunings ∆c-x(0) = −10meV, 0meV, and 10meV. Adapted from [33]

these changes on the polariton dispersion of the lower polariton branch, this means
that the dispersion flattens with increasing ∆c-x(0) or increasing k∥ as the polaritons
become more excitonic. For the polaritons of the upper polariton branch, the
situation is inverted as they become more photonic. The dispersion relations of both
branches are illustrated in the bottom panels of figure 3.3. At the crossing points of
exciton and photon dispersion, corresponding to ∆c-x(k∥) = 0, the energy difference
between the two branches achieves a minimal value of the double Rabi energy.
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Consequently, one observes for ∆c-x(0) < 0 two symmetrically placed crossing points
at finite |k∥| > 0, for ∆c-x(0) = 0 one crossing point at k∥ = 0 and for ∆c-x(0) > 0
none. As the effective masses of the quantum well exciton and cavity photon are
different, the Hopfield coefficients also define the effective polariton masses, given
by

1

m∗
LP

=
|C|2

m∗
c
+

|X|2

m∗
x

and 1

m∗
UP

=
|X|2

m∗
c

+
|C|2

m∗
x

. (3.18)

This allows a modification of the effective polariton mass over a broad range by
adjusting the detuning as the effective exciton mass is two to three orders larger
than the effective cavity photon mass.

So far, we have considered the idealized case of a closed system without losses. In
practice, however, photons may escape the cavity due to imperfect mirrors, and
excitons may decay via non-radiative channels. These losses can be phenomenologi-
cally described by introducing the damping constants γc and γx. This leads to the
two modified dispersion relations

ELP,UP =
1

2

(︃
Ec + Ex + i (γc + γx)∓

√︂
(2h̄g)2 + (∆c-x + i (γc − γx))

2

)︃
. (3.19)

Consequently, the system must fulfill the condition h̄g > |γc−γx|
2 to reach the strong-

coupling regime, characterized by a splitting of the real parts of the eigen energies.
As for the previous quantities, the effective polariton decay rates depend on the
Hopfield coefficients and are given by

γLP = γc|C|2 + γx|X|2

γUP = γx|C|2 + γc|X|2 .
(3.20)

As the typical cavity photon lifetime lies in the picosecond range, while the exciton
lifetime amounts to a few nanoseconds, adjusting the detuning allows modifying the
polariton lifetime over a broad range.

3.4 Polariton Condensation in a Population of
Non-Resonant Excited Polaritons

Until the beginning of the last century, matter was commonly classified into three
phases: solid, liquid, and gaseous. This classical picture was fundamentally chal-
lenged with the emergence of quantum mechanics, which paved the way to a variety
of new exotic phases. One of the most prominent examples is the Bose-Einstein
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3 Theoretical Foundations - Exciton-Polaritons in a Microcavity

condensate (BEC), in which a macroscopic number of bosonic particles occupies
a single quantum state, such that the system is described by a single macroscopic
wavefunction [34]. Further, the condensation process is accompanied by effects like
superfluidity [35] and off-diagonal long-range order [36], which renders BECs poten-
tially interesting for fundamental research. Crucial condition for the condensation
process is the spatial overlap of the individual particle wavefunctions [37, p. 264-266].
This leads to the critical temperature

Tc =
2πh̄2

kBmb

1

(ν · ζ(3/2))2/3
, (3.21)

where we use the thermal de-broglie wavelength

λDB =

√︄
2πh̄2

mbkBT
, (3.22)

to estimate the size of the particle wavefunction. In this context, mb denotes the
particle mass, kB the Boltzmann constant, T the temperature and ν−1 the particle
density. Consequently, Tc decreases at constant particle density with increasing
temperature and particle mass. The condensation, therefore requires either low
temperatures or light particles. Historically, Bose-Einstein condensates were first
realized experimentally in a vapor of rubidium-87 atoms cooled to approximately
170nK [38]. However, achieving such temperatures requires complex experimental
techniques, and additional methods must be employed to detect the condensation
process, as atomic vapors do not emit light directly. In contrast, exciton-polaritons
can condense at much higher temperatures due to their low effective mass. Typically,
the maximal temperature is not limited by the size of the particle wavefunctions but
by dissociation of the excitonic component. This enables polariton condensation
in inorganic semiconductors, such as GaAs, at regular cryogenic temperatures of
a few K [39], while room-temperature condensation has been observed in organic
semiconductors [40]. Polaritons not only simplify the creation of a condensate but
also allow direct optical access to its properties. This is possible as polaritons decay
under emission of photons that inherit the properties of the polaritons. Lastly,
it is important to note that polaritons in a microcavity do not condensate into
a true Bose-Einstein condensate, but only a Bose-Einstein condensate-like state,
hereafter referred to as polariton condensate. One of the reasons is that a true BEC
would require complete thermalization of the system, a condition that does not
hold due to the short polariton lifetimes. Consequently, the system is in a constant
non-equilibrium and the average polariton population is governed by the balance
between gains and losses. Further explanations about the phase transition can, for
example, be found in [29, p. 320-334].

28



3.4 Polariton Condensation in a Population of Non-Resonant Excited Polaritons

Figure 3.4: Schematic of the polariton condensation process via non-resonant
excitation. The individual steps (1)-(8) are described in detail in the text. Adapted
from [33, 41]

Experimentally, polariton condensates can be generated using either resonant or
non-resonant optical pumping. While resonant excitation allows the direct transfer
of laser properties to the condensate, our focus lies on the intrinsic buildup of
coherence. For this reason, we focus on non-resonant excitation. The condensation
process of polaritons in the lower polariton branch under non-resonant pumping is
illustrated schematically in figure 3.4. The description is based on [29, p. 335-338].
A laser excites the sample non-resonantly through one of the upper Bragg minima,
generating a hot plasma of free excitons and holes with energies far above the
dispersion of the lower polariton branch (1). These carriers subsequently lose a
major part of their kinetic energy through inelastic scattering with optical phonons
(2) until their kinetic energies become sufficiently low for electrons and holes to bind
via Coulomb interaction and to form excitons (3). Additional scattering events, now
primarily with acoustic phonons, further reduce the kinetic energy of the exciton
(4) until the exciton wave vector enters the light cone. At this point, the excitons
couples to the cavity field and form polaritons (5). As polaritons approach k∥ = 0,
their photonic fraction increases. This complicates further relaxation for two reasons:
First, the increasing photonic fraction decreases the polariton lifetime, so a polariton
has less time to relax before it decays. Second, the higher photonic fraction changes
the dispersion, leading to a narrow dip around k∥ = 0 that decreases the local density
of states which is inversely proportional to the curvature of the dispersion relation.
Together these two aspects lead to the formation of a bottleneck region (6), where
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3 Theoretical Foundations - Exciton-Polaritons in a Microcavity

polaritons tend to decay rather than relax further towards the ground state. Only
at sufficiently high polariton densities, polaritons can relax via polariton-polariton
scattering to the ground state (7). These initial polariton population then serves as
a seed for further stimulated polariton-polariton scattering into the ground state,
since the scattering rate scales with 1 + nf, where nf denotes the population of
the final state [7]. As a consequence, the ground-state population increases highly
nonlinearly once the system is driven above the condensation threshold. Finally, the
polariton-polariton interactions - dominated by the repulsive interactions between
polaritons of equal spin - lead to a blueshift of the condensate mode relative to the
ground state of the lower polariton branch (8).

Experimentally, the condensation process can be identified spectroscopically by three
characteristic signatures. First, emission intensity increases by several orders of
magnitude while the emission narrows in momentum space around k∥ = 0. Second,
the linewidth of the dispersion narrows, reflecting the macroscopic occupation of a
single quantum state. Third, the formation of the condensate mode is accompanied
by a blueshift. In addition to these spectroscopic signatures, the emergence of
long-range order in the condensate also modifies its coherence properties. The
coherence properties can likewise be probed through the emitted radiation and may
be observed using techniques such as homodyne detection, which will be discussed
in the following chapter.

3.5 Optical Polariton Trapping

Finally, we discuss the possibility of tailoring the polariton potential landscape
all-optically. We begin by considering the excitation beam, which leads not only
to the creation of polaritons but also a variety of other quasi-particles, including
free electrons, free holes, or dark excitons of k∥ outside the light cone. These
excitations are collectively referred to as reservoir particles. From the perspective
of the polaritons, the reservoir particles form an effective potential landscape, as
interactions between polaritons and reservoir particles are predominantly repulsive.
Furthermore, the potential landscape can be regarded as quasi-static, since the
reservoir particles possess significantly larger mass than the polaritons. The local
density of the reservoir particles depends on the spatial intensity distribution of
the excitation beam. Consequently, tailored potential structures can be created
all-optically by employing excitation beams with appropriately designed intensity
profiles. Such engineered potential landscapes have been used in a wide range of
applications, ranging from controlling the flow of a single polariton population [42] to
the realization of artificial polariton-condensate lattices [43, 44] Another application,
particularly relevant for this work, is the manipulation of the condensation process
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by trapping the polariton population with an annular-shaped excitation beam. This
approach not only lowers the condensation threshold but also spatially separates the
condensate from the incoherent reservoir, thereby minimizing potential interactions
and improving its coherence properties [45][46, 47]. The corresponding experimental
investigations are presented in chapter 7.

31



4 Experimental Methods - Homodyne Detection

In the first chapter, we established the theoretical foundations to describe light
fields in quantum optics and to quantifier their coherence properties. In the present
chapter, we introduce balanced homodyne detection, a technique that enables
the experimental reconstruction of the quantum state of a light field. We begin
with the theoretical principles underlying the four-port and eight-port detection
schemes. Subsequently, we discuss the design and alignment of the corresponding
experimental setups. The chapter concludes with the calculation of quadratures,
the reconstruction of quantum-state representations, and the evaluation of relevant
quantifiers.

4.1 Theoretical Foundations

4.1.1 The Coupling of Light Fields on a Beam Splitter

Figure 4.1: Definition of the beam splitter input and output ports (a) and the
associated phase space variables (b).

One of the most fundamental optical elements in quantum optics - and the basis of
homodyne detection - is the beam splitter [11, p. 350-355]. It couples two light fields
entering through the input ports to two, in general, entangled, light fields exiting
through the output ports. For simplicity, we restrict our description to the coupling
of two initially uncorrelated single-mode light fields on a lossless, non-polarizing
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beam splitter. The beam splitter is characterized by the complex reflection and
transmission coefficients r1, t1, and r2, t2. The corresponding notation is illustrated
in figure 4.1 (a). Since the beam splitter is assumed to be lossless, these coefficients
are not independent, but connected by the relations

|t1|2 + |r1|2 = 1

|t2|2 + |r2|2 = 1

t1r
∗
2 + t∗2r1 = 0 .

(4.1)

Transformation Rule of the Annihilation Operator

In the first scenario, we describe the beam splitter transformation in terms of the
annihilation operators âI,1 and âI,2, associated with the two input modes. The
corresponding operators for the output modes are then given by

âO,1 = t1âI,1 + r2âI,2

âO,2 = r1âI,1 + t2âI,2 .
(4.2)

Conversely, by applying the relations in equation (4.1), the operators of the input
modes can be expressed in terms of the operators of the output modes,

âI,1 = t∗1âO,1 + r∗1âO,2

âI,2 = r∗2âO,1 + t∗2âO,2 .
(4.3)

Transformation Rule of the Quantum States

In the second scenario, we consider the beam splitter transformation of quantum
states. We begin with the simplest case: the coupling of two uncorrelated coherent
light fields. Using the notation shown in figure 4.1 (b), the joint quantum state is
given by |ΨI⟩ = |β⟩ ⊗ |α⟩. Since coherent states transform under a beam splitter in
the same way as classical waves, the individual output states remain uncorrelated,
and the joint output state takes the form

|ΨO⟩ = |γ⟩ ⊗ |δ⟩ = |t1β + r2α⟩ ⊗ |r1β + t2α⟩ . (4.4)

Analogous to the annihilation operator, we obtain the joint input state in terms of
the individual output states

|ΨI⟩ = |β⟩ ⊗ |α⟩ = |t∗1γ + r∗1δ⟩ ⊗ |r∗2γ + t∗2δ⟩ , (4.5)
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using again the equations in (4.1). The inversion is possible because the quantum
states at the two output ports are uncorrelated. In the next step, we generalize the
transformation rule to two uncorrelated but otherwise arbitrary input light fields
whose joint state is described by the density operator ρ̂I = ρ̂I,1 ⊗ ρ̂I,2. First, we
represent the density operator of the input state in the basis of the coherent states
using the P distribution

ρ̂I =

∫︂
d2α

∫︂
d2β P1(β)P2(α)|β⟩⟨β| ⊗ |α⟩⟨α| . (4.6)

The representation allows us to separate the beam-splitter transformation, which
acts on the basis vectors, from the information about the state, which is encoded in
the P distributions. The resulting output state ρ̂O is given by

ρ̂O =

∫︂
d2α

∫︂
d2β P1(β)P2(α)|r2α+ t1β⟩⟨r2α+ t1β| ⊗ |t2α+ r1β⟩⟨t2α+ r1β| .

(4.7)

Finally, we express ρ̂O in terms of the phase space variables of the output modes γ
and δ,

ρ̂O =

∫︂
d2γ

∫︂
d2δ P1(t

∗
1γ + r∗1δ)P2(r

∗
2γ + t∗2δ)|γ⟩⟨γ| ⊗ |δ⟩⟨δ| , (4.8)

using the relations given in (4.1). The output modes are typically entangled as
the phase-space integration over the joined P -distribution Pj(γ, δ) = P1(t

∗
1γ + r∗1δ) ·

P2(r
∗
2γ + t∗2δ) couples the phase-space variables of the two output modes.

4.1.2 Quadrature Sampling with a Four-Port Detector

The beam splitter constitutes the fundamental element of homodyne detection,
which enables the sampling of the quadrature operator introduced in equation (2.25).
The most basic homodyne detection scheme is the four-port detector first used by
H. P. Yuen and V. W. S. Chan [48, 49], which samples a single quadrature. The
following derivation is adapted from Lüders et al. [50]. We begin with a lossless
beam splitter with the real transmission and reflection coefficients t1 = t2 =

1√
2

and
r1 = −r2 =

1√
2
. The relative π-phase shift between the reflection coefficients follows

from energy conservation [51]. The annihilation operators of the output modes are
then given by

âO,1 =
1√
2
(âI,1 − âI,2)

âO,2 =
1√
2
(âI,1 + âI,2) .

(4.9)
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In the next step, we place detectors at both output ports and measure the intensity
difference, which is proportional to the photon-number difference.

∆I = IO,2 − IO,1

∝ ∆N = â†O,2âO,2 − â†O,1âO,1

=
1

2

[︂(︂
â†I,1 + â†I,2

)︂(︂
âI,1 + âI,2

)︂
−
(︂
â†I,1 − â†I,2

)︂(︂
âI,1 − âI,2

)︂]︂
= â†I,1âI,2 + â†I,2âI,1 .

(4.10)

Interestingly, the intensity difference does not vanish but depends on the products
of the two input modes. In the final step, we assume that the light field entering
input port 1 is in a coherent state with a large average photon number. In this limit,
we can treat the light field classically and replace the annihilation operator by a
complex field amplitude, âI,1 → |α|eiϕ. This strong, coherent light field is referred
to as the local oscillator (LO). The light field entering input port 2 represents the
signal and remains treated quantum mechanically. Substituting this approximation
yields the final expression for the intensity difference

∆I ∝ |α|
(︂
âI,2e−iϕ + â†I,2eiϕ

)︂
, (4.11)

which is proportional to the quadrature operator defined in equation (2.25), but
amplified by the amplitude of the local oscillator. The quadrature sampling axis
is determined by the relative phase between the local oscillator and the signal ϕ.
For a fixed phase ϕ, the distribution of sampled quadratures corresponds to the
associated marginal distribution of the signal state’s Wigner distribution [11, p. 143].
The amplification by the local oscillator enables the study of weak optical fields
using detectors with conventional quantum efficiencies. An alternative derivation
based on the transformation of the quantum states can be found, for example, in
[11, p. 358-360]. Homodyne detection is intrinsically mode-selective and detects
only those modes that overlap with the local oscillator in real space, momentum
space, spectral domain, and polarization. This property enables highly selective
measurements of specific optical modes.

So far, we have considered time-independent fields. Employing a pulsed local
oscillator, a quadrature corresponds to the difference signal integrated over the pulse
duration. This provides several important advantages. First, the achievable temporal
resolution is determined by the pulse duration and is therefore independent of the
detector bandwidth, which is typically several orders of magnitude slower. Second,
the signal amplification depends on the peak amplitude of the pulse, leading to
amplification factors several orders of magnitude larger than those achievable with a
continuous-wave laser of comparable average power. Third, the quadrature sampling
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rate is theoretically only upper bounded by the repetition rate of the laser pulses
and could reach, in principle, rates up to several GHz. Therefore, the quadrature
sampling rate is in practice typically not limited by the local oscillator but by the
detection electronics. To clearly distinguish between theory and experiment, we
denote an experimentally acquired quadrature from now on as X. Further, we
denote the phase associated with it as Φ.

4.1.3 Quadrature Pair Sampling with an Eight-Port Detector

Up to this point, we have discussed the four-port detector, which samples the
quadrature operator ϵ̂ϕ. However, we obtain additional information about the
quantum state by simultaneously sampling quadrature pairs from the two orthogonal
quadrature operators ϵ̂ϕ and ϵ̂ϕ+π

2
. This simultaneous measurement can be realized

using an eight-port detector, first introduced by N.G Walker and J. E. Carroll [52, 53].
The recorded quadrature pairs (XΦ,i, XΦ+π

2
,i) can be associated with points in phase

space (qi, pi), whereby the two-dimensional frequency distribution of these points
then corresponds to the Husimi-Q distribution Q(q, p) of the sampled quantum state
[11, p. 361-369]. This interpretation becomes clear when recalling that a point of the
Husimi-Q distribution Q(α0) is proportional to the probability of finding the system
in the coherent state |α0⟩. Using the relation between the phase space variables
α and (q, p), we can write the coherent state in the form |α0⟩ = | 1√

2
(|q0 + ip0⟩).

Consequently, the probability of detecting the system in a specific coherent state is
equivalent to the probability of measuring the system in a state with a particular
combination of position and momentum. The Husimi-Q distribution considers the
uncertainty between p̂ and q̂ by its increased broadening.

4.2 Experimental Implementation

4.2.1 The Four-Port Detector

The Optical Setup

After introducing the theoretical principles of homodyne detection in the previous
section, we now turn to the experimental implementation. We begin with the design
of a stable and easily maintainable scheme for the four-port detector. This scheme
forms the fundamental building block for all subsequent, more advanced homodyne-
detection techniques. In principle, the construction of a four-port detector requires
only a beam splitter to superimpose the light fields of signal and local oscillator
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Figure 4.2: Schematic illustrations of the four-port detector design discussed in
the theory (a) and used in the experiment (b). The labels ’H’ and ’V’ indicate
horizontal and vertical polarization of the electric field. (λ/2: half-wave plate;
PBS: polarizing beam splitter; 50/50 : non-polarizing 50/50 beam splitter).

and a balanced detector to measure the intensity difference between the two output
ports. While this design, illustrated in figure 4.2 (a), is theoretically sufficient,
it suffers from a major flaw: It relies on the assumption that the beam splitter
provides a perfectly equal splitting ratio, such that the local oscillator intensity
is balanced on the detector photodiodes. In practice, however, this condition is
rarely fulfilled with sufficient accuracy, leading to a detector imbalance that is
difficult to compensate for. To overcome this limitation, we employ a modified
four-port detection scheme, shown in figure 4.2 (b). In this configuration, the
effective splitting ratio is not determined solely by the intrinsic properties of the
beam splitter but can instead be actively controlled via the polarization of the
optical fields. The setup begins with a horizontally polarized local oscillator and a
vertically polarized signal, whose beams are combined on a polarizing beam splitter
(PBS). A half-wave plate then rotates the polarizations of both light fields to the
diagonal and antidiagonal axes, so that their horizontal and vertical components
have equal amplitudes. A second polarizing beam splitter subsequently mixes the
local oscillator and the signal and distributes them according to polarization to
the two output ports. Finally, a balanced detector measures the resulting intensity
difference between the output ports. This configuration enables a precise detector
balancing as the effective splitting ratio of the final beam splitter can be finely tuned
by rotating the half-wave plate.

The complete four-port detector setup used in the experiments is shown schematically
in figure 4.3. A Mira 900-D femtosecond laser, manufactured by Coherent, serves as
the source of the local oscillator. The laser operates at a pulse repetition rate of
around 75.39MHz and emits pulses with an intrinsic pulse duration of about 100 fs.
To match the local oscillator spectrally with the signal, the central wavelength of the
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Figure 4.3: Schematic illustration of the complete four-port setup used in the
experiments. A femtosecond laser serves as the source for both the local oscillator
and the test-signal. The latter is aligned with the signal beam path and used
during the alignment procedure. The four-port detection scheme corresponds to
the design introduced in figure 4.2 (b). Further details are explained in the text.
(λ/2: half-wave plate; PBS : polarized beam splitter).

laser can be tuned in a range between 700 and 1000nm. A subsequent placed pulse
shaper (not shown in figure 4.3) is used to adapt the spectral width of the laser to
that of the signal. After this initial preparations, the local oscillator is directed on a
beam splitter, which splits off a small fraction that is afterward coupled into the
signal path. This beam, referred to as the test-signal, is used during the alignment
to ensure a proper spatial overlap between the signal and the local oscillator at
the detector. A delay line is employed to synchronize the arrival times of the local
oscillator pulses and the test-signal pulses. Additionally, a piezo-actuated mirror
controlled by an E725 piezo controller, constructed by Physik Instrumente, enables
continuous modulation of the relative phase between the local oscillator and the
signal. The balanced detector is a custom-built high-speed balanced photoreceiver
with two integrated Silicon PIN photodiodes that attains a bandwidth of up to
100MHz and yields an analog voltage signal proportional to the intensity difference
between the two photodiodes. An achromatic lens with focal length f = 300mm
focuses the optical beams onto the photodiodes.

During the experiments, we employed two configurations to ensure that the test-
signal and the actual signal share the same optical path. In the first configuration,
we transmit both signals to the detection setup via optical fibers while using a
common fiber outcoupler. This method ensures identical spatial beam profiles
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and perfectly overlapping beam paths. However, it restricts experiments to light
fields with Gaussian intensity distributions and introduces intensity losses when
the signal is injected into the fiber. In the second configuration, all light fields are
transmitted to the detection setup in free space. While this configuration requires a
more complex alignment procedure - since the beam shapes and the spatial overlap
must be adjusted manually - it allows the study of arbitrarily shaped beams and
typically results in lower optical losses. The configuration employing fiber optics was
used for the experiments, discussed in the chapters 6 and 7, whereas a free-space
configuration was used for the sixteen-port detector discussed in chapter 8.

The Alignment Procedure

Having introduced the general setup, we next establish a reproducible alignment
procedure. At this stage, we assume that the delay line has already been aligned
and that the test-signal and the signal share a common optical path. The remaining
alignment for the four-port detector consists of two main steps. The first step
is to overlap the beam paths of the signal and the local oscillator using the test-
signal. To this end, we reduce the power of both beams to around 100µW and
place a charge-coupled device (CCD) in the focal plane of the lens to monitor the
spatial overlap. The signal beam path is then aligned iteratively by optimizing the
overlap alternately in real space and reciprocal space using the final two steering
mirrors in the signal path. Proper alignment is achieved when the beams overlap
simultaneously in both spaces. To fine-tune the spatial overlap, we exploit the
interference pattern generated by the local oscillator and the test-signal. First, we
synchronize the pulses of both beams using the delay line. Subsequently, we use
the piezo-actuated mirror to modulate the relative phase between the two beams.
We can now use the resulting moving interference pattern to further optimize the
overlap. The pattern has the form of horizontally or vertically moving stripes if the
beams are misaligned either horizontally or vertically. In contrast, perfect spatial
overlap results in a single Gaussian mode with an oscillating intensity. The second
step is to balance the local oscillator on the detector. Initially, we adjust the final
mirrors in front of the detector to center the focused beam on the photodiodes. The
pulse intensity detected on one photodiode can be monitored using the unfiltered
detector signal while blocking the other photodiode. The beam is properly centered
when the detector signal reaches its maximum value and remains stable under small
perturbations. To balance the detector, we again increase the local oscillator power
to the level used during measurements. The latter should exceed at least 1mW
to ensure that the detector operates in the shot-noise limited regime. A detailed
performance analysis of the detectors employed in this work can be found in [12,
p. 39-43]. Finally, we balance the detector by adjusting the final half-wave plate.

39



4 Experimental Methods - Homodyne Detection

Once these steps have been completed, the setup is properly aligned and ready for
actual measurements.

4.2.2 The Eight-Port Detector

The Optical Setup

Figure 4.4: Schematic illustration of the eight-port detector setup as used for the
experiments. The figure shows only the detector components; the remaining parts
of the setup - analogous to those of the four-port detector - are omitted for clarity.
The eight-port detector is a combination of two four-port detectors. A single
non-polarizing 50/50-beamsplitter overlaps the signal and local-oscillator fields
and distributes them equally between the two four-port detectors. An additional
quarter-wave plate placed in one detector path introduces a passively stabilized
orthogonal phase shift between the detectors, allowing simultaneous sampling of
two orthogonal quadrature operators ϵ̂ϕ and ϵ̂ϕ+π

2
. (λ/2: half-wave plate; λ/4:

quarter-wave plate, 50/50: non-polarizing 50/50 beam splitter; PBS: polarizing
beam splitter).

In the next step, we extend the four-port detector setup - which samples one
quadrature at a time - to an eight-port detector setup, that enables simultaneous
sampling of pairs of orthogonal quadrature operators ϵ̂ϕ and ϵ̂ϕ+π

2
. The basic design

of an eight-port detector as used in the experiments is shown schematically in figure
4.4. A non-polarizing 50/50 beam splitter overlaps the light fields of the signal
and the local oscillator and distributes them equally to two four-port detectors. To
ensure the measurement of orthogonally quadrature pairs, a quarter-wave plate is
inserted into one detector path. The slow axis of this quarter-wave plate is aligned
parallel to the polarization of the local oscillator, thereby introducing a passively
stabilized phase shift of π

2 between the two four-port detectors.
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The Alignment Procedure

The alignment procedure for the eight-port detector is, in principle, identical to
that used for the four-port detector. However, it is sufficient to optimize the beam
overlap for only one four-port detector, since the overlap at the second detector is
automatically ensured by the symmetry of the setup. This property remains valid
even if the coupling into the 50/50 beam splitter is misaligned. The correlation
between the quadratures measured at the two detectors can be quantified using
the Pearson correlation coefficient, which becomes zero for orthogonal quadrature
pairs.

4.2.3 Data Acquisition and In-Situ Analysis

Signal Preprocessing

After detection of the light field on the balanced detector, the resulting analog
voltage signal is preprocessed and subsequently transferred to an analog-to-digital
converter (ADC) card for digitization. The preprocessing stage consists of two steps:
In the first step, we suppress correlations originating from local oscillator noise that
occurs at the repetition rate and its higher harmonics. For this purpose, two notch
filters with center frequencies of 75.4MHz and 150.8MHz attenuate noise at the
fundamental frequency and the second harmonic. A subsequent low-pass filter with
a cut-off frequency of 100MHz then suppresses the remaining higher harmonics.
In the second step, the filtered signal is amplified using an SRS445A preamplifier
from Stanford Research Systems. Depending on the configuration, the signal may
be amplified once or twice, resulting in overall amplification factors of ×5 or ×25,
respectively.

Data Acquisition

Following the preprocessing stage, the signal is transferred to an ADC card of
type M4i.2234-x8, manufactured by Spectrum Instrumentation, which enables
simultaneous sampling on up to four input channels at a sampling rate of up to
5GHz and a resolution of 8-bit. In order to reconstruct the pulse positions from the
recorded data at a later stage, the data cannot be acquired in the form of a single
continuous stream. Instead, the acquisition must be performed segment-wise, where
all segments are synchronized such that the pulse positions within the segments are
identical. The synchronization of the segments is achieved via an external trigger
signal whose definition depends on the measurement type.
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To this end, we distinguish between two measurement types that differ by the
phase relationship between the local oscillator and the signal. The first type is the
phase-averaged measurement, which corresponds to signals whose phase relation
to the local oscillator randomizes on timescales smaller than the time between
two consecutive pulses. This case represents the more general situation in which
the signal and the local oscillator originate from different light sources. In such
measurements, the trigger signal is generated by a photodiode that monitors the
local-oscillator pulses. This trigger signal is hereafter referred to as the simple-trigger.
The second type is the phase-sensitive measurement, which requires a stable phase
relation between the signal and the local oscillator. This condition is usually only
fulfilled when both light fields originate from the same light source. In this case, the
phase is actively modulated using the piezo-actuated mirror to record quadratures
at all phases. Since the phase modulation is deterministic, the instantaneous phase
can be reconstructed from the recorded data afterward. Ideally, the piezo motion
would be linear, leading to a uniform phase distribution. Due to mechanical stability
issues, however, the piezo motion is in practice sinusoidal and the phase modulation
consequently nonlinear. To obtain a uniform phase distribution in the recorded
data, nonetheless, we restrict the quadrature sampling process to time intervals
during which the piezo-actuator motion is approximately linear. To achieve this,
we combine the simple-trigger with a second trigger signal that depends on the
displacement of the piezo mirror, as shown schematically in figure 4.5. The combined
trigger signal, generated from the photodiode and the piezo controller, is referred to
as the complex-trigger.

Figure 4.5: Schematic illustration of the piezo trigger signal (red) as a function
of the piezo displacement (black).
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Finally, the measurement of a quantum state requires two separate homodyne
measurements: one measurement of the vacuum state, which is used to determine
the amplification factor introduced by the local oscillator and the electronics, and
one measurement of the signal state. These measurements are recorded subsequently
and stored in separate files. Each homodyne measurement generates three files: a
data file, containing the recorded digitized voltages, a file containing the timestamps
of the recorded segments, and a configuration file storing the acquisition parameters
and software settings. The size of the data file depends on several factors, including
the number of active channels, the sampling rate of the ADC card, the measurement
type, and the characteristics of the signal under investigation. For a vacuum
measurement, data volumes of around 100−200MiB are typically sufficient, whereas
signal measurements may range from several hundred MiB up to several GiB.

In-Situ Analysis Using Homodyne Detection

One of the major challenges in scientific experiments is the time delay between
data acquisition and data analysis, slowing down the usually iterative process
of identifying optimal experimental parameters. This issue becomes particularly
critical when experiments become more complex, often accompanied by larger
parameter spaces and longer experimental preparation times. In such situations,
it is advantageous to be able to perform preliminary in-situ analyses during the
experiment. While such in-situ analysis schemes cannot be implemented for all
types of experiments and analyses, it is possible for a wide range of analyses based
on quadratures, sampled via homodyne detection. For this reason, we developed a
dedicated recording software that not only automates homodyne measurements, but
also enables an in-situ analysis of the signal based on smaller datasets consisting of
around 1000− 1000000 quadratures. The software builds upon the earlier works of
J. Thewes [12] and C. Lüders [54], who implemented the predecessor, capable of
performing homodyne measurements on up to three four-port detectors. Building on
this foundation, we restructured the original code base and extended it to support
a wide range of the most common analysis techniques used throughout this work.
This includes:

• Computation of the normalized and cleaned quadratures

• Phase-averaged measurements:

– Computation of ⟨n̂⟩ and g(2)(0) with and without time resolution on up
to four detection channels

– Computation and analysis of the Husimi-Q distribution on up to two
detection channel pairs.
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• Phase-sensitive measurements:

– Computation and analysis of the density matrix and the Wigner distri-
bution on one detection channel

To keep the software both easy to control and easy to extend, the software architec-
ture is organized as a finite-state machine that separates the codes for preparation,
detection, and analysis. The graphical user interface, the communication with de-
vices, and the overall data flow are handled in LabVIEW, while the computationally
demanding analysis routines are implemented in MATLAB. To improve computa-
tional performance, most analysis algorithms are implemented in a vectorized form
and are partially accelerated using a GPU of type RTX 3090, manufactured by
Nvidia. The duration of a single analysis cycle depends strongly on the selected
analysis routines, the number of active channels, and the size of the recorded dataset.
For example, calculating the average ⟨n̂⟩ and g(2)(0) on a single channel based on
approximately 10000 quadratures requires about 30ms. In contrast, a density-matrix
reconstruction or a complete Husimi-Q analysis may require approximately 1-3 s.

4.3 Data Analysis

In the previous sections, we have introduced the concept of homodyne detection,
which enables the sampling of the quadrature operator ϵ̂ϕ of a light field. Depend-
ing on the measurement type and the experimental configuration, the recorded
quadratures enable a wide range of different analysis techniques. An overview of the
techniques employed in this work is presented in the flow chart shown in figure 4.6.
In the following sections, we briefly discuss most of these methods. The calculation
of the Q distribution is excluded from the discussion, as its construction from
measured quadratures is straightforward. The implemented analysis procedures are
based on the approaches presented in [12][54].
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Figure 4.6: Overview of the analysis methods, based on homodyne-detection,
that were used in the experiments.

4.3.1 Quadrature Calculation

The basis of all analysis methods employed in this work is the calculation of
quadratures from the recorded raw data. This calculation involves several processing
steps, which are briefly described in the following.

Integration of the Pulses

The first step of the quadrature calculation is the determination of the unnormalized
quadratures from the digitized voltages. To determine the positions of the pulses
within the recorded data, we consider several synchronized segments of equal
length and calculate the variance of the digitized voltages for a fixed position
across all segments. The variance maximizes at the positions corresponding to the
pulses. This behavior arises because the overlap between the local oscillator and
the signal becomes maximal, which maximizes the amplification of the signal noise
and, consequently, the variance across the segments. The visibility of the maxima
improves with the number of segments. To ensure a reliable automatic detection
of the maxima, we used at least 100 segments to calculate the variance. Since the
detector response to a pulse is longer than the time between two consecutive samples
of the ADC card, the recorded voltages must be integrated over a time window
around the pulse center. Throughout this work, the integration window was set to
one-third of the time interval between two consecutive pulses.
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Removal of the Offset

The second step of the quadrature calculation is the removal of offsets from the
quadrature distribution. Offset correction can be applied when the phase distribution
is uniform across the dataset such that the quadrature average must be zero. The
type of applicable offset correction depends on the timescales of the averaging
process. If the averaging process takes place on long timescales, as in phase-sensitive
measurements, one is limited to the removal of a constant offset, calculated from
the whole data set. However, if the averaging takes place on short timescales, as
in typical phase-averaged measurements, one can also use a stepwise offset that is
calculated on and applied to smaller data subsets. The stepwise offset-correction
is, in general, more precise, as it also compensates for slow temporal drifts in the
offset.

Removal of the Detector Response

The third step of the quadrature calculation is the removal of correlations between
consecutive quadratures Xi, Xi+1, ..., Xi+m. Such correlations arise when the
detector response time exceeds the time interval between consecutive pulses, causing
the response of one pulse to partially overlap with the response of the subsequent
ones. In general, it is not possible to remove these correlations retrospectively, since
correlations originating from the detector cannot be distinguished from those arising
from the signal itself. However, in the special case of light fields with coherence
times that are significantly shorter than the time between two consecutive pulses,
one may assume that the pulses are intrinsically uncorrelated. This condition is
fulfilled, for example, for the vacuum, thermal light fields, or the emission of a
polariton condensate.

A method for eliminating the detector response was introduced by Kumar et al.
[55]. The idea is to construct a new set of uncorrelated quadratures from the
measured correlated quadratures using a procedure analogous to the Gram-Schmidt
orthogonalization algorithm. We begin with a set of N correlated quadratures
and construct a set of m vectors {w⃗i} from it, such that consecutively measured
quadratures Xi, Xi+1, ..., Xi+m are placed at the same position, but in consecutive
vectors w⃗i, w⃗i+1, ..., wi+m. The parameter m defines up to which subsequent pulse,
correlations should be removed. The simplest way to construct these vectors from
the measured quadratures is the linear filling scheme depicted in equation (4.13).
In this notation, X[i] denotes the quadrature at index [i] in the data set. The
new set of uncorrelated vectors {v⃗i} is then obtained using the Gram-Schmidt
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orthogonalization

v⃗j = w⃗j −
j−1∑︂
i=1

⟨v⃗i, w⃗j⟩
⟨v⃗i, v⃗i⟩

v⃗i . (4.12)

Finally, the entries of the new vectors {v⃗i} - excluding those of the first vector
v⃗1 - constitute the decorrelated quadratures. The algorithm remains valid as
long as the correlations between different vectors remain small compared to their
autocorrelations, that is ⟨w⃗i, w⃗k⟩ ≪ ⟨w⃗i, w⃗i⟩ for i ̸= k. As dim(w⃗i) is typically larger
than m, the orthogonalization algorithm is incomplete. A side effect of the algorithm
is that it reduces the average magnitude of the quadratures. This arises as the
Gram-Schmidt orthogonalization returns the part of the vector that is orthogonal to
all previous vectors. Consequently, the magnitude of the new vector is smaller than
that of the original vector |v⃗j| ≤ |w⃗j|. On average, this effect then also translates to
the individual quadratures. Finally, the strength of the observed reduction decreases
with the vector dimension. This follows, as the scalar product between two randomly
oriented vectors vanishes with increasing vector-space dimension.

The effect becomes problematic when the number of quadratures differs between
the vacuum and the signal measurement. In such cases, the algorithm rescales the
two datasets differently, resulting in an incorrect normalization of the quadratures.
One way to avoid this issue while using datasets of different sizes is to employ high-
dimensional vectors with dim(w⃗i) ≫ 100000, such that the difference in rescaling
becomes negligible. We can construct these high-dimensional vectors even from
smaller datasets using an alternative vector construction method given in equation
(4.14), which reuses quadratures. With this approach, we can construct m vectors of
dimension N −m from a set of N quadratures. In contrast, the linear construction
method yields only m vectors of dimension N

m . In the experiments, we used a
minimal vector dimension of one million.⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

⎛⎜⎜⎜⎜⎜⎝
X[1]

X[m+ 1]
X[2m+ 1]

...
X

[︁
m−1
m N + 1

]︁

⎞⎟⎟⎟⎟⎟⎠ ,

⎛⎜⎜⎜⎜⎜⎝
X[2]

X[m+ 2]
X[2m+ 2]

...
X

[︁
m−1
m N + 2

]︁

⎞⎟⎟⎟⎟⎟⎠ , . . . ,

⎛⎜⎜⎜⎜⎜⎝
X [m]
X [3m]
X [2m]

...
X [N ]

⎞⎟⎟⎟⎟⎟⎠

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
(4.13)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

⎛⎜⎜⎜⎜⎜⎝
X[1]
X[2]
X[3]

...
X[N −m]

⎞⎟⎟⎟⎟⎟⎠ ,

⎛⎜⎜⎜⎜⎜⎝
X[2]
X[3]
X[4]

...
X[N −m+ 1]

⎞⎟⎟⎟⎟⎟⎠ , . . . ,
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X[m]

X[m+ 1]
X[m+ 2]

...
X[N ]

⎞⎟⎟⎟⎟⎟⎠

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
(4.14)
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Normalization of the Quadratures

In the fourth step of the quadrature calculation we use the quadrature distribution
obtained from the vacuum measurement to determine a normalization constant N
for the signal measurement that includes the amplification due to the local oscillator
and the electronics. To this end, we exploit that the Wigner distribution of the
vacuum state W (q, p)Vac has a characteristic width of 1√

2
. Accordingly, N is given

by

N =
1√

2σ({XVac})
, (4.15)

where σ({XVac}) denotes the width of the unnormalized quadrature distribution
obtained from the vacuum measurement.

Data Segmentation Based on the Piezo Motion

The final step of the quadrature calculation is only required for phase-sensitive
measurements, where the phase is actively modulated using the piezo-actuated
mirror. In this case, the normalized quadratures are segmented according to the
piezo motion using the timestamps. This segmentation allows the reconstruction of
the initial direction of motion of the piezo mirror, which is necessary for recovering
the phase information of the signal.

4.3.2 Analyses Based on Phase-Sensitive Four-Port Measurements

After the quadrature calculation, we next focus on analysis techniques that are
based on phase-sensitive measurements.

Reconstruction of the Phase Information

The foundation of all phase-sensitive analysis technqiues is the reconstruction of the
phase information. We begin with a data set of quadratures, segmented according
to the motion of the piezo mirror. The time series X(t) of the quadratures within a
segment typically resembles a curve, as shown in figure 4.7, and corresponds to a
sinusoidal curve with a finite width. The modulation of the curve arises from the
piezo induced phase modulation, while the finite width originates from the intrinsic
quantum noise of the signal state. For phase reconstruction, only the slowly varying,
piezo induced phase is of interest. Ideally, one could reconstruct the slowly changing
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Figure 4.7: Illustration of the time evolution of the raw quadratures X(t) (black)
and the corresponding spline interpolation Y (t) (red) over one piezo segment.

phase by applying a sinusoidal fit to X(t). In practice, however, this approach is
not robust enough as the modulation is not perfectly sinusoidal. Deviations from
ideal sinusoidal behavior may stem from residual nonlinearities in the piezo motion
or from external perturbations such as air fluctuations. To determine the phase
nonetheless, we employ a more general reconstruction procedure consisting of four
steps:

1. We smooth the quadratures time series X(t) using spline interpolation. The
resulting curve Y (t) then corresponds to the active phase modulation.

2. We identify the extrema of Y (t) and divide the curve into segments such
that each segment Yi(t) is either monotonically increasing or monotonically
decreasing.

3. We normalize each segment Yi(t) to the interval (−1, 1).

4. We calculate the phase in each segment individually using Φ(Yi(t)) = arcsin(Yi(t))
for rising segments and Φ(Yi(t)) = π − arcsin((Yi(t))) for falling segments.

This procedure still assumes a sinusoidal modulation but allows for a nonlinearly
evolving phase. In practice, the implementation used for the data analysis is more
sophisticated than the simplified description given above, as it also accounts for
several special cases that may occur in the experimental data.
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Reconstruction of the Density Matrix

After reconstructing the phase information, we can use the set of quadrature-phase
pairs {(Xi,Φi)} to reconstruct the quantum state of the light field. The objective is
to determine the density operator ρ̂0 that maximizes the likelihood to reproduce
the measured data set. This likelihood is described by the likelihood function

LX,Φ(ρ̂) =
∏︂

i
ProbXi,Φi(ρ̂) , (4.16)

where ProbXi,Φi(ρ̂) denotes the probability to measure ρ̂ in the quadrature operator
eigenstate |Xi,Φi⟩. This Probability is given by

ProbXi,Φi(ρ̂) = ⟨Xi,Φi|ρ̂|Xi,Φi⟩ = tr(|Xi,Φi⟩⟨Xi,Φi|ρ̂) , (4.17)

where |Xi,Φi⟩⟨Xi,Φi| is the projection operator of the quadrature eigenstate. Based
on the likelihood function, we employ the following iterative algorithm originally
proposed by A. I. Lvovsky [56], to determine ρ̂0 starting from an arbitrary initial
density operator. Each iteration consists of two steps. In the first step, we construct
the transition operator R̂(ρ̂), defined by

R̂ (ρ̂) =
∑︂

i

|Xi,Φi⟩⟨Xi,Φi|
ProbXi,Φi(ρ̂)

. (4.18)

In the second step, we use the transition operator to generate the next iteration of
the density operator ρ̂(n+1) according to the recurrence relation

ρ̂(n+1) = N R̂(ρ̂(n))ρ̂(n)R̂(ρ̂(n)) , (4.19)

where N is a normalization constant that ensures tr(ρ̂(n+1)) = 1. The described
algorithm represents a special case of the classical expectation-maximization algo-
rithm [57], which guarantees that ρ̂(n) converges to ρ̂0. Overfitting is avoided, as
the recurrence relation converges to R̂(ρ̂0)ρ̂0R̂(ρ̂0) ∝ ρ̂0.

Up to this point, the entire description has been based on abstract density operators.
To obtain the density matrix in the Fock representation, all operators must be
represented in the Fock basis. Central element in this operation is the Fock repre-
sentation of the quadrature operator eigenstates |X,Φ⟩. Using the commutation
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convention [q̂, p̂] = i, the representation is derived by

|X,Φ⟩ =
∞∑︂
n=0

⟨n|X,Φ⟩|n⟩

=

∞∑︂
n=0

einΦ⟨n|X, 0⟩|n⟩

=
∞∑︂
n=0

einΦπ
1
4 e−

1
2
X2 1√

2nn!
Hn(X)|n⟩ .

(4.20)

In the first step, we exploit that the quadrature operator eigenstate |X,Φ⟩ corre-
sponds to a position operator eigenstate |X, 0⟩ that is rotated in phase space by the
angle Φ. The Fock representation then follows, by inserting the well-known overlap
of the position and photon number operator eigenstates ⟨n|X⟩. The calculation of
these overlaps involves Hermite polynomials, which become numerically unstable
for large values of n. A numerically more stable approach to compute Fn = ⟨n|X⟩
is to use the recurrence relation [58]

F0(X) = π− 1
4 e−

X2

2

F1(X) =
√
2XF0(X)

Fn>1(X) =

√︃
2

n
XFn−1(X)−

√︃
n− 1

n
Fn−2(X) .

(4.21)

Despite its conceptual simplicity, the density-matrix reconstruction algorithm is
computationally demanding, which limits its use in real-time applications. For this
reason, we implemented an optimized, vectorized version of the algorithm using
matrix operations that can run parallelized on a GPU. Assuming a dataset of N
quadrature-phase pairs and a truncated Hilbert space of dimension nmax+1, we first
construct the projection matrix MMM , whose elements are defined as Mi,j = ⟨ni|Xj,Φj⟩.
The iterative reconstruction algorithm of the density matrix ρρρ is then given by

PPP = NJJJnmax+1 ·
[︂(︂

ρρρ(n)⊤ ·MMM∗
)︂
⊙MMM

]︂
RRR = (MMM ⊘PPP ) ·MMM †

ρ̃̃ρ̃ρ(n+1) = RRR · ρρρ(n) ·RRR

ρρρ(n+1) =
ρ̃̃ρ̃ρ(n+1)

tr
(︁
ρ̃̃ρ̃ρ(n+1)

)︁ ,

(4.22)

where the matrices PPP and RRR serve as auxiliary matrices, with RRR being the matrix
representation of the transition operator R̂. Further, the matrix JJJnmax+1 denotes
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a matrix of dimension nmax + 1 with all entries equal to one. The matrix opera-
tions involve standard matrix multiplication ·, the Hadamard product ⊙, and the
Hadamard division ⊘.

Reconstruction of the Wigner Distribution

Based on the density matrix, we next calculate the Wigner distribution as introduced
in (2.31). To evaluate the Wigner distribution more efficiently, we insert the
completeness relation of the Fock basis into the Weyl transformation [12]

W (q, p) = FT
[︃
⟨q + 1

2
ζ|ρ̂|q − 1

2
ζ⟩
]︃

=
∑︂
m,n

ρm,n
1

2π
FT

[︃
⟨q + 1

2
ζ|m⟩⟨n|q − 1

2
ζ⟩
]︃

⏞ ⏟⏟ ⏞
Fm,n(q,p)

=
∑︂
m,n

ρm,nFm,n(q, p) .

(4.23)

This procedure allows us to separate the calculations that depend on the phase
space variables from those that depend on the density operator. Consequently, the
Wigner distribution is a sum of density-matrix independent functions Fm,n(q, p),
which are weighted by the corresponding density matrix elements ρm,n. To reduce
the memory consumption, we further exploit the hermiticity of the density matrix,
leading to the final expression

W (q, p) =
∑︂
n

ρm,mFm,m(q, p) + 2
∑︂
n>m

Re(ρm,n)Fm,n(q, p) . (4.24)

4.3.3 Analyses Based on Phase-Averaged Four-Port Measurements

In the previous section, we discussed analysis techniques that rely on phase-sensitive
measurements. In most practical situations, however, a stable phase relation between
the local oscillator and the signal is not available. This may occur either because the
signal and local oscillator originate from different light sources or because the phase
relation is lost in the experiment. Nevertheless, we can still access information that
depend solely on the photon statistics. In the following subsections, we briefly derive
how we can obtain the average photon number ⟨n̂⟩ and the equal-time second-order
correlation function g(2)(0) from a set of phase-averaged quadratures {Xi}. We also
discuss how this approach can be extended to time-resolved analysis.
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Computation of the Average Photon Number

We begin the derivation by reconsidering the quadrature operator ϵ̂ϕ = 1√
2

(︁
âe−iϕ + â†eiϕ

)︁
that contains both annihilation and creation operators. Consequently, higher pow-
ers of this operator include product terms of â and â†. This finding will be the
foundation for the following calculations [59]. For the calculation of ⟨n̂⟩ = ⟨â†â⟩, we
begin with the calculation of the phase-averaged second moment of the quadrature
operator ⟨ϵ̂2ϕ⟩ϕ, which is given by

⟨ϵ̂2ϕ⟩ϕ =
1

2
⟨â†â+ ââ† + ei2ϕâ† + e−i2ϕâ⟩ϕ . (4.25)

Assuming that ϕ is uniformly distributed, all terms proportional to einϕ vanish
under the phase average. The remaining terms then simplify to

⟨ϵ̂2ϕ⟩ϕ =
1

2
⟨â†â+ ââ†⟩ = ⟨â†â⟩+ 1

2
. (4.26)

Consequently, the mean photon number is given by

⟨n̂⟩ = ⟨â†â⟩ = ⟨ϵ̂2ϕ⟩ϕ − 1

2
. (4.27)

Computation of the Equal-Time Second-Order Correlation Function

A similar approach can be used to derive an expression for g(2)(0). In this case,
we have to evaluate the phase-averaged fourth moment ⟨ϵ̂4ϕ⟩ϕ in order to obtain
an expression for ⟨â†â†ââ⟩. Expanding ⟨ϵ̂4ϕ⟩ in terms of annihilation and creation
operators yields

⟨ϵ̂4ϕ⟩ϕ =
1

4
⟨â†â†ââ+ â†ââ†â+ â†âââ† + ââ†â†â+ ââ†ââ† + âââ†â†⟩ϕ

+
1

4
⟨O(e±i2ϕ) +O(e±i4ϕ)⟩ϕ .

(4.28)

Applying the same phase-averaging procedure as before again eliminates all terms
proportional to einϕ. The remaining contributions yield

⟨ϵ̂4ϕ⟩ϕ =
3

2
⟨â†â†ââ⟩+ 3⟨â†â⟩+ 3

4
. (4.29)

Finally, we obtain the expression

g(2)(0) =
⟨â†â†ââ⟩
⟨â†â⟩2

=
2
3⟨ϵ̂

4
ϕ⟩ϕ − 2⟨ϵ̂2ϕ⟩ϕ + 1

2(︁
⟨ϵ̂2ϕ⟩ϕ − 1

2

)︁2 . (4.30)
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4 Experimental Methods - Homodyne Detection

Time-Dependent Analysis

When we implement the theoretical considerations discussed above in experiments,
expectation values are replaced by ensemble averages. Assuming a sufficiently high
sampling rate, this approach enables us to determine both quantities ⟨n̂⟩(t) and
g(2)(t, 0), dependent on t. For this purpose, we first divide the recorded dataset into
smaller subsets, corresponding to recording intervals [ti − δt

2 , ti +
δt
2 ], and associate

them with their central times ti. Afterward, we calculate ⟨n̂⟩ and g(2)(0) on each
subset individually. Using a homodyne setup as described in section 4.2.1, this
procedure enables us to study the fluctuations in a light field with a time resolution
down to 10µs [60]. A side effect of the time-resolved analysis is that g(2)(t, 0)
decreases with decreasing δt. This originates from the third term in the equation
of g(2)(t, 0), see equation(2.45), which increases with the photon-number variance.
Considering the calculation of the variance on finite time intervals, the variance
only includes photon-number fluctuations that occur on timescales comparable to
or shorter than δt. Consequently, fluctuations acting on longer timescales - such
as those caused by external mechanical noise - do not contribute to g(2)(t, 0). We
can exploit this effect to distinguish between high-frequency noise originating from
the light source and low-frequency noise created by external mechanical instabilities
[61].
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5 Experimental Methods - Excitation and
Spectroscopic Analysis of Exciton-Polaritons in
a Microcavity

This chapter introduces the experimental setup used to excite a polariton condensate
inside an optical annular trap and to study the emitted light field spectroscopically
and via homodyne detection. The corresponding experimental results are presented
and discussed in chapter 7.

5.1 The Sample

The sample used in the experiments is a high-quality 3λ/2 microcavity consisting
of two DBR mirrors. The front and back mirrors consist of 32 and 40 alternating
AlAs/Al0.2Ga0.8As layers, respectively. Twelve GaAs quantum wells with a thick-
ness of 7nm are arranged in groups of four at the three antinodes of the cavity field.
The polariton lifetime at ∆c-x(0) = 0 is approximately 200ps [62] and the Rabi
splitting is about 10meV. All measurements reported in this work were performed
at ∆c-x(0) = 0.

5.2 Experimental Spectroscopy Setup

To excite the sample non-resonantly and to collect its emission, we used the ex-
perimental setup schematically depicted in figure 5.1. A SolsTiS 2000 PSX-F
continuous-wave laser, manufactured by M-Squared, was used to excite the sample
non-resonantly through the first upper Bragg minimum at an energy of 1.746 eV.
The excitation power was adjusted using a combination of a motorized half-wave
plate and a Glan-Thompson prism, while the intensity profile of the excitation beam
was reshaped into an annular distribution using a spatial light modulator (SLM)
with an imprinted axicon phase profile. The sample, mounted in a cold-finger flow
cryostat and cooled down to approximately 10K, was excited in reflection geometry.
A 20x microscope objective with a numerical aperture of 0.26 and a focal length of
fMO = 10mm focused the excitation beam to a ring with a diameter of 9.6µm and
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5 Experimental Methods - Excitation and Spectroscopic Analysis of
Exciton-Polaritons in a Microcavity

Figure 5.1: Schematic illustration of the spectroscopy setup used for the experi-
ments discussed in chapter 7. A continuous-wave laser with an annular intensity
profile excites the sample non-resonantly in reflection geometry. The photolumi-
nescence of the sample is analyzed either by conventional spectroscopy in real
and momentum space or by homodyne detection. Further details are provided
in the text. (λ/2: half-wave plate; GT: Glan-Thompson prism; PBS: polarizing
beam splitter; LP: long-pass filter; MO: microscope objective; SLM: spatial light
modulator). Adapted from [63].

simultaneously collected the emitted light. After collection, the photoluminescence
was polarization filtered to select the component parallel to the cavity’s principal
axis. At high excitation powers, this polarization corresponds to the polarization of
the polariton condensate. Subsequently, two long-pass filters with an edge energy
of 1.653 eV were used to remove residuals of the excitation laser from the signal
beam.

The emission was analyzed with conventional spectroscopy and with homodyne
detection. For the former, a lens with fCCD = 400mm focused the emission onto
the slit of a spectrometer connected to a CCD to analyze the spatial distribution
and the dispersion relation. The spectrometer had three blazed gratings with 300,
1200, or 1800 lines per millimeter, the CCD had a pixel size of 20µm. To perform
measurements in momentum space, a second lens of fF = 700mm was placed in the
beam path. Alternatively, the emission was directed to an eight-port detector, as
introduced in section 4.2.2, to study the coherence properties of the emission. Below
the condensation threshold, the average number of signal photons overlapping with
a single local-oscillator pulse was nearly zero, since the emission intensity of the
uncondensed state was too weak. For this reason, we focused exclusively on the
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5.2 Experimental Spectroscopy Setup

characterization of the condensed state and tuned the energy of the local oscillator
to match with the energy of the condensate mode, while avoiding spectral overlap
with the emission of the uncondensed polaritons.
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6 Quantum Resource Theory of Lasers

In section 2.2.2, we introduced a set of density-matrix-based quantifiers, consisting
of the quantum coherence C, the mixedness M, and the purity of the dephased
state PInc to characterize coherence phenomena in a system beyond the conventional
g(2). In this chapter, we go one step further and consider the role of quantum
coherence within the broader framework of quantum resource theories. A quantum
resource theory (QRT) formalizes the set of quantum informational processes that
can be realized under a restricted set of physically allowed operations. These allowed
operations are referred to as free operations, while the corresponding accessible
states are regarded as free states. Conversely, states that cannot be generated by
free operations are regarded as resources [1]. A prominent example of a quantum
resource theory is the resource theory of entanglement in the context of quantum
communication between two separated parties [64], where entangled states emerge
as resources due to both parties being restricted to local quantum operations
and classical communication channels (LOCC). Based on the distinction between
resources and free states, a quantum resource theory classifies a quantum state
according to its usefulness in accomplishing a specific quantum informational task
[1]. This includes fields such as quantum communication, quantum computation,
or quantum random number generation. Quantum resource theories are often
formulated from a point of view that emphasizes non-classicality, leading to the
assumption that only non-classical states are considered resourceful, whereas classical
states are treated as free. However, this one-to-one correspondence between non-
classicality and resourcefulness does not necessarily hold for the use of light fields
in real tasks arising in applied quantum technologies. On the contrary, numerous
experiments, performed over the decades, have demonstrated that classical light
fields indeed play an essential role in various quantum information processes. For
instance, fluctuations of the vacuum state [65, 66] and thermal states [5, 6] have been
employed as sources for quantum random number generators. Similarly, classical
coherent light has already become the standard choice for coherent qubit control [2,
3, 4], while low-intense coherent light pulses are used instead of single-photons to
enable faster quantum key distribution [67]. It has even been shown that certain
types of quantum computations can be accelerated by the use of optically classical
light field states [68, 69]. Consequently, there exists a discrepancy between the value
of classical light fields in the established quantum resource theories and their value
in a wide range of experimental applications.
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We address part of this gap by introducing a new quantum resource-theoretical model
for masers and lasers, which treats coherent states as resourceful and incoherent
states as free. The model is built upon the framework of the quantum resource theory
of quantum coherence, which quantifies the amount of quantum superpositions of
a quantum state represented in a designated basis. It is important to note that
quantum coherence therefore, is a basis-dependent concept, so that some bases are
considered more classical than others. In finite-dimensional systems such as qubits,
the resourcefulness of a state carrying quantum coherence in a reasonable basis is
intuively evident, as it indicates non-classicality. This intuition is confirmed as the
purity of the state limits the amount of quantum coherence one can obtain via unitary
transformations [70], and the quantum coherence may be converted into quantum
discord or quantum entanglement [71, 72]. The relation between non-classicality
and quantum coherence, however, becomes less evident when considering light
fields that are defined on infinite-dimensional Hilbert spaces. One of the problems,
for example, is the lack of a well-defined maximal-mixed state. This discrepancy,
however, poses no significant problem as we have already seen that non-classicality
is no prerequisite for the usefulness of light fields in quantum information tasks.
In our analysis, we focus on partially coherent light sources containing thermal
noise that are described by the model of displaced thermal states. While such
an analysis may seem unnecessary for high-end laboratory equipment, it becomes
crucial when considering miniaturized coherent light sources that are embedded in
compact quantum devices. Although laser technology has advanced tremendously
since the first laser was built in 1960 [73], optimizing laser performance remains a
relevant challenge [74, 75], and one must balance priorities between optimal intensity,
optimal coherence, low cost, and device compactness. In this context, it becomes
essential to determine how far a laser system can deviate from an ideal coherent
light source without losing its functionality for the demanded task. To quantify
the quantum coherence, we measure the distance between a given state ρ̂ and its
closest incoherent counterpart ρ̂Inc using the squared Hilbert-Schmidt norm as a
distance measure. This approach guarantees a finite measure of quantum coherence
upper-bounded by both the mixedness of the state and the purity of the closest
incoherent state. Nevertheless, it cannot be applied universally to all kinds of
states and operations, as certain cases may violate the monotonicity condition of
the quantifier [27]. Considering these limitations, we restrict ourselves to classical
Gaussian states that can be modeled as a displaced thermal state and limit the set
of allowed operations to basic operations. These operations include the propagation
through vacuum or simple media and the interaction with a qubit. Under these
constraints, our quantifier remains a valid measure of coherence [76, 77].
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6 Quantum Resource Theory of Lasers

The remainder of the chapter bases on the published paper ’Quantum resource
theory of lasers’ [78] and is organized in four sections. We begin by establishing
a resource-theoretical model of lasers and masers in section 6.1, where we discuss
the properties of the light field emitted by a laser in the different phases of the
onset of lasing. In the second section 6.2, we verify our model experimentally. By
superimposing coherent and thermal light fields, we generate displaced thermal
states of tailored compositions. A quantum state tomography setup then enables us
to compare the predictions of the model with experimental results obtained directly
from reconstructed density matrices. Following these two more general sections,
we focus our analysis on a specific quantum information task and examine the role
of quantum coherence in preparing high-quality qubit superposition states. We
begin this part of the study qualitatively in section 6.3, where we consider three
different excitation scenarios, identify emerging decoherence mechanisms, and define
meaningful reference frames for each case. Finally, in section 6.4, we complete our
analysis by quantitatively investigating the qubit initialization in these scenarios
via numerical simulations.

6.1 A Resource-Theoretical Model for Real Lasers

We start our considerations by constructing a resource-theoretical model that
describes the start-up process of real lasers and masers in four phases. Although
these phases are not sharply separated in practice, they serve as a conceptual guide
to understand how the resource-theoretical properties of the emitted light field
change during laser startup. For each phase, we quantify the coherence properties
of the corresponding quantum state by the set of quantum coherence C, mixedness
M, and purity of the closest incoherent state PInc. Representative density matrices
and Wigner distributions of the light field in each phase are illustrated in figure
6.1. We begin with the situation before any light is present (phase (I)). In this
phase, the emission corresponds to a vacuum state described by the density operator
ρ̂vac. As the vacuum state is pure but diagonal, we find P(ρ̂vac) = PInc(ρ̂vac) = 1
and consequently M(ρ̂vac) = 0 and C(ρ̂vac) = 0. Next, we consider the moment
immediately after the initial spontaneous emission into the lasing mode, when the
active medium has not reached population inversion and the emitted light field, yet,
originating from spontaneous emission, is thermal (phase (II)). The thermal state
is incoherent and mixed, such that ρ̂th = ρ̂th,Inc, and in turn P(ρ̂th) = PInc(ρ̂th).
Consequently, ρ̂th possesses no quantum coherence. The purity of a thermal state
of average photon number nth is given by [77]

P(ρ̂th) =
1

2nth + 1
, (6.1)
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6.1 A Resource-Theoretical Model for Real Lasers

such that the mixedness is

M(ρ̂th) = 1− P(ρ̂th) =
2nth

2nth + 1
. (6.2)

Accordingly, thermal states of large mean photon number are more mixed than
thermal states of low average photon number. After some time, the active medium
reaches population inversion, and the system crosses the lasing threshold. From
this point onward, stimulated emission dominates the emission process, leading to
predominantly coherent emission. In our model, we assume - in a simplified descrip-
tion - that stimulated emission occurs in addition to spontaneous emission (phase
(III)). Mathematically, the transition is then described by applying the displacement
operator D̂(α) on ρ̂th, yielding the displaced thermal state ρ̂DT. The mixedness M,
however, remains invariant under this transformation as the displacement operator
is unitary. This leads to our first central observation: the mixedness of the light
field emitted by a laser depends solely on the absolute number of residual thermal
photons and is independent of the number of coherent photons. Moreover, the
number of thermal photons not only determines the mixedness of the light field
but also constrains the maximal achievable quantum coherence. In particular, even
a single thermal photon reduces the maximal possible quantum coherence to 0.5.
In addition to the state’s mixedness, we further calculate the purity of the closest
incoherent state PInc of the light field [77]

PInc(ρ̂DT) =
exp

[︁
−2|α|2/(2nth + 1)

]︁
2nth + 1

I0

[︃
2|α|2

2nth + 1

]︃
, (6.3)

where I0(x) =
1
2π

∫︁ 2π
0 dϕ ex cos(ϕ) denotes the zeroth modified Bessel function of the

first kind. With this expression, we then obtain the quantum coherence of the
displaced thermal state

C(ρ̂DT) =
1− exp

[︁
−2|α|2/(2nth + 1)

]︁
I0

[︁
2|α|2/(2nth + 1)

]︁
2nth + 1

. (6.4)

Finally, we consider dephasing effects, for instance caused by turbulent air fluctua-
tions along the beam path or mechanical fluctuations of the used optical components.
To keep the model simple, we assume that the dephasing channels predominantly
act on the phase information and neglect alterations of the photon statistics. In
the most extreme scenario, all phase information vanishes, and one ends up with a
completely incoherent state ρ̂DT,Inc which retains the photon statistics but lacks all
off-diagonal matrix elements (phase (IV)). In this scenario, we note that all quantum
coherence is converted into additional mixedness while PInc remains constant.
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6 Quantum Resource Theory of Lasers

Figure 6.1: Density matrices and Wigner distributions of the four phases (I)-(IV),
discussed in the resource-theoretical model.

6.2 Experimental Validation of the Displaced Thermal State
Model

After introducing the resource-theoretical model for real lasers and masers, we
proceed to experimentally verify the model. To this end, we consider that the
phases (I)-(III) can be effectively described within the displaced thermal state model.
Consequently, it is sufficient to validate its predictions for the coherence by comparing
the theoretical curves for C, M, and PInc with corresponding experimental values
obtained directly from reconstructed density matrices. To this end, we combine
coherent and thermal light fields on a beam splitter to generate artificial displaced
thermal light fields with controllable coherent and thermal photon numbers and
study the created quantum states with quantum state tomography. Phase (IV) is
excluded from the experimental analysis, as we obtain the density matrix of the
dephased state from the density matrix of the reconstructed full state by removing
all off-diagonal density matrix elements.
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6.2 Experimental Validation of the Displaced Thermal State Model

6.2.1 Experimental Setup and Data Processing

Quantum state tomography was performed using the four-port detector setup
introduced in section 4.2.1. The test-signal derived from the same laser source
as the local oscillator served as the coherent component of the signal, thereby
maintaining a stable phase relation to the local oscillator. The thermal component
of the signal was provided by a continuous wave superluminescent diode (SLD). Both
light fields were centered to a wavelength of 830nm. The laser pulses were reshaped
to a rectangular spectral pulse profile with a spectral full-width at half-maximum
(FWHM) of approximately 10nm corresponding to a pulse duration of about 200 fs,
whereas the emission of the SLD was spectrally broader. This broader spectrum,
however, did not affect the analysis, as only the spectral component overlapping
with the local oscillator contributed to the recorded quadratures. The coherent
and thermal signal components were superimposed on a non-polarizing fiber beam
splitter. Their relative contributions, as well as the overall intensity, were adjusted
by combinations of half-wave plates and Glan-Thompson polarizers. To monitor
the composition of the light field during the state preparation, the light field was
characterized in situ via optical homodyne tomography. Further, each state was
recorded multiple times to compensate for photon-number fluctuations between
successive measurements. During data analysis, we determined the values of C, M,
and PInc using two different approaches. Experimental data points were directly
calculated from the reconstructed density matrices using the definitions introduced
in section 2.2.2. In parallel, theoretical curves predicted by the displaced thermal
state model were computed from the coherent and thermal photon numbers |α0|2 and
nth using the equations (6.2)-(6.4) introduced in the previous section. Both photon
numbers were extracted from the Wigner distributions of the states calculated from
the density matrices using the algorithm introduced in section 4.3.2. For extraction,
we used the Wigner distribution of the displaced thermal state [77]

W (α) =
2

π(2nth + 1)
exp

[︃
−2

|α− α0|2

2nth + 1

]︃
(6.5)

where α0 denotes the displacement of the state in phase space.

6.2.2 Validation of the Model

To validate the displaced thermal state model, we consider two scenarios. In the
first scenario, we follow the laser model and analyze the transition from phase (II)
to phase (III). To this end, we begin with a fixed number of thermal photons and
gradually increase the number of coherent photons. As photon number fluctuations
were negligible, all iterations of a measurement point were taken into account.
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Further, the mean thermal photon number used for model curves was averaged from
the whole measurement. The results are presented in figure 6.2. Experimental points
obtained from the density matrices are shown as scatter plots, while theoretical
predictions from the displaced thermal state model are displayed as continuous lines.
Overall, we find good agreement between the model and the experiment. Minor
deviations between theory and experiment can be attributed to fluctuations of the
thermal photon number during the measurement. As predicted by the model, we
observe that M remains independent of the coherent photon number and stays at a
value of approximately 0.52, corresponding to a thermal photon number of around
0.54. At the same time, we note that PInc decreases with increasing photon number,
while C increases.

Figure 6.2: Quantum coherence (black), mixedness (red), and purity of the closest
incoherent state (blue) for a displaced thermal state of a fixed mean thermal photon
number of nth = 0.54 and varied coherent photon number |α|2. The experimental
points, calculated from the states’ density matrices, are displayed as scatter plots.
The theory curves predicted by the displaced thermal state model are displayed as
line plots.

In the second scenario, we keep the absolute photon number constant while varying
the ratio between coherent and thermal contributions R = |α|2

nth
. Since R becomes

at large values highly sensitive to fluctuations in nth, averaging over all recorded
iterations does not result in meaningful results. Instead, we restrict the set of
considered density matrices according to the following rules. First, we discard
all density matrices yielding unphysical negative values for R. Second, we sort
the remaining density matrices into quartiles with respect to R and include only
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measurements whose extracted R satisfy the condition

Q50 − 3 · (Q50 −Q25) ≤ R ≤ Q50 + 3 · (Q75 −Q50) , (6.6)

where Q25, Q50, and Q75 denote the lower quartile, median, and upper quartile
of the distribution of the found R. This filter condition ensures that the most
measurements are included in the averaging process, while excluding single outliers
whose R may be several orders of magnitude larger. The model curves and the
experimental results, measured at a mean photon number of ⟨n̂⟩ = 4.5 and an R
varied between 0.01 and 1000, are displayed in figure 6.3 (a). As in the first scenario,

Figure 6.3: Quantum coherence (black), mixedness (red) and purity of the closest
incoherent state (blue) for displaced thermal states of mean photon numbers
of (a) ⟨n̂⟩ = 4.5 and (b) ⟨n̂⟩ = 20, under variation of the coherent to thermal
photon number ratio R = |α|2

nth
. The predicted curves are depicted as line plots.

Additionally, panel (a) includes experimental result obtained from reconstructed
density matrices as scatter plots. To illustrate the differences between ⟨n̂⟩ = 4.5
and ⟨n̂⟩ = 20, panel (b) also includes the curves of the former, but grayed out.
Adapted from [78].

we observe excellent agreement between the experimental data and the curves
predicted by the model. This consistency not only validates the displaced thermal
state model but also confirms the reliability of our density matrix reconstruction
setup. Minor discrepancies can be primarily attributed to residual deviations of R,
which manifest as horizontal shifts between experiment and model. We identify a
clear transition from a predominantly thermal state, characterized by significant
mixedness, to a predominantly coherent state, characterized by a large quantum
coherence. The intersection point of the two quantities lies at around R = 10. In
contrast, R has only a minor influence on PInc which remains at around 0.1. Further,
the relation between R and PInc is unambiguous as PInc exhibits a local minimum at
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around R = 2. In addition to the comparison between model and experiment, figure
6.3 (b) illustrates the comparison between the predicted curves for ⟨n̂⟩ = 4.5 and
⟨n̂⟩ = 20. The increased photon number shifts the curves for quantum coherence
and mixedness towards higher ratios, leading to a new intersection point at around
R = 50. Consequently, increasing the mean photon number does not necessarily
increase the amount of quantum coherence. Such a relation holds only for highly
coherent states of large R, while C even reduces for light fields with low and medium
R.

6.3 Quantum Coherence and Its Role in Coherent Qubit
Control

After validating the displaced thermal state model, we now evaluate the role of
quantum coherence in a specific use case: the preparation of qubit states. Our
objective is to use two consecutive laser pulses to excite qubits, initialized in
the ground state |g⟩, first into the superposition state |+⟩ = 1√

2
(|g⟩ + |e⟩) and

subsequently into the excited state |e⟩. To describe the excitation protocol in a
more intuitive way, we represent the possible qubit states as points on the Bloch
sphere [9, p.54-58]. In this representation, the ground and excited states |g⟩ and |e⟩
correspond to the north and south poles of the sphere, while equal superposition
states lie on the equator. The first pulse transfers the system from the ground
state into a superposition state, whereby the exact polar angle is determined by
the time-integrated amplitude of the excitation pulse and the azimuthal angle by
its phase. Consequently, the pulse profile must be optimized such that the state
is rotated precisely to the equator. Given the first pulse, only a second pulse of
identical amplitude and a relative phase of 0 enables an excitation into the excited
state. In contrast, a pulse with the correct amplitude but a relative phase of π would
drive the system back into the ground state. Therefore, successful state preparation
is achieved only when the amplitudes and the relative phase of both pulses are
coordinated. This coordination is degraded when the excitation beams include
amplitude or phase uncertainties, ultimately preventing an ideal state preparation.
The effect of such uncertainties can be interpreted from two equivalent perspectives.
In the first perspective, we consider the first pulse well-defined, for example, by
rotating the Bloch sphere so that the pulse transfers the system into the state |+⟩.
In this case, the shift due to the second pulse becomes uncertain, so that the final
state is not known exactly. In the second perspective, we consider the relative shift
induced by the second pulse as well-defined. However, the starting point on the
Bloch sphere becomes uncertain because the state produced by the first pulse is not
perfectly known. In the following three sections, we consider the qubit excitation
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protocol in three different excitation scenarios and discuss the quantum coherence
in the corresponding reference frames:

1. In the first scenario, a pulsed laser serves as a seed for an optical amplifier as
well as a source of the first pulse. The first pulse excites the qubit from the
ground into the superposition state, while the output of the optical amplifier
is used to drive the system from the superposition into the excited state
afterward.

2. In the second scenario, the amplified signal is split into two pulses, which are
then used sequentially to perform the qubit excitation.

3. In the third scenario, the amplified signal is again split into two pulses, but
we take additional dephasing between the pulses along the optical beam paths
into account.

6.3.1 The Synchronization Scenario

In the first scenario, we employ a classical light field as a seed for an optical amplifier.
We then use a portion of the seed to excite the qubit from |g⟩ to |+⟩ and the output
pulse of the amplifier to drive the system from |+⟩ to |e⟩. In this scenario, the seed
acts as the reference frame for the second pulse. Consequently, quantum coherence
is degraded by two aspects: First, thermal noise in the emitted light limits the
achievable quantum coherence through increased mixedness. Second, fluctuations in
the relative phase between the seed and the amplifier emission introduce additional
dephasing. Since this issue corresponds to the synchronization of the reference
frames of the seed and the amplified light, we refer to this configuration as the
synchronization scenario. A direct consequence of the additional phase uncertainty
is that the exact amount of quantum coherence cannot be determined solely from its
coherent and thermal photon numbers. Instead, quantum state tomography must
be employed, using a portion of the seed field as the local oscillator. Nevertheless,
knowledge of the state’s coherent and thermal photon numbers still allows an
estimation of the maximal achievable quantum coherence. Because the random
phase fluctuations introduced by the optical amplifier are difficult to suppress, the
synchronization scenario is impractical for coherent qubit control. We therefore turn
to more promising scenarios in the following sections.
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6.3.2 The Interferometric Scenario

In the second scenario, hereafter referred to as the interferometric scenario, we
apply a more practical excitation scheme and use a beam splitter to generate both
pulses from the field emitted by the optical amplifier. Since any phase fluctuations
between the amplifier output and the seed are equally transferred to both pulses,
the relative phase between the two pulses remains unaffected. Consequently, the
amplifier can be omitted from the subsequent theoretical considerations. In the
absence of external phase noise along the beam paths and neglecting the vacuum
noise induced by the beam splitter, this configuration produces two pulses that are
identical copies of each other and therefore perfectly phase-coherent. This scenario
resembles the situation in interferometric experiments, in which one creates two
copies of a light field to determine, for example, its classical first-order coherence
time. Similarly, we investigate in the interferometric scenario how well a light
field can serve as a phase reference for other light fields. However, C provides an
advantage over g(1). In the case of g(1), a relative shift between the two copies -
either in time or space - is required to obtain information about the light field. If no
delay is introduced, every single-mode light field yields g(1) = 1. In contrast, when
two unshifted copies are used as signal and phase reference to evaluate C, the result
still depends on the state of the light fields. In particular, any thermal component
introduces mixedness, which reduces the quantum coherence, even when the two
pulses are perfectly phase-aligned. This property implies that, in the interferometric
scenario, it is sufficient to determine the coherent and thermal photon numbers of
the light field, for example, by measuring the phase-averaged Husimi-Q distribution.
As a result, experimental access is significantly simplified, since a stable phase
relation between the signal and the local oscillator is no longer required.

6.3.3 The Dephasing Scenario

In the third scenario, we reconsider the excitation scheme of the interferometric
scenario, but relax its assumptions to a more realistic level by including additional
phase noise between the two pulses. Such phase noise can arise from various sources.
For example, coherence may degrade when the optical beam paths are exposed to
turbulent airflows or mechanical vibrations. In such cases, the degree of dephasing
typically increases with the setup size. Alternatively, instead of splitting a single
pulse, consecutive laser pulses may be used to control the qubit. In this situation,
the finite coherence time of the light source inherently limits the achievable quantum
coherence. Since all these phenomena can be traced back to dephasing, we refer
to this configuration as the dephasing scenario. With respect to the underlying
decoherence mechanisms, this scenario is closely related to the synchronization
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scenario. The crucial difference is that the achievable quantum coherence is not
fundamentally limited by the processes of an optical amplifier, which can only be
optimized to a limited extent, but can instead often be improved through careful
optimization of the setup. In the limit where the coherence time is much longer
than the time delay between the two pulses, the dephasing scenario reduces to
the interferometric scenario. This distinction is particularly important for the
characterization of light sources, as it allows us to differentiate between intrinsic
phase noise, which occurs on time scales shorter than the pulse width, and external
slow phase noise arising from the experimental setup.

6.4 The Role of Quantum Coherence in Qubit-State
Preparation

Following the preceding qualitative discussion of the different excitation scenarios,
we next simulate the excitation process to study the role of quantum coherence
in the preparation of qubit superposition states quantitatively. These states then
serve as a start point for subsequent operations. To this end, we employ the purity
of the qubit subsystem to quantify the quality of the created qubit superposition
states. The purity reaches a maximal value of P = 1 for a perfect superposition and
minimizes at P = 0.5 for a completely mixed state.

6.4.1 Simulation of the Jaynes-Cumming Model

To keep the description of the excitation process both simple and focused on the
role of quantum coherence, we consider the simplest system possible: the resonant
driving of a qubit ρ̂q, initially prepared in the ground state |g⟩, by a single-mode
light field ρ̂c, neglecting all kinds of losses or other perturbations. Under these
assumptions, the system corresponds to the resonant lossless Jaynes-Cumming model
[79, p. 423], described by the Hamilton operator

Ĥ =
1

2
h̄ωqσ̂z + h̄ωcâ

†â+ h̄g
(︂
â†σ̂ + âσ̂†

)︂
, (6.7)

where â and â† denote the annihilation and creation operators of the light field,
σ̂ and σ̂† define the lowering and raising operators of the qubit, and σz = σ̂†σ̂
represents the qubit inversion operator. Furthermore, we define the energy level
separation of the qubit states h̄ωq, the energy of the photon mode h̄ωc, and the
Rabi energy h̄g. Since we consider resonant excitation, we set h̄ωq = h̄ωc. The time
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evolution of the coupled system, described by ρ̂j = ρ̂c ⊗ ρ̂q, is then given by the
Liouville-von Neumann equation [79, p. 24]

d
dt

ρ̂j = − i

h̄

[︂
Ĥ, ρ̂j

]︂
. (6.8)

Finally, we obtain the time evolution of the qubit state by tracing out the photon
mode. The simulations were executed numerically using Python and the QuTIP
package [80].

We begin the analysis by studying the time evolution of a single qubit that is
coupled to different light fields. For this purpose, figure 6.4 illustrates the time
traces of the qubit excitation probability (black) and the qubit purity (red) of a
qubit coupled either to a coherent light field ρ̂Coh, a thermal light field ρ̂th, or a
completely dephased coherent light field ρ̂Coh,Inc of average photon number ⟨n̂⟩ = 30.
The graphs in the left column [panels (a), (c), and (e)] display the time evolution on
long timescales up to gt = 50, while the graphs in the right column [panels (b), (d),
and (f)] focus on the time evolution on short timescales up to gt = 3. We begin the
discussion with the coherently driven qubit, where the light field exhibits coherence
both in terms of conventional second-order correlations and quantum superpositions.
In this case, the time evolution of the qubit follows the well-documented nontrivial
Jaynes-Cummings dynamics. On long timescales, we observe initial collapse and
later revival of the qubit excitation probability [81, 82, 83]. Meanwhile, we note
that the purity reaches a local maximum inside the collapse region, reaching a value
of almost one [82, 83]. On short timescales, the excitation probability exhibits
damped Rabi oscillations that converge to 0.5. Particular attention is drawn to
gt ≈ 0.15, where the system reaches a nearly perfect superposition state, associated
with the excitation by a π

2 pulse. In the next step, we examine how the dynamics
change in the interferometric and the dephasing scenario. For the interferometric
scenario, we consider the most extreme case and drive the qubit with a thermal
state ρ̂th that is incoherent both in terms of second-order coherence and quantum
coherence. In this case, the excitation probability exceeds 0.5 once before it decays.
Simultaneously, we observe that the purity decays nearly immediately and remains
at 0.5 for times beyond gt = 0.5. For the dephasing scenario, we again consider
the extreme case and excite the qubit with a completely dephased coherent state
ρ̂Coh,Inc, which is coherent according to g(2) but incoherent in terms of quantum
coherence. We observe that the time evolution of the qubit excitation probability is
identical to that of a coherently driven qubit, indicating that the qubit excitation
probability solely depends on the photon statistics of the excitation light field. In
contrast, the time evolution of the purity differs significantly, showing that the qubit
purity depends on the quantum coherence of the driving light field. The purity may
increase when the excitation probability becomes extremal, but returns to 0.5 when
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Figure 6.4: Time evolution of a single qubit coupled to a coherent light field
(first row), a thermal light field (second row), and a completely dephased coherent
light field (third row), with a mean photon number of 30, respectively. The left
column [panels (a), (c) and (e)] displays the time evolution on long timescales up to
gt = 50, while the right column [panels (b), (d) and (f)] focuses on the short-time
dynamics up to gt = 3. Each panel shows the probability of finding the qubit in
the excited state (black) and the state’s purity (red). Adapted from [78].
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the probability drops back to 0.5. As a consequence, the purity also exhibits no
rephasing peak within the collapse region. This leads to our first central result: The
generation of pure qubit superposition states with a classical light field requires the
presence of quantum coherence in the driving field. Further, we note that the purest
superposition states are achieved by excitation with a single π

2 pulse. For this reason,
we focus from now on exclusively on the excitation with π

2 pulses, while denoting
the purity of the created qubit superposition state |+⟩ with Pπ

2
. Using these results

as a starting point, we study the relationship between the quantum coherence of the
driving field and the achievable Pπ

2
in the interferometric and dephasing scenario in

the following two sections in more detail.

6.4.2 Qubit Preparation in the Interferometric Scenario

We begin the analysis with the qubit preparation in the interferometric scenario.
To this end, we keep the mean total photon number nDT = |α|2 + nth constant,
while varying the ratio between the coherent and thermal contributions R = |α|2

nth
.

All simulations are repeated for mean photon numbers of 3, 5, 10, 15, and 20. The
dependence of Pπ

2
on the quantum coherence of the driving light field C is depicted

in figure 6.5 (a). In the case of thermal excitation, the qubit always evolves into

Figure 6.5: Purity of the excited superposition state Pπ
2

in the interferometric
scenario, dependent on the quantum coherence C (a) and the tightness T (b) of
the exciting light field. The simulations are performed for mean photon numbers
of 3, 5, 10, 15, and 20. Adapted from [78].

a maximally mixed state, independent of the photon number. However, as the
quantum coherence increases, the curves begin to separate. Accordingly, a larger
photon number leads, at equal quantum coherence, to a higher Pπ

2
. This behavior

is expected, as the duration of a π
2 pulse reduces with increasing photon number,
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thereby reducing the time available for the qubit to dephase. For nearly coherent
excitation, the quantum coherence is limited solely by the remaining PInc, which
decreases with increasing mean photon number. Consequently, a coherent state of
higher photon number exhibits a higher quantum coherence and, correspondingly,
leads to a higher Pπ

2
. Our simulations display that the quantum coherence constitutes

a suitable quantity to estimate the achievable Pπ
2
. However, its dependency on the

photon number as well as its limited discriminatory power in the regime of highly
coherent states, complicates its practical application in industrial environments. To
provide a more intuitive relationship between the coherence of the driving field and
the achievable qubit superposition purity, we introduce the tightness T , defined
by

T =
C
M

⟨n̂⟩ . (6.9)

To compare the dependencies of Pπ
2

on C and T , figure 6.5 (b) displays the same
set of simulations, now plotted against the thightness of the driving field. We note
that the tightness unifies the relationship between the coherence of the field and Pπ

2

in the regime of low and medium-coherent light fields. For highly coherent fields,
the curves separate again according to the photon number; however, this separation
is easier to identify.

Following this more application-oriented discussion, we next examine the connection
between the quantum coherence of the driving field and obtainable Pπ

2
in more

detail. To this end, it is important to note that we consider a two-level system,
and the qubit accordingly interacts only with a single photon of the field at a
time. This means, in return, that only quantum superpositions of adjacent Fock
states - associated with the first off-diagonal elements of the density matrix - will
play a relevant role in preparing the qubit superposition state. The situation may
change when considering systems with more than two energy levels. To account for
this restriction of a two-level system, we introduce, alongside the regular quantum
coherence C, the first-order quantum coherence C1

C1 =
∑︂
m∈N

[︁
|ρm+1,m|2 + |ρm,m+1|2

]︁
(6.10)

which arises from the first-order off-diagonals of the density matrix. The relation
between Pπ

2
and C1 is illustrated in figure 6.6. The curves exhibit the same splitting

behavior as observed for the regular quantum coherence and are likewise ordered
according to photon number. The purity Pπ

2
initially increases approximately

linearly with C1 before reaching a plateau after the thermal contribution diminishes.
Both the gradient of the initial increase and the width of the plateau grow with
increasing photon number. Furthermore, we note that the maximal first-order
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Figure 6.6: Purity of the excited super position state Pπ
2

in the interferometric
scenario, dependent on the first-order quantum coherence C1 of the excitation light
field. The simulations are performed for mean photon numbers of 3, 5, 10, 15, and
20. Adapted from [78].

quantum coherence C1, obtained for a coherent state, decreases with increasing
photon number, which is contrary to the behavior of the regular quantum coherence.
This effect arises from the distribution of the off-diagonal elements within the density
matrix of the coherent state, which broadens along the matrix anti-diagonal axis
with increasing mean photon number. In return, the absolute value of the individual
off-diagonal elements decreases, even though their total sum, and thus C, increases.

We conclude the discussion of the interferometric scenario by studying the maximal
achievable purity Pπ

2
,max, attained when driving the qubit with an ideal coherent

state, as a function of |α|2. The associated graph, extracted from corresponding
simulations, is displayed as a black line plot in figure 6.7. The curve begins at a
minimal coherent photon number of 0.9, leading to a qubit superposition purity
Pπ

2
,max of around 0.91. Below 0.9 photons, no purity could be determined as the

excitation field is too weak to drive the qubit into the desired superposition state.
From this threshold on, the purity increases highly nonlinearly with photon number.
It exceeds 0.98 at 2.5 photons and reaches 0.99 at 5 photons. For higher photon
numbers, the curve gradually saturates and slowly converges towards unity. For
practically relevant photon numbers of 10 and above, we can approximate the
simulated relation by the analytic expression

Pπ
2
≈ 1− 1

2
P2

Inc , (6.11)

which shows that the attainable qubit purity is limited by the residual PInc of
the excitation light field. The associated curve is shown as a red dashed line in
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Figure 6.7: Maximal obtainable qubit purity Pπ
2 ,max following excitation with a

coherent π
2 pulse, dependent on mean photon number of the exciting pulse |α|2.

Simulation results are displayed in black. A corresponding analytical approximation
is shown as a dashed red line. Further details are given in the text. Adapted from
[78].

figure 6.7. The approximation breaks down for small photon numbers of 5 or
below, where the photon number fluctuations exceed the photon number itself. This
additional noise reduces the achievable qubit purity compared to the value predicted
by the approximation. The effect can be compensated by subtracting an additional
phenomenological term of the form 1

2 exp(−3|α|2). In practice, however, one should
avoid the regime of low photon numbers anyway, as the enlarged photon-number
noise complicates the generation of well-defined π

2 pulses.

6.4.3 Qubit Excitation in the Dephasing Scenario

After investigating the interferometric scenario in the previous section, we now turn
our attention to the dephasing scenario. To ensure that the dephasing mechanism
does not alter the photon statistics of our light field, we restrict our analysis to pure
dephasing. In this case, the driving light field is in contact with a bath of incoherent
photons such that both parties can exchange photons, without changing the photon
statistics [79, p. 171]. The exchange process is characterized by the exchange rate
γ = ω2

cγ
′ , which becomes constant in the case of single-mode excitation. The time

evolution of the density matrix elements ρm,n(t) under pure dephasing is then given
by

ρm,n(t) = exp (−iωc [m− n]) · exp
(︂
−γ [m− n]2 t

)︂
ρm,n(0) (6.12)
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The first exponential term describes ultrafast oscillations of the off-diagonal terms
that, however, do not alter the coherence properties of the state. The second term,
in contrast, induces an exponential decay of the off-diagonal elements. As the
associated decay rate increases quadratically with the order of the off-diagonal
elements |m− n|, elements on higher-order off-diagonals decay faster compared to
the elements on the first off-diagonal. As in the interferometric scenario, we excite
a single qubit from its ground state into the superposition state using a π

2 pulse.
We then analyze the purity of the prepared superposition state Pπ

2
and relate it

to the coherence properties of the driving light field. To investigate the impact of
pure dephasing under realistic conditions, each simulation begins with a displaced
thermal state of ratio R = 100, which is then exposed to different amounts of pure
dephasing and, afterward, coupled to the qubit system. As in the interferometric
scenario, all simulations are performed for photon numbers of 3, 5, 10, 15, and 20.
We begin the analysis with the relation between Pπ

2
and the dephasing parameter

Figure 6.8: Purity of the excited qubit superposition state Pπ
2

in the dephasing
scenario, either in dependence of the dephasing constant γt (a) or the tightness T
of the driving light field (b). All dephasing operations are applied on a displaced
thermal state of ratio R = 100. The simulations are performed for mean photon
numbers of 3, 5, 10, 15 and 20. Adapted from [78].

γt, depicted in figure 6.8 (a). In the weak dephasing regime, the curves exhibit a
characteristic splitting behavior as Pπ

2
is upper bounded by the residual PInc of the

excitation light field. As the degree of dephasing increases, the obtainable qubit
purities decrease non-linearly and gradually converge to a single curve. At γt = 1,
the curves have effectively merged, and the purity has dropped to approximately
0.55. Finally, we obtain a nearly maximally mixed state at around γt = 3. In
addition to examining the dependence of Pπ

2
on γt, we also study its relation to

T , when the dephasing is included directly into T . The corresponding graph is
displayed in figure 6.8 (b). The tightness reaches its maximum in the absence of
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dephasing, which consequently also yields the highest Pπ
2
. In the intermediate

regime, we not only note a splitting of the curves - unlike to the interferometric
scenario - but also a reversed curve order. This behavior follows from the definition
of the tightness, as a less intense light field requires a higher degree of quantum
coherence to achieve the same tightness. The fact that quantum coherence and
mixedness are furthermore correlated with PInc, however, complicates the relations,
so one clearly sees that the tightness is a quantifier for the maximal obtainable
purity, but not for directly including dephasing. This is expected as the obtainable
qubit purity depends only on the entries in the first off-diagonals of the density
matrix, while dephasing affects the different off-diagonals in a dissimilar manner.
We conclude our study of the dephasing scenario with the relation between Pπ

2

and C1. The associated graphs are depicted in figure 6.9. As in the interferometric

Figure 6.9: Purity of the qubit superposition state Pπ
2

in the dephasing scenario,
dependent on the first-order quantum coherence C1 of the driving light field. All
dephasing operations are applied on a displaced thermal state of ratio R = 100.
The simulations are performed for mean photon numbers of 3, 5, 10, 15 and 20.
Adapted from [78].

scenario, the curves are ordered by increasing photon number, the relation between
C1 and Pπ

2
is, however, linear. Consequently, the dephasing scenario can be traced

back on the interferometric scenario.
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6.5 Conclusion

In summary, we have developed a simple resource-theoretical model describing
the formation of quantum coherence during the onset of the lasing process. We
have demonstrated that the attainable quantum coherence of a light field, emitted
by a maser or laser, is upper-bounded by the mixedness of the light field, which
originates from residual thermal noise, and by the purity of the closest incoherent
state. Furthermore, we experimentally validated our theoretical predictions and
confirmed the model’s central results using quantum state tomography, achieving
excellent agreement between the model and the experiment. Moreover, the ability
to tune the thermal and coherent contributions of the signal during the experiment
underscores the versatility and performance of our in situ quantum state tomography
setup. Our simulations of single-qubit excitation driven by a realistic coherent light
source revealed that quantum superpositions play a decisive role in the preparation
of coherent qubit superposition states. Consequently, quantum coherence emerges
as a reasonable quantifier to quantify the usefulness of a partially coherent light field
for the preparation of a superposition state in a qubit, where the commonly used
second-order correlation function g(2) fails to provide reliable predictions over the
purity of the final qubit superposition state. For this purpose, we studied the qubit
preparation in three different excitation scenarios. Notably, we find that within the
interferometric scenario, quantum coherence can be determined without the need for
a fixed phase reference. This simplifies the integration of detectors that measure the
quantum coherence into established experimental setups and testing processes.

Although our simulations are restricted to the specific task of preparing a single
qubit in order to demonstrate the capabilities of our framework, the underlying
principles can be transferred to more complex and experimentally more relevant
protocols [84, 85, 86, 87]. Alternatively, earlier studies on coherent qubit control
could be revisited from the perspective of quantum coherence and the use of
realistic coherent light sources [88, 89]. More broadly, it appears advantageous to
incorporate quantum resource theories already at an early stage in the design and
development of new coherent light sources. An example would be the construction
of miniaturized coherent light sources for integrated quantum computing. This
study may also serve as a starting point for investigating the coherence properties
of further partially coherent light sources in the broader scope of quantum resource
theories. This includes not only maser and laser systems but also encompasses other
non-conventional partially coherent light sources such as free-electron lasers [90]
and Bose-Einstein condensates, created from photons [91] or polaritons [39]. At last,
even spectroscopic applications can benefit from the study of quantum coherence.
For example, recent studies have revealed that the Cherenkov radiation, which has
so far been described in a classical way, involves underlying quantum-mechanical
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processes [92]. For this purpose, the interplay between the quantum coherence of
the emitter and the classical phase coherence of the emitted signal was investigated.
In this regard, the analysis of the quantum resource of the emitted light field could
lead to further insights.
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7 Enhancing the Quantum Coherence of a
Polariton Condensate

Technological developments over the past decades have led to remarkable advances
in quantum computation and quantum information science, providing solutions to
emerging challenges in quantum security [93], quantum machine learning [94], and
quantum optimization [95]. The range of experimentally accessible qubit platforms
has expanded significantly, and nowadays includes systems such as trapped ions [2,
96, 97], superconducting circuits [98, 99], and photonic architectures [100, 101]. At
the same time, progress in reducing losses in quantum channels enabled quantum
communication over increasingly large distances [102, 103, 104, 105]. Nevertheless,
no single qubit platform is ideal for all types of quantum operations. In this regard,
matter-based platforms usually outperform photonic systems in quantum compu-
tation, whereas photonic platforms are indispensable for transmitting quantum
information between different locations. For this reason, hybrid quantum devices
capable of transferring quantum information between matter-based and photonic
systems are required [106]. Exciton-polaritons represent promising candidates for
such hybrid quantum devices due to their hybrid light-matter character. On the one
hand, resonant excitation enables the optical imprinting of quantum information
on the polariton population. On the other hand, polaritons transfer their quantum
information to emitted photons upon decay. Furthermore, polaritons can, due
to their bosonic character, exhibit a variety of nontrivial collective phenomena,
such as polariton lasing [107], superfluidity [108], and the phase transition into a
Bose-Einstein condensate-like state [39]. The latter is accompanied by the buildup
of coherent superpositions in the polariton system. This feature renders polariton
condensates, as we had discussed in the previous chapter, interesting for a wide
range of quantum informational applications in quantum thermodynamics, quan-
tum algorithms, and quantum metrology [109]. In this context, understanding
and optimizing the condensation process and the associated buildup of quantum
superpositions is crucial for hybrid quantum technologies [110, 111, 112, 113, 114,
115]. The objective of this chapter is to characterize and optimize the condensation
process of a non-resonantly excited polariton condensate. To this end, we com-
bine a semiconductor microcavity, which provides long-lived polaritons, with an
annular-shaped excitation beam, thereby separating the condensate area from the
excitation area and minimizing interactions between both. In this context, previous
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studies have already demonstrated that the spatial separation of excitation area
and condensate improves the spatial [45] and temporal [46, 47] first-order coherence
g(1). To examine the condensation process and the buildup of coherence, we employ
classical spectroscopy and homodyne detection. Detailed information about the
experimental setup and the used sample is provided in chapter 5.

The remainder of this chapter is structured in four sections, whereby the contents of
the first three sections formed the base of the published paper ’Quantum coherence of
a long-lifetime exciton-polariton condensate’ [63]. We start the studies by validating
the condensation process in section 7.1. Subsequently, in section 7.2, we examine
the temporal stability of the condensate state through the time-resolved analysis of
⟨n̂⟩ and g(2)(0). In section 7.3, we extend the investigation to the phase-averaged
Husimi-Q distribution. The application of the displaced thermal state model then
provides access to the quantum coherence of the condensate state in terms of the
interferometric scenario that we introduced in the previous chapter. Finally, in
section 7.4, we relax the restriction of a stationary condensate state and investigate
the influence of intensity noise on the coherence properties of the intensity-averaged
state. We conclude the chapter by introducing a time-resolved version of the Husimi-
Q analysis, which enables us to inspect the temporal evolution of quantum coherence
in the presence of external perturbations.

7.1 Spectroscopic Characterization of the
Polariton-Condensation Process

Before analyzing the coherence properties of the light field emitted by the sample, two
conditions must be verified. First, we have to validate that the polariton population
within the sample forms a polariton condensate, and second, we have to ensure that
the condensate is spatially separated from the excitation area. To examine these
criteria, we excite the sample with an excitation beam of annular shape, drive the
system across the condensation threshold, and investigate the resulting changes in
the radiated emission using spectroscopic methods. The corresponding results at
three representative excitation powers (I) below threshold, (II) at threshold, and
(III) above threshold are shown in figure 7.1. The left column displays the two-
dimensional real-space emission, while the right column shows the one-dimensional
dispersion along ky for fixed kx = 0 µm−1.

Below the condensation threshold, the real-space image of the polaritons resembles
the annular profile of the excitation beam, as polariton scattering toward the ring
center plays only a minor role. Nevertheless, polariton-phonon scattering already
broadens the thickness of the ring compared to the excitation profile. In momentum
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Figure 7.1: Polariton emission in (a) real- and (b) momentum-space for different
excitation intensities of (I) 0.57Pth, (II) 1.00Pth and 1.35Pth. The heatmaps of
case (II) are averaged over several iterations as the system shows instabilities
around the threshold. Adapted from [63].
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space, the dispersion of the lower polariton branch (LPB) exhibits the characteristic
parabolic shape associated with uncondensed polaritons below the condensation
threshold, while the ground state energy amounts to 1.603 eV. At the threshold,
the polariton system destabilizes, such that minimal fluctuations in the excitation
geometry can induce a phase transition from an incoherent polariton population
to a coherent condensate state and vice versa. To accommodate this instability,
the heatmaps shown in regime (II) represent averages over multiple successive
measurements recorded under nominally identical experimental conditions. The
real-space image clearly reflects the state’s instability, as contributions not only arise
from the ring but also from its center, indicating a successful separation between
the excitation area and the condensate. Simultaneously, the dispersion narrows to a
region around ky = 0 µm−1, while its energy decreases in linewidth and blueshifts
by around 5meV. As for the real-space image, the dispersion heatmap is averaged
over several iterations. The dispersion of the lower polariton branch is, however,
not visible, as its intensity is too low compared to that of the condensate state.
Since the first signs of condensation appear at this excitation power, we define it
as the threshold power Pth. Above threshold, the condensed state stabilizes, and
the emission originates predominantly from the ring center. The momentum-space
dispersion supports this interpretation as the emission line further localizes around
ky = 0 µm−1, accompanied by an additional blueshift and a further reduction in
linewidth.

Figure 7.2: (a) Polariton state intensity and spectral linewidth dependent on the
excitation power. (b) Polariton blueshift relative to the ground state level of the
lower polariton branch. The excitation power is given in units of the threshold
power. Further details on the analysis are given in the text. Adapted from [63].

To quantitatively support these preliminary results, we plot the evolution of the
intensity, the linewidth, and the blueshift of the condensate mode as functions of the
excitation power, presented in units of the threshold power Pth. For this purpose,
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we analyze the recorded dispersions and respectively, extract an energy-dependent
intensity profile from a narrow region around ky = 0 µm−1 with a width of 1µm−1.
The graphs depicted in figure 7.2(a) display the evolution of the emission intensity
(black) and linewidth (red). Below the condensation threshold, the uncondensed
lower polariton branch is taken into account; above the threshold, focus is set on the
condensate mode. The graph in figure 7.2(b) shows the blueshift of the condensate
mode above Pth. We observe that the emission intensity increases by approximately
eight orders of magnitude when the power is driven across the condensation threshold.
Meanwhile, the linewidth drops by a factor of around six. Together, these effects
constitute clear signatures of condensation. In addition, the blueshift exhibits a
step-like increase of about 5meV as the population transits from the lower polariton
branch into the condensate mode. Above the condensation threshold, the blueshift
scales linearly with excitation power. At first glance, the comparably large blueshift,
stronger than observed in other GaAs-based microcavities [116, 117, 118], appears
surprising, especially as the spatial separation between condensate and excitation
area should lead to a reduced blueshift. However, other experiments in comparable
microcavities have demonstrated that dark excitons with large in-plane momentum,
located beyond the light cone, can propagate distances exceeding 30µm before
decaying [119]. Given that our annular trap has a diameter of only 9.6µm, it
is reasonable to assume that the condensed polaritons still interact with dark-
excitons [120]. In this context, it is important to emphasize that the long lifetime of
these dark-exciton states facilitates their efficient thermalization. As a result, we
expect that the interactions with dark excitons, in contrast to the interactions with
strongly fluctuating particles, lead to a constant and homogeneous modification
of the potential landscape. This observation may indicate that the condensate’s
coherence is not primarily limited by the mere presence of a reservoir, but rather
by fluctuations within it. The objective of the subsequent homodyne analysis is
therefore to elucidate the role of fluctuations on the coherence properties of the
generated condensate [121, 122].

7.2 Time-Resolved Analysis of ⟨n̂⟩ and g(2)(0)

After validating both the condensation process and the spatial separation between
the condensate and the excitation area in the previous section, we now focus on the
coherence properties of the emitted light field. To this end, we direct the emission of
the sample to a four-port detector, as introduced in section 4.2.1, and examine the
time evolution of the mean photon number ⟨n̂⟩(t), and the second-order correlation
function g(2)(t, 0), according to section 4.3.3. As we are interested in the condensate
mode, the local oscillator is spectrally aligned with it while avoiding overlap with
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the ground state of the uncondensed polaritons. To evaluate the ensemble averages
in the computation of ⟨n̂⟩(t) and g(2)(t, 0), we employ a rolling window calculation
using a window size of 30000 quadratures and a step size of 10000 quadratures.
The time traces of ⟨n̂⟩(t) and g2(t, 0) for excitation powers of 1.05Pth, 1.10Pth and
1.35Pth over a representative time interval are presented in panels (a) and (b) of
figure 7.3. When the system is close to the threshold power, it has usually not yet
stabilized but exhibits fluctuations between different modes. These fluctuations
can induce the system to go in and out of the condensed phase [118]. Since the
emission intensity of the uncondensed phase is too low to record it with the employed
homodyne setup, we focus in this study purely on the condensed phase. To this
end, we apply a simple intensity filter with a threshold photon number of 0.6 to
differentiate between time intervals of the uncondensed and condensed phase. This
is possible since phase transitions occur on timescales that are fast compared to
the time resolution of the analysis. For clarity, the time intervals during which the
system remained in the uncondensed phase are shaded gray in the photon number
graph and omitted from the g(2) graph.

Figure 7.3: Time traces of the time-resolved equal-time second order correlation
function g(2)(t, 0) (a) and the mean photon number ⟨n̂⟩(t) (b) for different excitation
powers of 1.05Pth, 1.10Pth and 1.35Pth. For clarity, time intervals corresponding
to the uncondensed state are grayed out in the ⟨n̂⟩(t) traces and omitted in the
g(2)(t, 0) traces. Adapted from [63].
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At P = 1.05Pth, close to the condensation threshold, the polariton system is found
- consistent with the spectroscopic analysis - in a highly unstable regime, switching
on the millisecond scale between the uncondensed and condensed phases. In the
latter the photon number rises to around ⟨n̂⟩ ≈ 1, while g(2)(t, 0) drops to around
1.04, indicating the buildup of coherence. However, the system remains unstable, as
evidenced by the temporal fluctuations inside g(2)(t, 0). Increasing the excitation
power slightly to P = 1.10Pth stabilizes the system against external perturbations,
such that the polariton system remains consistently in the condensed state. The
average photon number, however, does not increase significantly at this stage, while
g(2)(t, 0) even rises slightly to 1.08. We attribute this effect to residual uncondensed
polaritons. At the highest recorded excitation power of P = 1.35Pth, the system
has fully stabilized as the condensate mode has become the dominating mode.
The average photon number increases to around 5, while g(2)(t, 0) decreases to
approximately 1.02, indicating that the majority of the excited polariton population
is in the condensed state. Further, the fluctuations in g(2) observed at lower powers
are substantially reduced. A final aspect deserving attention concerns the nearly
harmonic oscillations visible in the photon-number time traces, which persist over
all examined excitation powers. A Fourier analysis reveals two dominant frequency
components at approximately 24Hz and 418Hz hinting a mechanical origin. We
therefore attribute these oscillations to external mechanical vibrations that modulate
the relative distance between the microscope objective and the sample. This variation
leads to a modulation of the effective trap size and, consequently, of the condensation
efficiency. In contrast, the second-order correlation function remains unaffected as
the oscillation periods are long compared to the temporal resolution of the g(2)(t, 0)
calculation [61].

7.3 Time-Averaged Coherence Analysis Based on the
Husimi-Q Distribution

In the previous section, we obtained initial insights into the coherence of the
condensed polariton system from the time traces of g(2)(t, 0). In this section, we
extend our analysis beyond g(2) by determining the amount of quantum coherence
of the emission. As discussed in the preceding chapter, quantum superpositions
are always defined with respect to a meaningful reference frame and degrade under
the influence of external phase noise. In the interferometric scenario, which can be
seen as the ideal case, however, the quantum coherence of a displaced thermal state
depends solely on the coherent and thermal photon numbers. Since both photon
numbers are encoded in the photon statistics, the maximal attainable quantum
coherence can be inferred from phase-averaged measurements. Such an approach is
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essential, as the short coherence time of the polariton condensate - ranging from
several picoseconds to a few nanoseconds [47, 123] - precludes a long-term stable
phase relationship to a local oscillator and, consequently, the use of conventional
quantum state tomography. Although single-photon detectors could be employed to
measure the photon statistics of the emission, and even the quantities ⟨n̂⟩ and g(2)(0)
would suffice to estimate the coherent and thermal contributions of the field, we
instead extract both photon numbers from the phase-averaged Husimi-Q distribution.
This method offers several advantages over the aforementioned alternatives. First,
the mode sensitivity of homodyne detection allows us to examine multimode signals
mode-selectively without applying additional spectral filters. Second, the positivity
and smoothness of the Husimi-Q distribution enable reliable parameter extraction
even for weak light fields with photon numbers close to zero. The latter poses a
particular challenge for the approach based on g(2)(0), which destabilizes numerically
for light fields in the vicinity of the vacuum state. A necessary condition for applying
the displaced thermal state model to the constructed Husimi-Q distribution is that
the polariton system remains in a stationary state throughout the recording time.
As noted in the previous section, this condition is not fulfilled for excitation powers
near the condensation threshold. We therefore filter the quadratures based on their
associated photon numbers, again using a threshold intensity of 0.6 photons per
pulse. A transfer of the Husimi-Q distribution into the phase-space spanned by α,
followed by a coordinate transformation into polar coordinates, allows us to perform
a fit to the radial profile of the phase-averaged distribution using the Husimi-Q
distribution for a phase-averaged displaced thermal state [77]

QDT,Inc(α) =
exp

[︁
−
(︁
|α|2 + |α0|2

)︁
/ (nth + 1)

]︁
π(nth + 1)

I0

(︃
2|α||α0|
nth + 1

)︃
. (7.1)

In this fitting procedure, the parameters |α0|2 and nth correspond to the coherent
and thermal photon numbers of the light field, while I0 denotes the zeroth-order
modified Bessel function of the first kind. Due to the rotational symmetry of the
distribution, the function depends solely on the radial coordinate. This allows us to
utilize the entire constructed phase-space distribution, thereby enabling meaningful
parameter estimation even from a limited number of quadratures. We will make use
of this advantage in the final section.

The results of the Husimi-Q construction and the subsequent analysis are presented in
figure 7.4. The heatmaps in the panels (a-d) of the top row illustrate the evolution of
the Husimi-Q distribution as the system is driven across the condensation threshold.
The panels in the bottom row show the excitation-power dependency of the coherent
and thermal photon numbers (e), as well as the corresponding dependencies of g(2)(0)
(f) and C (g). For the latter, we employed the equations (2.46) and (6.4). The
Husimi-Q distributions illustrate how the polariton system evolves from an incoherent
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Figure 7.4: Compilation of the principal results obtained from the reconstruction of
the phase-averaged Husimi-Q distributions of the polariton condensate. The upper
panels (a)-(d) display the phase-averaged Husimi-Q distributions for representative
excitation powers of 0.77Pth, 1.05Pth, 1.15Pth, and 1.35Pth. The distribution
in panel (a) corresponds to the vacuum state, since the local oscillator does not
overlap with the uncondensed polaritons. Meanwhile, the main image in panel
(b) displays the condensate state reconstructed exclusively from time intervals in
which condensation occurred, whereas the inset shows the average distribution
obtained from the complete recorded dataset. In panels (c) and (d), the system
remains continuously in the condensed state. The bottom row represents the
results derived from these distributions within the displaced thermal state model.
Panel (e) shows the excitation power dependence of the coherent and thermal
photon numbers extracted from the fit. The corresponding dependencies of g(2)(0)
and C, calculated from these parameters, are displayed in the panels (f) and (g),
respectively. Adapted from [63].

mixed state without quantum superpositions to a state of higher purity that exhibits
pronounced coherence as the system is driven over the condensation threshold. Below
threshold, depicted in panel (a), the system consists of an incoherent polariton
population, represented in the reconstruction by a vacuum state as the local oscillator
does not overlap spectrally with the ground state mode. This situation changes
once the system is driven above the threshold, as shown in panel (b). As soon as
a condensate forms, coherent contributions become visible as the phase averaged
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phase-space distribution reshapes from a Gaussian distribution to a ring of finite
ring radius. The inset in panel (b) shows the distribution reconstructed from the
complete dataset, including time intervals without condensation. As expected, the
dominant vacuum component nearly completely obscures the coherent contribution
in this case. At higher excitation powers, displayed in panels (c) and (d), the system
stabilizes, and the coherent photon number increases, indicated by the growing ring
diameter of the phase-space distribution. In contrast, the width of the ring remains
comparable to the width of the vacuum state, implying that the thermal photon
number remains close to zero.

Building on the preceding qualitative discussion of the Husimi-Q distributions, we
quantify our observations using the displaced thermal state model. We find that
the coherent photon number increases from zero once the excitation power exceeds
the threshold power. In contrast, the thermal photon number rises only slightly and
remains at a level of around 0.2 photons even for higher excitation powers. This
behavior also translates to g(2)(0). In accordance with previous studies [124, 125,
126], we assign the uncondensed polaritons below threshold a thermal distribution
with g(2)(0) = 2. As the excitation power surpasses the threshold, g(2)(0) decreases
immediately to 1.4 and subsequently converges towards unity with increasing pump
power. At last, we examine the evolution of the quantum coherence C. As expected,
no quantum coherence is observed below the threshold, which is consistent with the
expectations for both a vacuum and a thermal state. Once the system is driven over
the threshold, quantum coherence increases rapidly to approximately 0.5, indicating
the fast formation of quantum superpositions. For higher excitation powers, C
increases further, attaining a maximal value of 0.7 before exhibiting fluctuations
at around 0.65. We attribute these fluctuations to minor variations in the fitting
procedure, as the quantum coherence becomes increasingly sensitive to small changes
in the thermal photon number at high coherence values.

Finally, we compare our results on the quantum coherence with previous measure-
ments reported by Lüders et al. [77]. In their study, the same coherence quantifier
was employed; however, the authors investigated a microcavity with a lower quality
factor and excited the sample with a Gaussian beam of 70µm diameter. It is impor-
tant to note that a direct comparison of the estimated absolute quantum coherences
is not meaningful. This follows as our quantifier depends on the absolute coherent
and thermal photon numbers, such that a difference in emission intensity lead to a
different quantum coherence. This effect becomes understandable when considering
that a change in intensity can be modeled by a beam splitter operation, which is a
non-free operation in the context of quantum coherence and therefore may change
the quantum coherence [127, 128]. Nonetheless, we can still meaningfully compare
the qualitative evolution of quantum coherence as the system is driven across the
condensation threshold. In the measurements by Lüders et al., several multiples
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of the threshold power were required to reach maximal quantum coherence. In
contrast, our results demonstrate the emergence of substantial quantum coherence
immediately above the condensation threshold. This observation is particularly
notable given that the blueshift observed in our study exceeds the one reported
previously, affirming our claim that not the mere presence of a reservoir suppresses
quantum coherence. Rather, fluctuations within the reservoir appear to be the dom-
inant source of thermally induced decoherence. Consequently, it may be sufficient
to spatially separate the condensate from fluctuating reservoir particles, such as free
electrons and holes, while interactions with comparatively static particles - such as
dark excitons - play only a secondary role.

7.4 Husimi-Q Analysis of Fluctuating Light Fields

In the previous section, we observed how the condensation process of the polariton
population leads to the formation of coherent quantum superpositions, as reflected in
the buildup of quantum coherence in the emitted light field. A necessary condition
for this analysis, however, was that the condensate remained in a stationary state
throughout the recording time. In this final section, we relax this restriction and
examine the average quantum coherence measured when the light field varies over
the acquisition time. Furthermore, we compare the coherence value measurable
with quantum state tomography with that estimated from phase-averaged detection
and the displaced thermal state model. This comparison allows us to determine
under which conditions - and for which quantifier - the model provides a valid
approximation, and where its limitations become significant. Finally, we complement
the simulations by introducing a time-resolved version of the Husimi-Q analysis.
This approach enables us to probe the instantaneous coherence properties of the
light field, eliminating the influence of external intensity noise.

7.4.1 Application of the Displaced Thermal State Model to Fluctuating
Light Fields

We begin our analysis by examining how intensity noise affects the coherence
properties of the time-averaged state. In this regard, the experimental results
obtained in the previous two sections motivate us to several assumptions streamlining
the simulations. First, we observe that the coherence properties of the state become
more sensitive to thermal noise when the unperturbed state is highly coherent.
For this reason, we limit our analyses to coherent states as they promise the most
significant changes in the coherence properties. Second, the time traces of ⟨n̂⟩(t),
displayed in figure 7.3, indicate that the photon fluctuations created by external
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noise are often nearly harmonic. This motivates us to model the time dependent
photon number ⟨n̂⟩(t) via

⟨n̂⟩(t) = n0 + δn sin(ωt) , (7.2)

where n0 denotes the time-averaged photon number, δn is the modulation amplitude,
and ω is the modulation frequency. To obtain average values one would expect for
a long measurement over many oscillation cycles, we average the quantum state
over one cycle period. Finally, the time traces of ⟨n̂⟩(t) in figure 7.3 further indicate
that the fluctuation amplitude usually increases with increasing average photon
number. To consider this effect during the analysis, we investigate the coherence
properties as functions of the relative amplitude δn

n0
, normalized to the respective

average photon number.

The simulations then follow the following pattern: First, we construct the instanta-
neous density matrices corresponding to the sinusoidally modulated photon number.
To this end, we discretize the modulation in 200 steps. The density matrix of
the averaged state corresponds then to the average over all instantaneous density
matrices. Finally, we use the intensity-averaged density matrix to calculate the ref-
erence value of the quantum coherence. Afterward, we construct the phase-averaged
Husimi-Q distribution phase-averaged intensity-averaged density matrix, which lack
all off-diagonal matrix elements. By fitting the radial profile of this distribution
within the displaced thermal state model, we extract the effective coherent and
thermal photon numbers of the intensity-averaged state. Meanwhile, fit quality
indicates whether the model provides a valid description.

We begin our studies by analyzing the effect of intensity modulation on the density
matrix and the phase-averaged Husimi-Q distribution. For this purpose, figure 7.5
illustrates both quantities for a coherent state with n0 = 10 and δn of 0, 0.5, 3,
and 7 photons. The top row shows the corresponding intensity-averaged density
matrices. The bottom row presents the profiles of the phase-averaged Husimi-Q
distributions evaluated at Im(α = 0) (black lines), together with fits based on the
displaced thermal state model (dashed red lines). Examining the evolution of the
density matrices first, we observe that the distribution elongates along the main
diagonal as the modulation amplitude increases. Meanwhile, its shape transforms
from a rounded triangle at δn = 0 to a conical structure at δn = 7. The conical
profile arises since the distribution of the coherent state broadens with increasing
photon number along the anti-diagonal axis. This behavior highlights a fundamental
difference between the effects of intensity noise and thermal noise. Thermal noise
reshapes the distribution of density matrix elements into an elliptical form, whereas
intensity modulation leads to a markedly different structural change. Meanwhile, the
profiles of the phase-averaged Husimi-Q distributions in the bottom row of figure 7.5
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Figure 7.5: Simulated results of a time-averaged coherent state with modulated
photon number. The mean photon number over one time period is fixed at
n0 = 10, while the instantaneous photon number undergoes sinusoidal modulation.
Simulations are carried out for different modulation amplitudes δn of 0, 0.5, 3,
and 7. The top row shows the corresponding density matrices of the averaged
states, while the bottom row presents profiles at Im(α) = 0 of the experimentally
obtainable phase-averaged Husimi-Q distributions (black lines), together with
corresponding fits based on the displaced thermal state model (red dashed lines).

only reflect changes in the photon-number statistics. As the modulation amplitude
increases from δn = 0 to δn = 3, we observe a broadening of the distribution
accompanied by a reduction in peak height. These changes are, however, less
pronounced compared to the structural changes observed in the corresponding
density matrices. The difference between both representations becomes apparent
when comparing the density matrix and the Husimi-Q distribution for δn = 3.
Although the model still provides an adequate fit to the Husimi-Q distribution, the
density matrix already differs significantly from that of a displaced thermal state.
In contrast, the fit model only breaks for very large modulation amplitudes, such
as δn = 7. This observation leads to our first key finding: intensity modulation
alters the off-diagonal elements of the density matrix more strongly than the photon
statistics encoded in the main diagonal. Consequently, it becomes essential to
quantify how coherence predicted by the displaced thermal state model deviates
from the correct values and under which conditions the model may still yield reliable
approximations.
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Figure 7.6: Second order correlation function g(2)(0) (a) and quantum coherence
C (b) of an averaged coherent state of sinusoidally modulated photon number,
dependent on the relative modulation amplitude δn

n0
. The simulations are performed

for different average photon numbers n0 of 2, 5, and 10. The full line plots display
the results obtained from the averaged density matrices, while the dashed lines
show the evolution predicted by the displaced thermal state model applied to the
phase averaged Husimi Q distribution. We consider a fit successful if the sum of
least squares is below 10−5.

To investigate this question further, we examine the second-order correlation func-
tion g(2)(0) and the quantum coherence C as functions of the relative modulation
amplitude δn

n0
. The associated curves are displayed in the panels (a) and (b) of

figure 7.6 for n0 of 2.5, 5, and 10. To restrict the analysis to states whose photon
statistics follow the displaced thermal state model, we include only those states
for which the sum of least squares of the fitting procedure remains below 10−5.
For g(2)(0), we observe generally good agreement between the reference curves
and the model predictions. In the small perturbation regime below δn

n0
= 0.2 - as

typically encountered in stabilized systems - deviations are negligible. Significant
discrepancies arise only for large modulations. Notably, the observed relationships
are independent of the absolute average photon number, indicating that g(2)(0) is a
normalized quantity. In contrast, quantum coherence depends on both the absolute
photon number and the absolute modulation amplitude, leading to a clear splitting
of the curves. Consistent with the observations made for the density matrices, the
quantum coherence predicted by the model deviates even for minor modulation
amplitudes noticeably from the reference curve, whereby the deviations become more
pronounced with increasing n0. Conversely, the range of modulation amplitudes with
acceptable deviations further narrows with increasing n0. Consequently, caution is
required when applying the displaced thermal state model to Husimi-Q distributions
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constructed from experimental signals with fluctuating intensity. While the associ-
ated error may remain acceptable for g(2)(0), it becomes crucial when evaluating
C. Nevertheless, in such situations, the value obtained from the model may still
provide a conservative lower-bound estimate for the true quantum coherence.

7.4.2 Time-Resolved Husimi-Q Analysis

After examining the influence of intensity noise on the quantum coherence obtained
from time-averaged measurements, we now introduce a time-resolved version of the
Husimi-Q analysis that enables the reconstruction of the instantaneous quantum
coherence. The underlying principle is analogous to that of the time-resolved
evaluation of ⟨n̂⟩ and g(2)(0), described in section 4.3.3. Using a rolling window, the
set of orthogonal quadrature pairs is distributed into subsets, each corresponding to
a certain time interval. From each subset, we construct the Husimi-Q distribution
and subsequently fit it according to the displaced thermal state model. This gives
us access to the time traces of the coherent and the thermal photon number of the
examined light field. To benchmark the method, we apply it to a temporally unstable
signal recorded from a polariton condensate near the condensation threshold that
was subject to external mechanical perturbations. The window size is set to 10000
quadrature pairs per point and the step size of the rolling window is set to 1000
quadratures. Further, the (q, p)-phase space has a binning resolution of 0.2.

The corresponding results are presented in figure 7.7. The time evolutions of the
coherent and thermal photon numbers |α|2(t) and nth(t), the second-order correlation
function g(2)(t, 0), and the quantum coherence C(t) are displayed in panels (a-c). In
addition, the top row illustrates the temporal evolution of the phase-averaged Husimi-
Q distribution over half an oscillation cycle. When examining the time evolutions
of |α|2(t) and nth(t), we observe that only |α|2(t) exhibits temporal oscillations,
whereas nth(t) remains at a value of approximately 1. The Husimi-Q distribution in
the top row reflects these dynamics, as the observed ring-like distribution expands
and contracts with increasing and decreasing coherent photon number. We note
that both curves are well-resolved and exhibit only minor fluctuations, despite
the limited number of used quadratures. In the next step, we consider the time
evolution of g(2)(t, 0). We observe a local maximum whenever the instantaneous
coherent photon number reaches a minimum and vice versa. This occurs because
the modulation of |α|2(t) translates into a modulation of the coherent-to-thermal
ratio R, which in turn modulates g(2)(t, 0). As for |α|2(t) and nth(t), the curve
is sufficiently smooth to recognize the modulation. In the last step, we consider
the quantum coherence C(t), which exhibits oscillations in a range between 0.23
and 0.3. This is explained by two reasons. First, the nearly constant thermal
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Figure 7.7: Time evolution of the principal properties of a temporally unstable
polariton condensate near the condensation threshold that is subject to external
noise. Panel (a) shows the coherent and thermal photon numbers |α|2(t) and nth(t),
while the inset in the top row focuses on the changes of the Husimi-Q distribution
over a half-period cycle. Panel (b) displays the attributed g(2)(t, 0) and panel (c)
presents the quantum coherence C(t). For clarity, the latter also includes a low-pass
filtered version obtained using a cutoff frequency of 500Hz.

contribution upper limit the achievable quantum coherence to around 0.35. Second
the modulation of |α|2(t) leads to contrary oscillations in C and PInc. For this
reason, C(t) exhibits the same temporal modulation as |α|2(t) and g(2)(t, 0). Since
C(t) is far more sensitive to minimal variations in nth(t) than g(2)(t, 0) the curve is,
however, noisy. As a result, only oscillations of large amplitude remain visible, while
oscillations of lesser amplitude vanish within the noise. This obstacle, however, can

95



7 Enhancing the Quantum Coherence of a Polariton Condensate

be partially compensated for by applying a low-pass filter to the calculated time
trace.

7.5 Conclusion

In conclusion, our experiments reveal a smoother condensation process and a more
rapid buildup of quantum superpositions compared to previous studies. Time-
resolved analysis demonstrates that, although the system is sensitive to external
perturbations just above the condensation threshold, it stabilizes quickly with
increasing excitation power. In particular, stabilization is achieved already at an
excitation power of 1.35Pth, where g(2)(t, 0) approaches unity. We attribute the rapid
formation of quantum superpositions to two primary factors. First, the extended
polariton lifetime allows the polaritons to propagate over macroscopic distances while
thermalizing without significant loss of coherence. Second, the spatial separation of
the condensate from the reservoir minimizes interactions with strongly fluctuating
reservoir particles. In this context, the use of traps with larger diameters may
further improve coherence. Notably, our analysis indicates that the mere overlap
with the reservoir does not necessarily degrade coherence; rather, the interactions
with fluctuating particles limit the attainable quantum coherence. The extension
from stationary states to intensity-modulated states, however, demonstrates that
one has to be careful when applying the displaced thermal state model. Although
the model appears to remain valid even for moderately large modulation amplitudes,
the off-diagonal density matrix elements deviate rapidly from the model. As a
result, discrepancies between model predictions and the true value emerge even for
relatively small modulations. In such cases, however, the model-based estimate may
still provide an experimentally accessible lower bound. Finally, we have shown that
time-resolved Husimi-Q distribution analysis can bridge this gap, offering deeper
insights into the temporal evolution of the coherence properties of a light field
that is influenced by external mechanical noise. These findings may facilitate the
integration of polariton condensates as low-threshold sources of resourceful quantum
states in future hybrid quantum devices.

96



8 Conditional Spectroscopy Through
Non-Stationary Optical Tomography on a
Sixteen-Port Homodyne Detector

Over the past decades, continuous variable quantum state tomography based on
homodyne detection has evolved into a powerful technique for extracting comprehen-
sive information about a given light field. A major limitation of conventional optical
tomography employing a four-port homodyne detector, however, is the requirement
for a fixed phase relationship between the signal and the local oscillator. While
this condition can often be satisfied in controlled environments, as usually found in
quantum-optical experiments such as the experimental validation of the displaced
thermal state model discussed in chapter 6, it restricts the applicability in other
areas, such as semiconductor spectroscopy. In this context, the primary objective is
typically not the characterization of the emission state itself, but of the underlying
semiconductor dynamics, which can be investigated through the emission. These
dynamics typically take place on picosecond timescales or below, while the optical
phase may fluctuate on comparable timescales. As a result, conventional stationary
optical tomography can only reconstruct the phase-averaged time-averaged quantum
state, even though the intrinsic temporal resolution of homodyne detection would,
in principle, be sufficient to resolve the dynamics. One strategy to overcome this
limitation is to use an extended homodyne detection scheme with 12 ports [129]. In
this approach, the signal of interest is split at a beam splitter into two detection
channels, hereafter referred to as the postselection (ps) and target (t) channels. The
light field in the postselection channel is measured using an eight-port detector that
samples the Husimi-Q distribution. Simultaneously, a four-port detector in the target
channel samples the Wigner distribution. Because the fields in both channels share
a fixed relative phase, the phase information recorded in the postselection channel
can serve as a phase reference for the target channel. This enables reconstruction
of the phase information - and consequently paves the way to compute the density
matrix - in the target channel, even in the absence of a fixed phase relationship with
the local oscillator. This ability, however, comes at the cost of additional noise, as
additional vacuum enters through the initial beam splitter into the two channels.
The system can be extended to non-stationary optical homodyne tomography with
sub-picosecond time resolution by introducing a controlled time delay τ between the
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two channels. The twelve-port detection scheme resembles, in this regard, previous
non-stationary techniques, but is not limited to the detection of the time-resolved
g(2) or the time-resolved photon statistics [130, 59]. A second application, especially
interesting for semiconductor spectroscopy, is conditional analysis. In this scenario,
one is not interested in the complete signal per se but in specific events that occur
according to stochastic dynamics. Accordingly, one does not assume, in contrast
to quantum optics, that the system is in a pure state, but rather that averaging
over the underlying dynamics leads to a mixed state. This includes phenomena such
as the spontaneous condensation of a polariton population [131] or the blinking of
quantum dots [132]. In such cases, ensemble averaging over identically prepared
systems is insufficient and one needs to employ triggered or conditional techniques
to reveal the dynamics.

A typical twelve-port measurement proceeds as follows: The eight-port detector
in the postselection channel samples a pair of orthogonal quadratures from the
Husimi-Q distribution of a given light field at an arbitrary time t0, thereby returning
some information about the system. Simultaneously, the four-port detector in the
target channel samples a quadrature of the light field at time t0 + τ . Since the
light fields in the two channels are typically correlated, the measured quadratures
in the two channels are correlated likewise. Based on this connection, conditional
analysis enables the investigation of the conditional state in the target channel
that is present when the light field in the postselection channel satisfies a specified
condition, for example, a particular amplitude and phase. The key advantage of
this approach compared to other techniques is that the condition can be defined
after the measurement, enabling different analyses based on the same data set. In
practice, the conditional analysis is performed by applying the chosen condition
to the indexed set of recorded orthogonal quadrature pairs and identifying the
subset of indices that satisfy the condition. In the next step, the subset of data
recorded in the target channel corresponding to these same indices is selected.
Finally, this second subset is used to perform all subsequent calculations, such as
a density-matrix reconstruction. The ability to track ultrafast dynamics on the
sub-picosecond timescale, combined with the option to perform conditional analyses
under flexible a posteriori-applied postselection criteria, enhances the capabilities
of conditional non-stationary optical tomography compared to other techniques.
The capabilities of twelve-port homodyne detection for conditional analysis have
already been demonstrated in previous studies. For example, Thewes et al. [129]
experimentally showed how a thermal light field may arise from an incoherent
mixture of coherent states. Similarly, Lüders et al. used conditional analysis to
investigate the decoherence dynamics of a polariton condensate [123].
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The objective of this chapter is to extend the twelve-port detection scheme to a
sixteen-port detection scheme by replacing the four-port detector in the target
channel with a second eight-port detector. Although the application domains of a
sixteen-port detector are largely analogous to those of a twelve-port detector, the
additional eight-port detector significantly simplifies the data analysis. In particular,
the phase information in the target channel no longer needs to be estimated via
phase reconstruction but is directly experimentally accessible. Moreover, both
unconditional and conditional states in the target channel can be analysed directly
in terms of their Husimi-Q distributions, eliminating the need for density-matrix
reconstruction or more elaborated tailored phase-space distributions [129, 123]. A
further application that particularly benefits from a sixteen-port configuration is
the simultaneous measurement of two modes. By applying appropriate filters to
each channel, one can configure the sixteen-port detector to simultaneously measure
the Husimi-Q distributions of the individual modes. This approach can then be
combined with conditional or non-stationary optical tomography to investigate the
correlation dynamics between the two modes.

The remainder of this chapter is organized into four sections. In section 8.1, we
introduce the experimental configuration of the sixteen-port detector, describe
the alignment scheme, and consider further extensions of the setup to perform
experiments on two-mode light fields. The subsequent three sections then focus on
benchmarking the sixteen-port detector using a thermal light field. We begin in
section 8.2 by first deriving theoretical reference values for a couple of properties
of the conditional state in the target channel for a fixed amplitude and phase in
the postselection channel. Afterward, we use these reference values to benchmark
the experimental setup at zero time delay. In section 8.3, we extend the analysis to
non-stationary optical tomography and examine the decoherence dynamics of the
conditional state based on several observables. Finally, in section 8.4, we conclude
the chapter by analyzing how the amplitude and phase information between both
channels degrade with increasing time delay. To this end, we investigate the
distributions of amplitude and phase differences between the two channels.

8.1 Construction and Alignment of a Sixteen-Port Detector

Throughout the previous section, we have implicitly defined a number of requirements
for the design of a sixteen-port detector. An experimental setup that fulfills these
requirements is schematically illustrated in figure 8.1. A non-polarizing beam splitter
distributes the signal light field (blue) equally between the postselection and the
target channel. Each channel is equipped with an eight-port detector, as introduced
in section 4.2.2, which samples pairs of mutually orthogonal quadratures from the
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corresponding Husimi-Q distributions. The local oscillator (red) is distributed
analogously, whereby additional delay lines in the local oscillator beam paths enable
precise control of the temporal delay between the two channels. To fine-tune the
spatial overlap between the local oscillator and the signal in each channel, a small
fraction of the local oscillator is split off and used as a test-signal. This concept is
analog to the experiments in the previous chapters, however, we employ free-space
beam propagation instead of optical fibers to minimize optical losses. The subsequent
preprocessing and digitalization of the recorded electric signals is analogous to that
of a four-port detector, with the only difference that we employ two synchronized
ADC cards to maintain a sampling rate of 2.5GHz per balance detector. The main
disadvantage of beams propagating in free space is that the beam paths and beam
diameters of the signal and the test-signal must be matched manually. For this
purpose, additional telescopes with embedded pinholes are inserted into the beam
paths of each channel. The focal distances of the telescope’s lenses and the diameters
of the pinholes are chosen with respect to the signal beam’s diameter, ensuring
that the signal just passes through the pinhole. The test-signal, in contrast, is
adjusted to have a slightly smaller diameter before entering the telescope. As a
result, it becomes slightly larger than the pinhole diameter, allowing the pinhole
to reshape the test-signal to the diameter of the signal. Optimal coupling of the
test-signal through the pinhole is achieved by adjusting the beam path with the
two steering mirrors in the test-signal path. Following this procedure, the signal
and the test-signal should have the same diameter and propagate along the same
optical path. The remaining alignment steps are identical to those for an individual
eight-port detector, as described in section 4.2.2.

The described setup design can be extended to various types of two-mode con-
figurations without requiring substantial modifications. In particular, it enables
the simultaneous measurement of two modes that show different polarization, en-
ergy, or spatial modes. To measure two modes of different polarization, additional
polarization filters can be introduced into the signal beam paths. In the case of
two spectrally separated modes that are still sufficiently close to overlap with the
local oscillator, additional spectral filters may be implemented in both signal beam
paths to enable selective detection of the respective modes. Finally, one can employ
the telescopes to filter for spatially separated modes. In this case, the size of the
test-signal must be chosen such that it overlaps with both signal modes at the
pinhole.
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Figure 8.1: Schematic illustration of the sixteen-port homodyne detection setup.
Sources of the local oscillator and the signal, as well as the electronics used for
recording, are omitted for clarity. A description of the setup, a brief alignment
scheme, and a brief summary of the necessary modifications to turn the setup into
a two-mode detector are given in the text.
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8.2 Benchmark of the Sixteen-Port Detector with a Thermal
State

After outlining the fundamental layout of a sixteen-port detector and presenting a
straightforward alignment procedure, we proceed to benchmark the detector per-
formance. Thermal light fields are ideal candidates for this purpose, as they can
be generated in a stable, reproducible manner on the one hand, but require high
temporal resolution and conditional analysis to examine the ultrafast stochastic
processes that govern the emission process on the other hand. Moreover, their
comparatively simple theoretical description in phase space enables us to calculate
theoretical reference values for a series of relevant physical quantities. To benchmark
the sixteen-port detector, we consider the simplest postselection condition and inves-
tigate the conditional state in the target channel for a fixed γps in the postselection
channel corresponding to a fixed amplitude and a fixed phase. The benchmark con-
sists of two steps: First, we derive the theoretically expected conditional Husimi-Q
distribution in the target channel Qc(δ) and compute the conditional expectation
values ⟨Ô⟩c(γps) for several observables. Afterward, we examine the experimentally
found conditional Husimi-Q distribution at zero time delay and compare the results.
This benchmarking procedure follows the procedure introduced by Thewes et al.
[129] to benchmark the twelve-port detector.

8.2.1 The Conditional Husimi-Q Distribution of a Thermal State

We begin the theoretical analysis by deriving an analytical expression for the con-
ditional Husimi-Q distribution in the target channel Qc(δ). To clearly distinguish
between the different Husimi-Q distributions, we denote the unconditional distri-
butions in the postselection and the target channels by Qps(γ) and Qt(δ). We
begin with the joint P distribution of the thermal and the vacuum state that enter
the initial beam splitter, which splits the signal into the postselection and the
target channel. The states at the beam splitter’s inputs and outputs are named
according to section 4.1.1. Since the two states are uncorrelated, the joint input
P distribution is given by the product of the P distributions of the individual
states Pj(α, β) = Pvac(β)Pth(α). In practice, however, we are not measuring the P
distribution but the Q distribution. For this reason, we calculate the associated
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joint Husimi-Q distribution Pj(α, β), which is, according to (2.30), given by

Qj(α, β) =
1

π2

∫︂ ∞

−∞
d2α′

∫︂ ∞

−∞
d2β′ Pth(α

′)Pvac(β
′)e−|α−α′|2e−|β−β′|2

=

[︃
1

π

∫︂ ∞

−∞
d2α′ Pth(α

′)e−|α−α′|2
]︃ [︃

1

π

∫︂ ∞

−∞
d2β′Pvac(β

′)e−|β−β′|2
]︃

= Qth(α)Qvac(β)

(8.1)

Because Pth and Pvac are uncorrelated, the double integral factorizes into a product of
single-mode integrals over the respective phase spaces. As these integrals correspond
to the relation between the P and Q distributions of a single-mode light field, the
equation simplifies to Qj(α, β) = Qth(α)Qvac(β). Consequently, by inserting the
known Husimi-Q distributions of the vacuum and thermal state [11, p. 326, p. 328],
we obtain

Q(α, β) =
exp(−|β|2)
π2(1 + nth)

exp
(︃
− |α|2

1 + nth

)︃
, (8.2)

where nth denotes the average photon number of the thermal light field. In the next
step, we use the beam splitter transformation introduced in equation 4.5 to acquire
the Husimi-Q distribution of the joined output state behind the beam splitter. To
keep the computation simple, we assume a lossless beam splitter and real reflection
and transmission coefficients, leading to t1 = t2 = t and r = r1 = −r2. With these
assumptions, we receive

Q(γ, δ) =
exp(−|tγ + rδ|2)

π2(1 + nth)
exp

(︃
−|tδ − rγ|2

1 + nth

)︃
. (8.3)

Finally, we transition from the unconditional Husimi-Q distribution of the joined
output state to the conditional Husimi-Q distribution in the target channel by
replacing the phase space variable γ by the postselected constant γps. After a final
renormalization, performed with Wolfram Mathematica, we obtain

Qc(δ) =
exp

(︂
|γps|2
1+nps

)︂
2π(1 + nth)

· exp(−|tγps + rδ|) · exp
(︃
|tδ − rγps|2

1 + nth

)︃
, (8.4)

where nps = r2nth and nt = t2nth denote the average photon numbers measured in
the postselection and the target channel.

After acquiring Qc(δ), we apply the optical equivalence theorem, introduced in
section 2.1.9, to calculate the expectation values of the operators q̂, p̂, q̂2, p̂2, and n̂
for the conditional state. The corresponding antinormally ordered functions O(a)(δ),
together with the resulting analytical expressions for ⟨O⟩c(γps), are summarized in
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Ô O(a)(δ) ⟨Ô⟩c(γps)

q̂
√
2Re(δ) −Re(γps)

√︁
2npsnt
1+nps

p̂
√
2Im(δ) −Im(γps)

√︁
2npsnt
1+nps

q̂2 2 (Re(δ))2 − 1
2

1+⟨n⟩(2+nps)+npsnt(1+4(Re(γps))2)
2(1+nps)2

p̂2 2 (Im(δ))2 − 1
2

1+⟨n⟩(2+nps)+npsnt(1+4(Im(γps))2)
2(1+nps)2

n̂ |δ|2 − 1
nt+ntnps(1+|γps|2)

(1+nps)2

Table 8.1: Antinormally ordered functions O(a)(δ) and expectation values of the
conditional state ⟨Ô⟩c(γps) for a range of observables. The negative sign in the
expressions of ⟨q̂⟩c and ⟨p̂⟩c arises from the chosen convention for the beam-splitter
reflectivities r2 = −r1 = −r.

table 8.1. Based upon these results, we further compute the conditional amplitude
of the target state

Ac =

√︃
⟨q̂⟩2c + ⟨p̂⟩2c

2
=

√
npsnt

1 + nps
|γps| (8.5)

as well as the variances along q̂ and p̂

Varc(q̂) = Varc(p̂) =
1 + nth + nt
2(1 + nps)

. (8.6)

We highlight that the variances of q̂ and p̂ are independent of γps, indicating that
the conditional state resembles a coherent state. The state is, however, broadened
due to the additional vacuum introduced by the additional beam splitter, while the
amount of broadening depends on the splitting ratio of the beam splitter. Finally, we
find from the functions O(a)(δ) in table 8.1 that all expectation values are connected
to each other via

⟨n̂⟩c =
⟨q̂2⟩c + ⟨p̂2⟩c

2
− 1

2
= Varc(q̂) +A2

c −
1

2
(8.7)

It is important to emphasize that the calculated expectation values refer explicitly
to the operators q̂ and p̂ and do not necessarily describe intrinsic properties of the
phase-space distribution of the state. Furthermore, all derived expressions are only
valid for fixed values of γps. This requirement also applies to observables such as Ac
or Varc(q̂), even though their theoretical expectation values are only partially or
completely independent of γps.
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8.2.2 Detector Benchmark using Conditional Optical Tomography

After deriving theoretical expectation values for a range of observables, we use
them to benchmark the experimental sixteen-port detector. For this purpose, we
employ the thermal emission from a superluminescent diode (SLD) with a central
wavelength of 835nm as the signal source and distribute it equally between the
postselection and target channel. A spectral filter placed upstream narrows the
signal’s power spectrum to a rectangular profile with a spectral width of 1nm. This
spectral filtering increases the temporal phase coherence of the signal field, thereby
allowing us to resolve its decoherence dynamics. The local oscillator is provided by
a Mira 900-D laser system, which emits Gaussian pulses with a spectral full-width
at half-maximum (FWHM) of 10nm, corresponding to a temporal pulse duration of
approximately 100 fs. For the beginning, we set the temporal delay between the two
channels to zero. Before proceeding with the conditional analysis, we first examine

Figure 8.2: Unconditional Husimi-Q distributions Qps and Qt recorded in the
postselection and the target channel at zero time delay.

the unconditional states recorded in both channels. To this end, figure 8.2 shows
the corresponding Husimi-Q distributions Qps(γ) and Qt(δ). The mean photon
numbers in each channel amount to ⟨n̂⟩ = 5.11 respectively, while the measured
value of g(2)(0) ≈ 2 confirms the thermal character of the light field. Following
this preliminary results, we begin the conditional analysis by examining Qc(δ) for
three different postselection conditions, whereby the corresponding distributions
are illustrated in figure 8.3. The main panels display Qc(δ), while the insets show
Qps(γ), with the postselected regions highlighted in green. In panel (a), we postselect
an annular region defined by a fixed amplitude |γps| = 2.5± 0.125. The resulting
conditional distribution Qc(δ) also exhibits an annular shape. The ring diameter
is, however, reduced compared to the postselected region, while the ring width is
increased. In panel (b), we impose no constraint on the amplitude but restrict the
phase ϕps, calculated by ϕps = arctan (Re(γps), Im(γps)) using the four-quadrant
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Figure 8.3: Husimi-Q distributions in the target channel for postselection areas
defined by a fixed (a) amplitude, (b) a fixed phase, and (c) both at τ = 0 ps. The
Husimi-Q distributions of the postselection channel with the selected areas marked
in green are shown in the insets.

inverse-tangent function, to the interval ϕps = π
2 ± π

16 corresponding to an area
around the positive y-axis. In this case, Qc acquires an elliptical Gaussian shape,
elongated in the amplitude direction. Further, we note a phase shift between
the postselected area in the postselection channel and the central phase of the
constructed Qc. This follows, as the average relative phase between both channels
is random, since the spatial precision of the used delay lines of around 1µm exceeds
the wavelength of the light field. In panel (c), we combine both postselection
conditions, resulting in γps ≈ 2.5i. In this case, the shape of Qc(δ) resembles, as
expected by theory, the shape of a coherent state, broadened by the additional
vacuum. Experimentally, we obtain a conditional amplitude Ac = 2.02, which is
slightly smaller than the theoretically expected value of 2.09. The deviation can
be attributed to additional phase noise between both channels, which reduces the
measurable expectation values of ⟨q̂⟩c and ⟨p̂⟩c. For the variances, we determine
Varc(q̂) = 1.57 and Varc(p̂) = 1.61, both exceeding the theoretical value of 1.34 and
additionally differing slightly from each other. The comparably large discrepancy
between theory and experiment arises because ⟨q̂⟩c and ⟨p̂⟩c enter quadratically
into the variance. The difference between Varc(q̂) and Varc(p̂) follows as the phase
noise affects both variances differently, dependent on the distribution’s position of
maximal probability in phase space. In this context, Varc(q̂) maximizes when the
position of maximal probability is located around the y-axis and minimizes when
it is located around the x-axis. For Varc(p̂), the relation is reversed. To simplify
the subsequent analyses and to reduce the variance’s sensitivity to the position of
maximal probability in phase space, we use from now on the averaged variance
Varc(q̂, p̂) = 1

2 (Varc(q̂) + Varc(p̂)) instead. The agreement between theory and
experiment improves when considering phase-independent quantities such as ⟨n̂⟩c or
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g
(2)
c (0). For ⟨n̂⟩c we obtain an experimental value of 5.19 that is in good agreement

with the theoretical prediction of 5.21. The experimental value of g(2)c (0) = 1.34 does
not reach unity, which is expected as the additional vacuum introduces additional
noise into the system.

8.3 Decoherence Analysis using Non-Stationary Conditional
Optical Tomography

After benchmarking the sixteen-port detector with conditional tomography at zero
time delay, we extend the analysis to non-stationary conditional tomography and
investigate the decoherence mechanisms of phase and amplitude in the thermal
state. To this end, we vary the temporal delay τ between the postselection and
the target channel over an interval from −4 to 4ps with a temporal resolution of
60 fs. For the conditional analysis, we select regions of fixed phase ϕps = π

2 ± π
16

and varying amplitudes |γps| of 0.5 ± 0.125, 1.5 ± 0.125, 2.5 ± 0.125, 3.5 ± 0.125,
and 4.5± 0.125. For each configuration, we construct the corresponding conditional
Husimi-Q distributions Qc(δ) and use them to compute the time traces of the
amplitude Ac, the average variance Varc(q̂, p̂), the mean photon number ⟨n̂⟩c and the
second-order correlation function g

(2)
c (0). The results of this analysis are presented

in figure 8.4. The top row illustrates the conditional Husimi-Q distribution Qc(δ)
for γps = 2.5i at representative time delays of 0ps, 1ps, and 2ps. The four panels
(a-d) below display the time traces of Ac, Varc(q̂, p̂), ⟨n̂⟩c and g

(2)
c (0).

We begin the discussion by examining the temporal evolution of Qc(δ). The distri-
bution starts at τ = 0 as a coherent state broadened by the additional vacuum. As
the time delay increases, the distribution broadens equally along Re(δ) and Im(δ),
while its displacement from the origin progressively diminishes. After a time delay of
around τ = 2 ps, nearly all amplitude and phase correlations between postselection
and target channel are lost, and Qc(δ) has converged to the unconditional distri-
bution Qt(δ). Next, we examine the temporal evolution of Ac, shown in panel (a).
The amplitude reaches its maximum at τ = 0, with the peak value increasing with
increasing |γps|. As the time delay increases, the curves decay equally until they
approach a minimal value close to zero at approximately |τ | = 2.3ps. For larger
time delays, Ac exhibits a revival in time, whereby the amplitudes of these created
sidebands increase with |γps|. The observed decoherence behavior of Ac, including
the formation of sidebands, can be traced back to the signal’s power spectrum. Pre-
cisely, one finds from the Wiener-Khinchin theorem [10, p. 56-59] that the temporal
evolution of a light field’s phase uncertainty follows the Fourier transform of the
signal’s power spectrum. Accordingly, the rectangular power spectrum leads to the
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formation of sidebands at which the phase information is revived. As Ac depends
on the phase-dependent ⟨q̂⟩c and ⟨p̂⟩c, Ac exhibits qualitatively the same decay and
revival features as the phase uncertainty of the light field. In addition to the general
decoherence process, we further note irregular dips in the time traces, whose depths
increase with |γps|, but whose positions remain constant. We attribute these dips to
additional external phase noise, whose magnitude may fluctuate between consecutive
measurements. A more detailed analysis of the phase noise is given in the next
section. Panel (b) shows the temporal evolution of the averaged variance Varc(q̂, p̂).
In agreement with theory, the general behavior is independent of the selected value of
|γps|. The variance exhibits a local minimum at |τ | = 0 and increases with increasing
time delay, eventually converging to the variance of the unconditional state. As
observed for Ac, local maxima appear whenever the system is affected by additional
phase noise. The variance, however, responds more sensitively to such perturbations,
since the expectation values ⟨q̂⟩c and ⟨p̂⟩c enter quadratically in the expression.
Panel (c) depicts the temporal evolution of ⟨n̂⟩c. Similar to the previously discussed
observables, ⟨n̂⟩c is extremal at |τ | = 0, where the absolute value, dependent on |γps|,
either exceeds or falls below ⟨n̂⟩t. For time delays long compared to the amplitude
coherence time, all curves converge towards ⟨n̂⟩t. We have to highlight that the time
traces exhibit no additional irregular fluctuations, indicating that the setup does
not suffer significantly from additional irregular amplitude noise. Finally, panel (d)
presents the temporal evolution of g(2)c (0). The correlation function attains its mini-
mum at |τ | = 0, with the minimal value decreasing as |γps| increases. The decrease
of g(2)c (0) occurs, as Ac increases with |γps| while the distribution’s variance remains
constant. In reverse, this prevents the conditional state of reaching g(2)(0)c = 1 as
the distribution’s additional broadening can be associated with a non-vanishing
thermal photon number component. Finally, we note that the decay times of ⟨n̂⟩c

are g
(2)
c (0) are comparable. This again indicates that both quantities depend solely

on amplitude noise and are independent of phase noise.
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Figure 8.4: Illustration of the main results using conditional non-stationary optical
tomography. The top row displays the conditional Husimi-Q distribution in the
target channel for representative time delays of 0ps, 1ps, and 2ps. The panels (a-d)
below display the time traces of the amplitude Ac, the average variance Varc(q̂, p̂),
the average photon number ⟨n̂⟩c and the second-order correlation function g

(2)
c (0).

The postselected amplitudes intervals have a common width of ±0.125, while the
phase was postselected to π

2 ± π
16 corresponding to values around the positive

y-axis.
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8.4 Decoherence Analysis Based on the Distributions of
Relative Amplitude and Phase

We conclude the chapter by examining the temporal evolution of amplitude and
phase noise directly. For this purpose, we first express the quadrature pairs recorded
in both channels in the form of amplitudes Aps, At and phases ϕps, ϕt and use
them to compute sets of the amplitude difference ∆A = At −Aps and the relative
phase ∆ϕ = ϕt − ϕps. Finally, we construct the frequency distributions of ∆A and
∆ϕ and consider them as functions of the time delay τ . The principal results are
presented as two-dimensional heatmaps that display the distributions dependent
on the time delay. In addition, we further plot the time evolutions of the heatmap
profiles at ∆A = 0 and ∆ϕ = 0 as well as the distributions’ variances.

Figure 8.5: Time evolution of the amplitude differences ∆A, dependent on the
time delay τ . Panel (a) displays the time evolution of the associated frequency
histograms in the form of a heatmap. In addition, panels (b) and (c) show the
temporal evolutions of the heatmap’s profile at ∆A = 0 and of the variance
Var(∆A).

We begin with the analysis of the amplitude differences, whose principal results are
illustrated in figure 8.5. The two-dimensional heatmap is displayed in panel (a), the
time evolutions of the heatmap’s profile at ∆A = 0 and of the variance Var(∆A)
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are shown in panels (b) and (c). Consistent with the results of the conditional
non-stationary analysis in the previous section, the distribution of ∆A exhibits a
minimal variance of approximately 0.88 at τ = 0 and broadens with increasing time
delay. For |τ | ≥ 1.7ps, the amplitude correlations between the two channels are
lost, and the distribution reaches its maximal width. As expected from the time
traces of ⟨n̂⟩c and g

(2)
c (0), the time evolution of the relative amplitude exhibits no

irregular fluctuations.

After analyzing the decoherence dynamics of the relative amplitude, we turn to
the decoherence dynamics of the relative phase. Two complications arise when
examining the distribution of the relative phase. First, the phase is periodic, so that
ϕ = −π and ϕ = π must be considered equal. Second, the native distribution is
not centered around zero but exhibits an offset that depends on the time delay. To
address these issues, we recenter the distributions after construction so that every
distribution is centered around ∆ϕ = 0. To quantify the width of the distribution,
we replace the conventional variance Var(∆ϕ) with the circular variance Varϕ(∆ϕ)
[133, p. 32]. This modification is required because the phase renormalization can
be applied to the frequency distribution, but not directly to the raw set of relative
phases. The circular variance is defined by

Varϕ ({ϕi}) = 1− 1

n

⃓⃓⃓⃓
⃓

n∑︂
i=1

exp(iϕi)

⃓⃓⃓⃓
⃓ , (8.8)

and bypasses the limitation of the circular distribution by mapping the individual
phase values onto points on the unit circle in the complex plane. This representation
naturally accounts for the periodicity of the phase and ensures the equivalence of
−π and π. In contrast to the conventional variance, the circular variance is limited
to the value range between zero and one, where a value of zero denotes a singular
distribution and a value of one a maximally mixed distribution. The results of the
analysis of the phase distribution are illustrated in figure 8.6. The two-dimensional
heatmap of the relative phase distribution dependent on τ is shown in panel (a).
The time evolutions of the heatmap’s profile at ∆ϕ = 0 and the circular variance are
plotted in the panels (c) and (d) in the form of black lines, respectively. In analogy
to the distribution of ∆A, the phase distribution of ∆ϕ exhibits a local minimum
at τ = 0, corresponding to a circular variance of 0.28. With increasing time delay,
the phase distribution progressively broadens and approaches an approximately
uniform distribution after around 2.3ps. For larger delays, we observe a slight phase
revival, due to the signal’s rectangular power spectrum, as discussed for the time
trace of Ac in the previous section. Apart from the general dephasing dynamics,
we also note time delays at which the phase distribution suddenly and irregularly
broadens. The positions of these outliers coincide with the positions of the outliers
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Figure 8.6: Time evolution of the distribution of the relative phase between the
two channels ∆ϕ, dependent on the time delay between the two channels τ . Panel
(a) displays the evolution, where the histograms are calculated from the complete
dataset. Panel (b) displays the same relation, but the histograms are constructed
gradually from smaller subsets corresponding to a recording time of 1ms and then
averaged. Panels (c) and (d) display the time evolution of the heatmap at ∆ϕ = 0
and of the distribution’s circular variance Varϕ. The curves associated with the
naive computation approach are shown as black lines and the curves associated
with the gradual calculation approach are displayed as red lines.

found in the time traces of Ac and Varc(q̂, p̂). This confirms that the additional
fluctuations in the time traces of Ac and Varc(q̂, p̂) are indeed caused by additional
phase noise. To investigate the origin of this phase noise, we perform a Fourier
analysis of the calculated relative phases. The dominant frequency components lie
below 1 kHz, indicating that the external phase noise is most likely of mechanical
origin, for example, due to vibrating components or the exposure of the light field
to air perturbations.

We conclude the section by removing the low-frequency phase noise from the phase
distribution. To this end, we divide the set of phases into smaller subsets with a
size of 75400 values, corresponding to a recording time of around 1ms, shorter than
the oscillation periods of the found mechanical oscillations. For each subset, we
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construct the corresponding frequency distribution individually. Finally, we obtain
the cleaned distribution of the whole data set by averaging over the constructed
histograms. The circular variance is cleaned similarly: First, we calculate the
circular variance on the individual subsets, and afterward we average the found
values. The corrected two-dimensional heatmap is shown in figure 8.6, panel (b).
The corresponding corrected time evolutions of the heatmap’s profile at ∆ϕ = 0 and
of the circular variance are presented in the panels (c) and (d) as red lines. While
the overall shapes of the heatmap and the associated profiles remain unchanged,
the artifacts induced by spontaneously occurring additional external phase noise
are no longer present. This confirms the effectiveness of this approach.
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8.5 Conclusion

In conclusion, we have introduced a sixteen-port homodyne detection scheme and
benchmarked its capabilities by investigating the ultrafast dynamics of a thermal
light field. Our conditional analysis at zero time delay has experimentally shown that
a thermal light field reduces to a coherent state at an instant time, in agreement with
theory. Especially for phase-independent observables such as the average photon
number, we observe good agreement between theory and experiment. For phase-
dependent quantities as Ac, however, we do not reach the same level of agreement
as demonstrated for the twelve-port detector [129]. We attribute this to the fact
that the previous study used phase reconstruction to estimate the phase information
in the target channel, thereby excluding additional phase fluctuations between the
two channels that occur on timescales short compared to the applied sinusoidal
phase modulation. In our case, however, the phase information is directly measured
and consequently includes the additional external phase noise. Nonetheless, our
non-stationary analysis has demonstrated that we are still able to observe the
ultrafast decoherence dynamics of the thermal light field on the sub-picosecond
timescale. Finally, our analysis of the relative amplitude and phase difference
between the two channels confirmed that the phase noise indeed has a mainly
mechanical origin. Meanwhile, no significant external amplitude noise could be
observed. The finally introduced procedure to clean the phase distribution from
external noise showed that the distribution can indeed be corrected. While this
correction approach is most certainly not applicable to regular conditional analysis,
because the number of remaining quadratures would become too low, it may be
applied to unconditional analyses that focus on the phase relation between the two
channels. Probably the biggest advantage of a sixteen-port detection scheme over a
twelve-port detection scheme lies not in the conditional analysis of a single-mode
signal but in the analysis of a two-mode signal. In this case, the precise phase
relation between the two channels is not necessarily known a priori but is governed
by the dynamic correlations between the two modes. Consequently, it becomes
crucial to measure the phase information of both channels individually, as phase
reconstruction could distort the results. To minimize the influence of external
noise on these kinds of measurements, future experiments should minimize external
perturbations, for example, by sealing the beam paths from turbulent air.
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9 Conclusion and Outlook

The investigations conducted throughout this thesis have yielded several key results
that are summarized in the following. We started the studies in chapter 6 by
addressing the discrepancy between established quantum resource theories that
primarily focus on non-classical light fields and experimental practice, where one
seeks to replace expensive non-classical light sources with cheaper, more reliable
classical ones. To bridge part of this gap, we introduced a simple quantum resource-
theoretical model that describes the emission of a realistic laser as a displaced
thermal state and quantifies its resourcefulness via quantum coherence. Subsequent
experimental analyses via optical homodyne tomography then demonstrated good
agreement between the coherence properties extracted from the states’ density
matrices and the model’s predictions. In addition, we examined the role of quantum
coherence in a concrete application: the preparation of qubit superposition states
via Rabi driving with a short laser pulse. Our simulations revealed that quantum
coherence arises in this case as a fundamental requirement for the preparation
of high-quality qubit superposition states. This finding highlights the limitations
of the commonly employed second-order correlation function g(2), which fails to
predict the outcome. Most importantly, we found that quantum coherence in the
absence of dephasing only depends on the coherent and thermal photon numbers.
This enables a simpler estimation of the quantum coherence, for example, from
the phase-averaged Husimi-Q distribution without the requirement of a stable
external phase reference. In the subsequent chapter 7, we applied this scheme to
investigate the buildup of quantum coherence in a non-resonantly optically excited
polariton condensate spectroscopically. To enhance the condensation process, we
combined long-lifetime polaritons, expected to facilitate better thermalization, with
a spatial separation of the condensate and the excitation region, thereby potentially
minimizing interactions between the condensate and the reservoir. In contrast
to previous studies employing shorter-living polaritons and Gaussian excitation
profiles [77], we observed a rapid emergence of quantum coherence immediately
above the condensation threshold. Furthermore, we detected a pronounced blueshift
of the condensate mode relative to the ground state of the uncondensed polaritons,
which we attribute to interactions with dark excitons possessing large in-plane
momentum. These findings suggest that the mere presence of a reservoir is not
necessarily limiting the coherence. Rather, it may be interactions with strongly
fluctuating particles, such as free electrons and holes, that degrade the coherence of
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9 Conclusion and Outlook

the condensate. Complementary to these experimental results, we also performed
numerical simulations to determine the limitations of the displaced thermal state
model. To this end, we subjected a coherent state to sinusoidal photon-number
fluctuations and calculated the coherence properties of the resulting averaged state.
For the second-order correlation function g(2)(0), we observed good agreement
between model predictions and the true values for small and moderate perturbations.
In contrast, when considering quantum coherence, the model fails rapidly, and
the predicted values deviate significantly from the true coherence. Only in the
regime of weak perturbations may the model provide a conservative lower-bound
estimate. Finally, we introduced a time-resolved extension of the displaced thermal
state analysis, which enables the investigation of the temporal evolution of the light
field both in terms of its Husimi-Q distribution and its coherence properties on the
millisecond timescale. In the final result chapter 8, we shifted the focus toward the
specific requirements of semiconductor spectroscopy. To this end, we developed a
sixteen-port homodyne detection scheme that splits the signal into postselection
and target channels, each sampling the corresponding Husimi-Q distribution. This
configuration enables us, at the cost of additional noise, to perform non-stationary
and conditional analyses with a temporal resolution down to 100 fs and a wide range
of a posteriori applicable postselection conditions without the need for a stable
phase reference to an external local oscillator. The setup performance was then
benchmarked on a thermal light field. Comparison between experimental results
and theoretical predictions demonstrated good agreement for phase-independent
observables, while the phase-dependent observables revealed the influence of external
phase noise. A subsequent analysis of the relative amplitudes and phases between
the two channels confirmed this interpretation. Despite these limitations, the
setup proved capable of resolving the decoherence dynamics of the thermal light
field. Finally, we also introduced a versatile recording suite that enables not only
automated data acquisition, but also in situ characterization of the current light
field during the experiments. This approach minimizes the conventional separation
between measurement and subsequent analysis, allowing for the identification of
potentially interesting phenomena already at the stage of recording. As a result,
the overall experimental optimization process may be significantly accelerated.

While our investigations have revealed a variety of interesting effects, this work
does not represent an endpoint but rather opens the path to a broad range of
future experiments in quantum optics and semiconductor spectroscopy. First, our
analysis of the resourcefulness of realistic laser fields for quantum applications is
limited to a single specific task. Future studies could extend these considerations
to more sophisticated and technologically more relevant protocols [84, 85, 86, 87].
Alternatively, previous investigations on coherent qubit control could be revisited
while explicitly accounting for the properties of realistic lasers [88, 89]. Further, the
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concept of quantum coherence could be used to investigate the emission of other
non-conventional partially coherent light sources, such as free-electron lasers [90]
or Bose-Einstein condensates from photons [91]. Finally, spectroscopic scenarios
may also benefit from analyses grounded in quantum coherence. For instance,
recent studies employing quantum coherence have revealed quantum features in
Cherenkov radiation, which previously had been considered purely classical [92].
Second, our optimization of the coherence properties of a polariton condensate can
be regarded as a proof of concept. Future investigations in this direction could
systematically investigate how the properties of the polaritons or the cross-section
profile of the annular trap affect the condensation threshold and the coherence
properties of the condensate state. Such studies may pave the way for the use of
polariton condensates as a low-threshold source of resourceful coherent light fields.
Third, the introduced sixteen-port detection scheme may serve as a powerful and
versatile tool for semiconductor spectroscopy. While the benchmark on a single
thermal light field already yielded favourable results, the most promising capabilities
of the sixteen-port detector lie in the analysis of the correlation dynamics between
two modes. In such scenarios, the relative phase between the two channels is not
known a priori but represents a quantity of central interest for understanding the
dynamics between the two modes, thereby preventing the employment of a twelve-
port detection scheme. This capability may facilitate the investigation of coupled
systems, such as polariton condensates in coupled micropillar microcavities [134], or
competing modes of different polarization or energy in unstable systems. Last but
not least, the capabilities of the implemented monitoring software can also be further
extended. While the current implementation can be considered a proof of concept,
it prioritizes expandability over computation speed. Consequently, more specialized
analysis tools tailored to specific evaluation methods could significantly improve
processing performance. For example Trifonov et al. [135] demonstrated rapid
g(2)(0) evaluation with an acumulation and calculation cycle frequency exceeding
1 kHz using a comparable detection setup. Such developments may enable the
integration of quantum-optical analysis techniques into industrial applications.
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