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fur Alex, den grofien Komprimator

The first principle is that you must not fool yourself —
and you are the easiest person to fool.
—R. Feynman






Abstract

Theoretical investigations of open quantum systems have uncovered a wide variety of
unique dynamical phenomena. For instance, current research in quantum information tech-
nology aims to control and utilize time-delayed system-reservoir interactions and phonon-
induced dynamical dissipative processes for the design of novel chip-integrated quantum
optical devices. This thesis develops and advances multiple theoretical approaches for
the accurate and efficient description of open quantum systems, where a high degree of
information compression is essential to extract crucial information from the open system
degrees of freedom which scale exponentially with the system size. The presented methods
range from correlation expansions to second-order perturbative master equations, real-time
path integral formulations, numerical realizations of high-dimensional tensor networks and,
based on the most recent theoretical developments, machine learning implementations in
the form of artificial neural networks.

We explore all of these techniques with respect to their compression efficiency, performance
and representational limits by applying them to a variety of physical setups and scenarios.
Firstly, emerging non-Markovian memory effects in open quantum systems are investi-
gated, e.g., resulting from interactions with a structured phonon environment or time-
discrete coherent quantum feedback, leading to information exchange and a time-delayed
dynamical interplay between system and reservoir. Examined systems range from solid
state p-wave topological superconductors coupled to a structured phonon environment,
where a memory-induced stabilization and recovery of topological properties is observed,
to semiconductor quantum dot nanostructures exhibiting complete population inversion
and unidirectional quantum transport as a result of dissipation-induced non-Markovian
system-reservoir interactions, and quantum emitters simultaneously subjected to coherent
quantum feedback and a decoherence-inducing structured phonon reservoir, leading to the
formation of dynamical dissipative structures and population trapping.

Secondly, novel machine learning techniques based on artificial neural networks are inves-
tigated, enabling simulations of symmetric open quantum spin-1/2 systems with Marko-
vian dynamics. Combining their potential for parallelization and efficient Hilbert space
truncation, they facilitate unmatched degrees of information compression and numerical
performance for large systems. In this thesis, we expand the representational limits of
the restricted Boltzmann machine neural network architecture by developing novel hybrid
sampling strategies for a highly customizable compression of configuration space, rendering
accurate and efficient simulations of asymmetric systems feasible. Finally, the applicability
of the neural network is extended beyond pure spin-1/2 systems by introducing a neural
bit encoding scheme for Fock number states, facilitating high performing calculations of
large hybrid open quantum systems with bosonic degrees of freedom.






Kurzfassung

Die theoretische Beschreibung offener Quantensysteme erschliefit ein weites Feld einzigar-
tiger physikalischer Phdnomene und erméglicht die Erforschung neuartiger Anwendungen
von zeitretardierten System-Bad-Wechselwirkungen und phononinduzierten dissipativen
Prozessen im Bereich der Quanteninformationstechnologie. In dieser Arbeit werden ver-
schiedene theoretische Methoden zur Beschreibung offener Quantensysteme analysiert,
angewandt und weiterentwickelt, fiir die ein hoher Grad an Informationskompression
entscheidend ist, um effizient relevante Information aus den Systemfreiheitsgraden zu ex-
trahieren, die mit wachsender Systemgrdéfie exponentiell skalieren. Die dargelegten Ansétze
umfassen Korrelationsentwicklungen, Mastergleichungen in zweiter Ordnung Stérungsthe-
orie, Pfadintegralformalismen, numerische Implementierungen hochdimensionaler Tensor-
netzwerke sowie Anwendungen kiinstlicher Intelligenz auf Basis neuronaler Netzwerke.

Die Techniken werden beziiglich ihrer Kompressions- und Leistungsfahigkeit sowie repréasen-
tativer Limitationen beleuchtet. Zunédchst werden dazu nicht-Markoffsche Gedéachtnisef-
fekte in offenen Quantensystemen untersucht, die durch zeitretardierte Interaktionen zwis-
chen dem betrachteten System und seiner Umgebung entstehen konnen, etwa in Form von
Wechselwirkungen mit einem strukturierten Phononreservoir oder kohdrentem Quanten-
feedback. Die untersuchten Systeme umfassen hierbei einen topologischen Supraleiter,
der mit einem strukturierten Phononreservoir interagiert. Es zeigt sich, dass auftre-
tende dissipative Gedéchtniseffekte zu einer Stabilisierung und Verstidrkung topologischer
Eigenschaften fithren kénnen. Weiterhin werden Quantenpunktsysteme untersucht, in
denen phonon-induzierte nicht-Markoffsche Wechselwirkungen zu vollstdndiger Popula-
tionsinversion und unidirektionalem Quantentransport fithren kénnen. Zuletzt wird ein
Quantenemitter gleichzeitig einem strukturierten Phononreservoir und kohérentem Quan-
tenfeedback ausgesetzt, woraus die Formation von dynamisch-dissipativen Strukturen mit
stabilisierter angeregter Systembesetzung resultiert.

Weiterhin kommen in dieser Arbeit neuartige neuronale Netzwerke zur Beschreibung
offener und symmetrischer Spin-1/2 Quantensysteme mit Markoffscher Dynamik zum
Einsatz. Thre unbegrenzte Parallelisierbarkeit und effiziente Hilbertraumtrunkierung er-
moglichen hohe Grade an Informationskompression und hochperformante Simulationen
grofler Systeme. Konkret werden neuartige Hybridmethoden zur approximativen Hilber-
traumabtastung entwickelt, womit prézise Simulationen asymmetrischer Spin-1/2 Systeme
auf Basis der restricted Boltzmann machine Architektur erstmals mdglich werden. Zu-
dem wird ein neuronales Bitkodierungsformat fiir Fockzustédnde entwickelt, wodurch eine
hocheffiziente Beschreibung offener Hybridsysteme mit bosonischen Freiheitsgraden auf
Basis neuronaler Netzwerke ermoglicht wird.
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1 Introduction

1.1 Motivation

In contrast to isolated systems thoroughly decoupled from their environment, open quan-
tum systems denote setups featuring crucial interactions with their surroundings, resulting
in unique dynamical phenomena [1-3]. Current research aims to control and utilize such
dynamical system-reservoir interactions for the design and development of novel quantum
optical devices and quantum information technology [4-10]. In particular, phonon-assisted
dynamical dissipative processes arising in semiconductor nanostructures are promising
candidates for potential chip-integrated applications [11-24]. Since the environmental
degress of freedom are often times unknown and comprise a potentially infinite number of
elements, the precise description of open quantum systems constitutes an immense the-
oretical challenge [25-27]: For increasing numbers of system elements, the dimension of
the corresponding Hilbert space scales exponentially in size. In consequence, the crucial
information contained in the system of interest and its surrounding environment must be
extracted and efficiently compressed to allow for an accessible theoretical description.

Multiple theoretical methods and numerical approaches have been fathomed to derive the
most efficient representation of a wide variety of open quantum systems without losing
crucial information on the dynamical interplay between system and environment. They
include correlation expansions of the Heisenberg equations of motion [28, 29], a variety of
second-order perturbative master equations based on numerous theoretical assumptions
and approximations [1-3], real-time path integral formulations [30-38], numerical realiza-
tions of high-dimensional tensor networks [39-45] and, in recent developments, machine
learning implementations based on artificial neural networks [46-59]. All of these tech-
niques facilitate varying degrees of information compression based on specific assumptions
about the investigated open quantum system. Depending on the underlying approach,
they each have individual advantages and shortcomings with respect to the achievable
compression efficiency, numerical performance and scalability, and representational lim-
its. In this thesis, we review and compare all of the aforementioned approaches from an
information perspective and apply them to a variety of physical setups and scenarios.

While a quantum system is never completely isolated from its environment, often times
the interplay with an external reservoir merely results in constant dissipative processes
such as decoherence or thermal loss of system excitation. The time evolution dynam-
ics of such systems is considered Markovian, i.e., a system memory is not required for
its accurate depiction, drastically decreasing the complexity of the system-reservoir in-
teraction. This is not the case if the considered system and its environment evolve on
similar time scales. There, the theoretical description must incorporate a system memory
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to accurately capture the unfolding non-Markovian dynamical interplay between system
and reservoir. We explore emerging dissipation-based non-Markovian memory effects in-
duced, e.g., by system-reservoir interactions with a structured phonon environment or
time-discrete coherent photonic quantum feedback, resulting in time-delayed dynami-
cal information exchange between system and environment [60-68]. Our investigations
range from p-wave topological superconductors coupled to a structured phonon environ-
ment, where a memory-induced stabilization and recovery of topological properties is
observed [69], to semiconductor quantum dot nanostructures exhibiting complete popu-
lation inversion and unidirectional quantum transport as a result of dissipation-induced
non-Markovian excitation transfer [70], and quantum optical systems exposed to both co-
herent quantum feedback and phonon-induced decoherence, leading to the formation of
dynamical dissipative structures and population trapping [71].

In terms of achievable information compression, machine learning applications in the form
of artificial neural networks have recently emerged as a novel technique for the approximate
description of open quantum systems, offering high performing simulations of Markovian
scenarios with a potential impact on all physical research fields [46-59]. Combining their
boundless capacity for parallelization with precise and customizable Hilbert space com-
pression via Metropolis sampling algorithms, very large system sizes become accessible.
In this thesis, we specifically investigate and advance the restricted Boltzmann machine
architecture, representing a natural and highly efficient neural network realization of the
density matrix of symmetric open spin-1/2 systems. We extend the representational limits
of the established neural network by developing novel adaptive sampling strategies for a
highly tailored compression of configuration space, enabling accurate simulations of asym-
metric systems [72]. Furthermore, we push the representational power of the restricted
Boltzmann machine architecture beyond spin-1/2 systems by introducing a neural bit
encoding scheme for Fock number states, facilitating supremely efficient calculations of
hybrid systems with bosonic degrees of freedom [73].

1.2 Structure of the thesis

The thesis is divided into three main parts. The first part comprises the foundation of
all employed theoretical approaches and numerical techniques: In Chapter 2, we intro-
duce the basic concepts of open quantum systems and density matrix theory. Chapter 3
provides details and derivations for the most important Markovian and non-Markovian
master equations. In Chapter 4, we discuss the concepts of real-time path integrals as an
alternative approach to quantum mechanics and derive the path integral description for
a continuously driven quantum emitter subjected to a structured continuous reservoir of
harmonic oscillators, known as the spin-boson model. Lastly, we introduce the core ideas
of artificial neural networks and derive theoretical descriptions and numerical techniques
to enable neural network calculations of the stationary states and time evolution dynamics
of open quantum systems in Chapter 5.

In the second part of this thesis, we investigate the emergence of dissipative non-Markovian
phenomena in open quantum systems. In Chapter 6, we employ the polaron master equa-
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tion for the description of a topological p-wave superconductor surrounded by a struc-
tured phonon environment and demonstrate a memory-induced recovery and long-term
stabilization of topological properties. In Chapter 7, both a Heisenberg correlation ex-
pansion and the polaron master equation are used to investigate optically driven V-type
quantum dots interacting with a structured phonon reservoir. We predict the occur-
rence of a non-reciprocal phonon-assisted energy transfer in a single emitter, resulting in
complete population inversion. Moreover, when combining multiple quantum dots to a
chain-like spatial distribution, this mechanism is shown to facilitate non-Markovian undi-
rectional quantum transport. Lastly, in Chapter 8 we develop a numerically exact tensor
network-based approach to describe two non-Markovian processes with continuous and
time-discrete retardation effects simultaneously, supporting both interactions with and
without energy exchange between system and reservoir. Here, the implementation of the
continuous reservoir is based on a real-time path integral approach. As an example ap-
plication of the presented method, we consider a two-level quantum emitter featuring a
time-discrete quantum memory via coherent quantum feedback and simultaneously cou-
pled to a structured reservoir of independent oscillators. The resulting non-Markovian
interplay between the two structured reservoirs leads to a dynamical protection of coher-
ence against destructive interference processes, facilitating dynamical population trapping
in the system.

The third part of this thesis is focused on the development and investigation of artifi-
cial neural networks to achieve highly efficient information compression in open quantum
systems. In Chapter 9, we present an adjustment to the commonly employed Metropolis
algorithm for the approximate sampling of configuration space and derive a novel hybrid
sampling approach, facilitating accurate neural network simulations of asymmetric open
spin-1/2 quantum systems. As an example application, we calculate the stationary state of
a boundary-driven isotropic Heisenberg chain without symmetries of translational invari-
ance. In Chapter 10, the representational capabilities of the restricted Boltzmann machine
architecture are further advanced via a neural bit encoding scheme for Fock number states,
allowing for the simulation of open hybrid systems comprising bosonic degrees of freedom.
We confirm the accuracy, scalability and supreme compression efficiency of the presented
method, outperforming even maximally optimized density matrix approaches.

Finally, we briefly summarize our findings in Chapter 11 and give an outlook on possible
future investigations.






Part 1

Theoretical background






2 Open quantum systems

In the simplest theoretical conception of a quantum system, it is assumed that the system
of interest is completely isolated from its environment. Without external perturbations
such as noise or decoherence processes, the system state remains pure for all times and
the corresponding Hilbert space dimension depends only on the system degrees of free-
dom. However, in most conceivable quantum optical scenarios the system of interest
interacts with its environment, e.g., via thermal dissipation processes or by performing
measurements on the system, influencing the dynamical system state and resulting in in-
formation loss. In open quantum system theory, environmental influences are explicitly
taken into account for the description of the system. Since we are only interested in a
clearly defined subsystem and the environmental degrees of freedom usually remain un-
determined, we differentiate between the relevant and irrelevant components of the open
system. The irrelevant part is then compressed or partly disregarded, resulting in a mixed
state representation and allowing for an efficient and accurate description of the open
system potentially comprising an infinite number of degrees of freedom.

From a theoretical perspective, we declare the relevant components of the open system
as the system and all remaining parts are collectively described as the environment. The
Hamiltonian describing such an open system consists of freely evolving contributions Hy
and a coupling term Hj accounting for the interactions between system and environ-
ment [1],

H=Hy+ Hj. (2.1)

A schematic of a generic open quantum system is shown in Fig. 2.1. The main challenge
for the description of open quantum systems is the fact that the corresponding Hilbert
space dimension scales exponentially with the number of involved particles. While this
issue of course also limits the theoretical accessibility of large isolated systems, in case
of open systems the number of contributing environmental degrees of freedom is often
undetermined. Hence, for system-reservoir interactions with a continuum of environmental
modes, e.g., arising in a harmonic structured reservoir of independent oscillators, an exact
analytical description is unavailable in most cases, even for small systems consisting of a
single particle [74].

In order to address the exponential scaling of the Hilbert space dimension and to render
the description of open quantum systems feasible, multiple analytical truncation-based
approaches and novel numerical compression schemes have been developed. In the course
of this thesis, we will explore and apply the most important state-of-the-art methods for
the description of open quantum systems: Analytical techniques based on perturbation
theory range from correlation expansions [28, 29] to second-order perturbative master
equations [1-3], which exploit the fact that the environment is usually large compared
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environment

<--->  system = <--—>

Figure 2.1: Sketch of an open quantum system, consisting of a system interacting with an envi-
ronment.

to the system of interest. Hence, when assuming a weak system-reservoir coupling, the
environment is mostly unperturbed by the system and remains in its initial state through-
out the open system time evolution. In consequence, it is often sufficient to trace out
the reservoir degrees of freedom for an effective reduced system description. The numer-
ically exact real-time path integral formalism represents an alternative approach [30-38]
and has been efficiently implemented using high-dimensional tensor networks, allowing
for on-the-fly compression [39, 75-77]. In most recent developments, machine learning
applications based on artificial neural networks have been employed for the description
of symmetric open spin-1/2 quantum systems [46, 47, 51, 56-59, 78, 79], achieving vast
performance gains via an efficient compression of configuration space and the required
degrees of freedom.

Depending on the investigated open system and the architecture employed for its descrip-
tion, time-delayed information backflow between system and reservoir may occur, resulting
in an effective system memory and unfolding non-Markovian dynamics [1-3, 60-66, 80].
Utilizing and controlling such non-Markovian memory effects has emerged as a major field
of research, with a broad range of potential applications in the fields of quantum optical
devices and quantum information technology [4-10], and represents the field of research
of the second part of this work.

2.1 Density matrix theory

A pure quantum state is described by a state vector |¢(t)), with its time evolution provided
by the Schrédinger equation. In case parts of the considered system are deemed irrelevant
and disregarded from the description, the system is no longer in a pure state. Rather, the
system takes on a mixed state which can be represented in terms of the density matrix p,

defined by [1, 81, 82]
p(t) =D pis(0) [s(1)) 5 ()] (2.2)

Here, diagonal elements p;;(0) |1;(t)) (1;(t)| denote system state densities and off-diagonal
elements describe coherences. We distinguish between three perspectives: Firstly, the
density matrix allows for a many-body ensemble description of mixed states. Here, it
is unknown in which possible realization the current system manifests itself, rendering a
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superposition of diagonal state spaces necessary. For instance, in a thermal ensemble of a
continuum of modes k,

1 1
p5(T) = - exp (—kBT / a3k hwkr;rcrk> , (2.3)

with bosonic creation and annihilation operators r};, r of modes at frequencies wy = c|k|
and obeying the commutation relation [r, r,t,] = d(k — k'), with ¢ the mode propagation
velocity, Z the partition function and kp the Boltzmann constant, many realizations must
be considered to define a temperature 7. Secondly, when considering a system without
an ensemble description, the density matrix still constitutes a more general representation
than the corresponding pure state, as it allows for the description of purely thermalized
states without off-diagonal elements [1], and is therefore the least restrictive available
ansatz for the description of arbitrary quantum states. Lastly, from a statistical reasoning
perspective the density matrix is the most general foundation of the probability amplitude
for a certain measurement outcome: Using techniques such as quantum state tomography,
it is possible to reconstruct the shape of the density matrix from experimental measure-
ments on a quantum system [83-85], allowing to deduce an underlying pure state via
quantum state estimates. On the other hand, it is not possible to reconstruct a pure
system state directly from experimental measurements, since the pure state representation
compresses the outcome of many measurements of system observables (¢(0)| A(t) [4)(0))
and therefore can only be obtained after the fact.

The density matrix is self-adjoint and trace-preserving,

5 (6) = plt), (2.4a)
tr{p(t)} =1, (2.4b)
tr{p?(t)} < 1, (2.4¢)

and the equal sign in Eq. (2.4c) holds true if the respective density matrix describes a
pure state. Since the eigenvalues of a matrix are invariant under unitary transformations,
the choice of basis is arbitrary as long as it is complete [1]. Therefore, a density matrix
with more than one eigenvalue varying from zero cannot be described as a state vector and
thus represents a mixed state. To calculate the expectation value of arbitrary Hermitian
quantum operators fl, the trace over the operator product of A and p(t) is taken,

(A(t)) = tr {Ap(t)} . (2.5)

The time evolution of the density matrix is governed by the von Neumann equation, which
is derived next.

2.1.1 Von Neumann equation

The time evolution of a pure state is provided by the Schréodinger equation

. d
iy [0()) = H(t) [¥(t)) (2.6)
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with H(t) denoting an arbitrary system Hamiltonian. To calculate the time evolution
of the density matrix, we replace the state vector in the Schrédinger equation by p(t),
yielding

d
Zhdtp dt ZPU ) [i(t) ( )|

= mm [rwz ) (i (D] + [i(0) (5 (1)

= Zpu £) i) (5 ()] — lbi(t)) (s ()| H ()]
_ Ht)0(t) — o) 1)
= [H(t), p(t)] - (2.7)
Rewriting Eq. (2.7) results in the von Neumann equation
Solt) = 1 [H(®), )] (2.9

providing the time evolution dynamics of the density matrix. Alternatively, the density
matrix can be propagated in time by application of the time evolution operator U(t,0) =
exp[—i/h [3 drH(T)] via [1, 82]

p(t) = U(t,0)p(0)U (1,0). (2.9)

2.2 Interaction picture

For the calculation of open system time evolution dynamics, it is often advantageous to
transform into the interaction picture. This is performed via the unitary transformation
matrix Uy(t,0) = exp(—iHot/h),

p(t) = U§(t,0)p(t)Uo(t, 0), (2.10)

with Hy denoting an arbitrary element of H. To obtain the interaction picture represen-
tation, it is chosen as the freely evolving contribution Hy = H — H of the open system,
excluding system-reservoir interactions H;. To derive the equation of motion governing
the time evolution of p(t), we take the time derivative of the density operator,

< (t) = 5 [0, 0008 6, 0)p() U0 1, 00U 1, 0)]
= Uo(,0)p(t)UJ (t,0) + Up (¢, 0)5(t) U3 (,0) + Up(t, 0)5U (¢,0)

= Un(t,0)p()UJ (¢, 0) — % | HoUo(t, 0)5(1)US (£, 0) = Un(t, 0)5() U (+,0) Ho| . (2.11)

Applying Ug(t, 0) from the left and Uy(¢,0) from the right of Eq. (2.11) results in

U, 0)0(0)U(1,0) = 5(0) — + [Fo(0), 1)) (212)
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with Ho(t) = Ul (¢, 0)HoU(t, 0).

Next, the von Neumann Eq. (2.8) is employed. Again, we apply Ug (t,0) from the left and
Up(t,0) from the right, yielding

U (. 00600 (1,0) = [H(0). 1) (2.13)

St =

with H(t) = Ug(t, 0)HUy(t,0). Finally, equating Eqgs. (2.12) and (2.13) results in the
equation of motion for the interaction picture density matrix,

% A(t) = _% {[B®),5)] - [Ho(t), 5] }

= — [A1(t),50)] - (2.14)
To conclude, in the interaction picture representation the time evolution dynamics of
the density operator is solely provided by the interaction Hamiltonian H 7(t) of the open
quantum system. It is noted, however, that the transformation must be reversed for the
calculation of expectation values, since in general (A(t)) = tr{Ap(t)} # tr{Ap(t)}.






3 Master equation theory

Master equations denote differential equations to describe the time evolution dynamics of
open quantum systems in terms of the density matrix. They are derived in second-order
perturbation theory and under the application of numerous assumptions with regard to
the environmental state, the system-reservoir coupling and the history of the system.
Depending on the extent of applied truncations, different forms of master equations can
be derived, each with their own advantages and limitations.

In this Chapter, we outline the concepts of master equation theory and derive the most
common Markovian and non-Markovian master equations. Using second-order perturba-
tion theory, the non-Markovian Redfield master equation is derived in Sec. 3.1. Advantages
and shortcomings of the Redfield form are discussed, before additional approximations are
applied to derive the Markovian Lindblad form in Sec. 3.2. While the mathematical struc-
ture of the Lindblad master equation is probability conserving under all conditions, it fails
to capture memory effects with potential impact on the system evolution. In Sec. 3.3, the
polaron transformation is introduced and applied to reshape the Redfield equation into
the non-Markovian polaron master equation. In Sec. 3.4, we discuss the Franck-Condon
renormalization, a routinely applied renormalization of the open system Hamiltonian to
simplify the structure of the master equation. Lastly, Sec. 3.5 provides details on the
numerical implementation of the presented master equations.

3.1 Redfield master equation

The exponential scaling of the Hilbert space dimension for increasing system degrees of
freedom represents the key challenge for the accurate description of open quantum systems
(see Ch. 2). Master equation theory tackles this problem from an analytical perspective
to obtain a compressed and efficient representation of the considered system. Any master
equation must maintain the mathematical properties of the density matrix [Eq. (2.4)]
throughout the entire time evolution. Moreover, conservation laws apply when excitation
is transferred between the system and reservoir. In the density matrix formalism (see
Sec. 2.1) this translates to trace conservation of the full open system density operator for
all times, tr{p(t)} =1 Vt.

We start in the interaction picture (see Sec. 2.2) and formally solve the von Neumann
Eq. (2.14) by formal integration,

pit) = p(0) — 5 [t [Are),p(r)]. 1)

13
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For a second-order perturbative treatment, Eq. (3.1) is reinserted once more into the von
Neumann equation, yielding
d _ (= 1 t / 7 F7 N~
St = | | =z | a [, [, 50)]] (3.2)
The first term in Eq. (3.2) is renormalized to zero by application of a Franck-Condon
renormalization of the full open system Hamiltonian (see Sec. 3.4). In the second term,
the integration variable is substituted by 7 =t — ¢/, resulting in

%ﬁ(t) - —th/Oth [0), [Hi(t = 7).t = )] ]. (3.3)

The structure of Eq. (3.3) uncovers the influence of the past 7 = 0,...,¢ on the present
state and the evolution of the open system. Due to the time retardation of H; and p in the
integrand, the evaluation of Eq. (3.3) in its current form becomes increasingly expensive
for each incremental time step, drastically limiting the accessible time scales. Hence, as
a next step several approximations are applied to Eq. (3.3) to obtain a more accessible
representation.

3.1.1 Bath assumption and Born approximation

The first approximation to simplify Eq. (3.3) is based on the assumption that the environ-
ment is large compared to the system and initially in a thermal equilibrium state, often
referred to as the bath assumption. Under these conditions the Born approximation is
applied, assuming a weak system-reservoir interaction. In consequence of a weak coupling
between system and environment, the latter is not perturbed by excitation transfer from
the system or re-equilibrates on a much faster time scale than the time for the system
to evolve from p(t) — p(t + At). Hence, it remains in its initial equilibrium state for all
times, pp(t) = pp(0), and the density matrix factorizes [1]:

plt —7) = ps(t — 1) @ pp(0). (3.4)

As a result, Eq. (3.3) takes the form

Sty = [ ar [, [t -npst-nemO)]]. @9

3.1.2 First Markov approximation

As a next step, the first Markov approximation is applied. It states that the time evolution
of the system is mainly affected by its present state rather than by its past. Thus, the
history of the system state is disregarded in the integrand,

ps(t — 1) ~ ps(t), (3.6)
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resulting in
S0 =~ [ ar [A1(0). [f110 - 7).55(0) © pu(0)]]. (37)

which can of course be wrong to an arbitrary degree, e.g., when considering feedback
effects. Eq. (3.7) is transformed back into the Schrodinger picture by application of the
transformation matrix Up(t,0) from the left and Ug(t,O) from the right (see Sec. 2.2).
Moreover, since we are only interested in the dynamics of the system S, the reservoir
contributions B are traced out from the equation. Therefore, Eq. (3.7) takes the form

%trg{p(t)} = %trg{[Ho,PS(t) ® pp(0)]}

o O L ) s @ 05O}, (3

and we arrive at the Redfield master equation [1-3]

Spstt) == ¢ Hs,ps() — iy [ ar ws{lHn, (i), ps() © s}, (3.9)

where Hg denotes the free evolution contribution of the system with traced out reservoir
degrees of freedom.

The second term in Eq. (3.9) is referred to as the systems’ memory kernel, representing
system-reservoir interactions of past times Hj(—7) and their effect on the current system
state. Hence, the Redfield equation is of a non-Markovian nature, allowing for the descrip-
tion of environment-induced memory effects. Its validity and applicability is limited by
the assumptions made in this Section. However, it is noted that mathematical issues may
arise from the structure of the Redfield equation. While the trace of pg(t) is preserved
under all conditions, the density matrix is no longer necessarily positive-semidefinite. In
consequence, unphysical behavior such as negative densities may occur in the course of
the time evolution, specifically depending on the parameter regime of the system-reservoir
interaction strength [86], restricting the accessible parameter range to the weak coupling
limit. To overcome this problem and to ensure physical results under all conditions,
additional approximations can be performed. The master equation resulting from this
treatment is the so-called Lindblad form, which is derived next. However, enforcing a
positive-semidefinite density matrix comes at a cost: The Lindblad master equation is of
a Markovian nature, i.e., in contrast to the Redfield equation memory effects arising from
time-delayed system-reservoir backaction are no longer encompassed.

3.2 Lindblad master equation

Provided that the system observables evolve on much larger time scales than the bath cor-
relations, memory effects arising from system-reservoir interactions become insignificantly
small and can be neglected for a more efficient formalism. Hence, for a wide variety of
scenarios a Markovian description suffices for an accurate representation of the considered
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system. In this Section, the most successful and commonly applied Markovian master
equation in quantum optics is derived: The Lindblad form [1].

We start from the Redfield Eq. (3.9) and assume generic fermionic system operators of
the form J()(t), where we differentiate between two cases,

() J(t) = J'(t), (3.10a)
(i3) J(t) # J'(t). (3.10D)

Provided that the operator J represents a single operator rather than a sum of operators
and under application of the rotating wave approximation, a generic system-reservoir
interaction Hamiltonian featuring a structured 3D reservoir is given by

Hi(t) = h/d3k {gkrkJT(t)e_i“”“t+H.c. , (3.11)

]

with bosonic creation and annihilation operators 7, 7% of reservoir modes at frequencies
wr = cs|k|, with ¢4 denoting the propagation velocity in a given material, and mode-
dependent system-reservoir coupling elements gi. Defining collective bosonic operators

£ = / B gre~ Ky (0), (3.12)
Eq. (3.11) takes the form
Hy(t) = h[RI(6)J () + R()J (1)) . (3.13)

Eq. (3.13) is inserted into the integrand of the Redfield Eq. (3.9). The evaluation of the
double commutator yields

S pslt) = - ﬁ [Hs, ps 1)

/ r { (R R(~~ [JJ*( rps(t) = J(=r)ps(t)]]
)R [~ Tps(0)] (=) + ps(t) T (=7).]]

RRT (7)) [TTI(=)ps(t) = J(=7)ps(t)JT]

+ (RI(=7)R) [T ps(t >J<—T>+ps<t>J<—T>ﬂ]}, (3.14)

with (...) = trg(...pp). Under the bath assumption (see Sec. 3.1) the reservoir is modeled
as a thermal ensemble,

1
pB = exXp ( T /d?’k hwkrkrk> (3.15)

with Z the partition function, kp the Boltzmann constant and 7" the reservoir temperature.
With this, the reservoir correlations occurring in Eq. (3.14) can be calculated explicitly.
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For the simplest conceivable case of an unstructured 1D reservoir in a vacuum state, i.e.,
gr =~ go and T = 0K, no further approximations must be applied for the derivation of the
Lindblad form. In vacuum, it is (r,];rk> = 0 and calculating, e.g., (RRT(—7)) yields

<RRT(—T)> :/ dk:/ dk' goghe ™™ <7‘k7’;2/>
0 0
:/ dk |g0|267icSkT
0

_ 7r|90|25(7_) _.p (;) 7 (3.16)

Cs

where P(...) denotes the Cauchy principal value [1] which leads to a phase shift and renor-
malization of the systems’ transition frequencies. However, since the transition frequencies
can be chosen freely and are not crucial for our investigations, the contribution from the
Cauchy principle value is omitted in the following. Under these presumptions, we get
(R(—7)R") = (RRT(—7)) and (RTR(—7)) = (RT(—7)R) = 0. Defining a constant damp-
ing rate 7|go|?/(h%cs) =: v and inserting the evaluated bath correlations into Eq. (3.14)
immediately results in the Lindblad master equation,

S ps(t) = — [Hs, ps(0)) + 7 [27ps()." — T Tps(t) — ps(t)71]]. (3.17)

To conclude, for an unstructured 1D reservoir with energy-conserving interactions in a
vacuum state (7' = 0K), only the Born approximation is required for the derivation of
the Lindblad form. The delta function arising from the bath correlations renders the first
Markov approximation unnecessary.

3.2.1 Second Markov approximation

Next, we consider the non-vacuum case 1" > 0K and a structured reservoir. Under these
conditions, the bath correlations are evaluated as

(R-DRN = [~ &%k gufe™ (e + 1), (3.15)
(RRY(—7)) = /Ooo Pk |gr|*e” T (ng, + 1), (3.18D)
(RI-DR) = [ ak [gufe 7, (3.150)
(RIR(-) = [ &% gufe T, (3.15)

with the mean boson number modeled by a Bose distribution,

ni = (rhrg) ~ [exp (Z:;) _ 1] o (3.19)
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Inserting these expressions into Eq. (3.14) results in terms containing both integrals over
T and k,

d 7
el ) =— =
ps(t) N

at
- /Ot dr /OOO &k |gel> {4 ng [1T1(~1)ps(t) — T (~r)ps ()]
+ kT (ny, 4+ 1) {—Jps(t)JT(_T) + PS(t)JT(_T)J}
+ 7T (g + 1) [JLT(=1)ps () — T(—)ps(D)T1]
ey [~ T ps (0T (=7) + ps(D)I (-7 }. (3:20)

[Hs, ps(t)]

Due to non-vanishing reservoir occupation numbers, in this case the second Markov ap-
prozimation must be applied to obtain a simplified description. It states that the system-
reservoir interaction is independent of its past, H;(—7) ~ H;. In consequence, the system
operators lose their time dependence, J(f)(—7) ~ J), and the time integration to the
present time t can be expanded to all future times,

/Ot dr(..) ~ /OOo dr(...). (3.21)

The second Markov approximation is valid if the open system effectively has no mem-
ory, meaning that its time evolution dynamics is invariant against its history. The as-
sumption made in Eq. (3.21) is only justified if the integrand decays sufficiently fast
for times 7 > t. Therefore, the second Markov approximation is acceptable if the time
scales on which the system observables vary are large compared to the decay time of
the reservoir correlations [1]. The application of the full set of approximations made so
far, i.e., the bath assumption, Born approximation and first and second Markov approx-
imation, is commonly referred to as the Born-Markov approzimation. Using the identity
Jo© dr ek = 1 /cd(k) — iP (1/wy), the time integral can be explicitly evaluated and
Eq. (3.20) takes the form

ips(t) = % [Hs, ps(t)]

dt
= [T @k P {0 [171(=7)ps(t) — T (=r)ps(8)]]
+ 8(k) (g + 1) [~ Tps ()T (=7) + ps ()T (=7) ]|
+8(k) (me + 1) [TTT(=r)ps (t) = T (=)ps (1) J1]
+ 8(k)ni [~ Tt ps ()T (=) + ps(t) T (=) 1] }. (3.22)

Again, we first consider the case of a 1D reservoir, k = k. Evaluation of the delta function
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results in a generalized Lindblad form

%Ps(t) =- % [Hs, ps(t)]

71 (n0+1) [2ps5(0)" — T Tps(t) — ps (1)1 J]
+mo (208 ps(8)] = T ps(t) = ps(t)JIT] (3.23)

with v = 7|go|?/cs. Setting ng = 0 recreates the Lindblad equation for the vacuum case
[Eq. (3.17)]. Secondly, Eq. (3.22) is evaluated for a structured 3D reservoir. Spherical
coordinates are employed,

/ 3k = 47r/ dk k2, (3.24)
—00 0

and to obtain a nontrivial result, the factor k2 arising from the functional determinant must
be compensated by the coupling element. Hence, we must assume a super-Ohmic system-
reservoir coupling element, gr ~ k~!, and define gy := gx/k. With this presumption,
Eq. (3.23) can be reproduced for the 3D reservoir case at v = 472|go|?/(h%cs). To conclude,
when considering a structured reservoir at T' > 0K, the second Markov approximation is
required for the derivation of a Markovian Lindblad form.

3.3 Polaron master equation

We conclude the discussion of master equations with the non-Markovian polaron master
equation. While the Lindblad and Redfield equations can for instance also be applied to
photonic reservoirs to model processes such as spontaneous emission, the polaron mas-
ter equation is exclusively employed for the description of systems coupled to harmonic
phonon reservoirs featuring a diagonal system-reservoir coupling without energy exchange
between them [1, 14, 80, 87-92]. In these scenarios, the diagonal system-reservoir coupling
Hamiltonian describes decoherence processes caused by interactions with an environment
of independent harmonic oscillators. For the case of diagonal 3D fermion-phonon interac-
tion it is of the general form [93-96]

Hy = [ @ g(r) ()| () [o(r)). (3.25)

where |1(7)) denotes the fermionic field vector, ¢(r) is the phonon field and g(r) refers
to the microscopic fermion-phonon coupling coefficient, respectively. In typical quan-
tum optical setups, the fermionic particles are assumed distinguishable and located at
fixed positions in space, such that the field intensity can be modeled as (¢(7)[¢(r)) =
SN czrclé (r — 7)) with cl(T) denoting fermionic creation and annihilation operators acting
on the [-th particle at position r;. A generic 3D phonon field is given by [95]

o(r) = / a3k \/? (r,te*““"“ + H.c.) , (3.26)
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with r,(j) again denoting bosonic annihilation (creation) operators of phonon modes at
frequencies wy, = cs|k|, with ¢s the speed of sound for a given material [97, 98]. Inserting
these identities into Eq. (3.25) and defining

K = \/?/dgr g(r)e *T5(r — 1), (3.27)

the fermion-phonon interaction Hamiltonian for a set of N distinguishable and localized
fermionic particles takes the form

N
H; = Z/dgk C}LCZ (gk,r;rc + H.c.) . (3.28)
=1

It is noted that when considering closely localized particles, the spatial dependence of
the fermion-phonon coupling element g is commonly disregarded, i.e., g(r;) = g(ro) VI,
together with phonon-induced momentum transfer. The main objective of the polaron
master equation approach is to include as much information about the electron-phonon
interaction as possible while still remaining in a reduced density matrix description in
second-order perturbation theory [1, 14, 80, 87-92, 99, 100]. For the derivation of the
polaron master equation, the open system Hamiltonian of the investigated system is trans-
formed into the polaron picture.

3.3.1 Polaron transformation

A polaronic state describes a fermion in interaction with a harmonic phonon continuum,
resulting in a self-reorganization of the collective ground state energy. Using collective
bosonic operators R() = [ dk (g /wk)r,(j), we apply the unitary polaron transformation

to the full open system Hamiltonian H = Hy + Hj,

H,=U,HU, ", (3.29)
with
N
Up = exp [Z czrcl(RJr - R)] , (3.30)
=1

representing an exact and reversible transformation explicitly carried out via the Baker-
Campbell-Hausdorff formula

eXYe ™ = i);' [X,Y],, (3.31a)
X, Y]n = [Xv (X, Y]n—l] ) (3.31Db)
[X,Y], =Y. (3.31c)

The resulting polaron Hamiltonian H, = Hp o+ H, s is inserted into the Redfield Eq. (3.9),
yielding the polaron master equation.
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3.4 Franck-Condon renormalization

During the derivation of the Redfield Eq. (3.9), we have assumed throughout that
trp{[Hr, ()]} = 0 ¥4, (3.32)

such that the first term of the master equation only contains the freely evolving contribu-
tion of the open system Hamiltonian, restraining contributions from the system-reservoir
interaction Hamiltonian solely to the memory kernel and significantly simplifying the
structure of the equation. However, in general Eq. (3.32) does not hold true for arbi-
trary Hamiltonians. To ensure its validity, a Franck-Condon renormalization is commonly
performed on the considered open system Hamiltonian, where the equilibrium position
is shifted according to the interaction strength: First, the interaction Hamiltonian Hj
is modified by subtracting an artificial term Hpc, such that Eq. (3.32) is fulfilled. To
compensate the artificial term, it is in turn added to the free Hamiltonian Hy. As a result,
the full open system Hamiltonian H = Hy + H; = (Ho + Hrc) + (Hr — Hpc) remains
unchanged.

3.5 Numerical evaluation

The non-Markovian master equations derived in this Chapter represent regular integro-
differential equations and can be numerically evaluated using two nested fourth order
Runge Kutta algorithms, where the full system-reservoir memory kernel is evaluated iter-
atively during each time step. In case of the Markovian Lindblad master equation, only a
single fourth order Runge Kutta algorithm is required.

Non-Markovian master equations feature a memory kernel, i.e., an integral over all past
times with time-dependent system and bath operators [see Eq. (3.9)]. It is in general
possible to derive analytical expressions for the time-dependent reservoir correlations.
Analytical solutions of time-dependent system correlations X (—7), consisting of combina-
tions of system operators J(P)(—7), are available in some elementary models such as the
spin-boson model [74, 80]. Aside from these special cases, the system correlations must be
evaluated numerically. For the inclusion of the full memory kernel featuring both time-
dependent system and reservoir operators, the time evolution of the system correlations
X (—7) is determined by a closed set of differential equations depending only on the free
evolution contribution Hy. Using the time evolution operator Uy(t,0) = exp(—iHpt/h),
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we get for a specific matrix element
(m| X (=7) |n) = (m| U (~7,0)XUp(—7,0) |n)
= (m| Uy (7, 0) XU} (7,0) |n)
=" (m| U(r,0)X |s) (s| U§ (7, 0) [n)

{s}
=" (5| UJ(7,0) [n) (m| Up(7,0)X |s)
{s} :“’_’:pc(o)
=" (s|U§(7,0)pe(0)U(7,0) X |)
e} —pel7)
= tr{pc(—7)X}. (3.33)

Here we introduced the conditional density matriz p.(—7) whose time evolution dynam-
ics is prescribed by the free energy contribution, p.(t) = —i/h[Hp, pc(t)], and must be
determined for all possible initial conditions p.(0) = |n) (m/|, i.e., (n|p.(0)|m) =1 and all
other entries set to zero. It is noted that in difference to the system density matrix, p.
does not necessarily obey conservation laws, tr{p.(t)} # 1 Vt.

For the numerical solution of non-Markovian master equations, we first solve and store
pc(—7) for all possible initial conditions using a fourth order Runge Kutta implementa-
tion. In a second step, the conditional density matrix is employed to calculate the system
correlation elements (m| X (—7)|n) to evaluate the integrand during each time step. Af-
terwards, the integral contributions are iteratively summed up over all time steps and
supplied to a second fourth order Runge Kutta algorithm to solve the time evolution
dynamics of the system density matrix pg(t).



4 Real-time path integrals

The real-time path integral formalism, first developed by Richard P. Feynman [30], con-
stitutes an alternative approach to the description of quantum mechanical phenomena.
Here, the key concept is to apply the principle of least action to the quantum realm, fol-
lowing from the idea that classical statistical mechanics may arise as a natural limit of
quantum mechanics. As a core advantage over established techniques, the path integral
formalism allows for a numerically exact description of open quantum systems by taking
into account the usually finite time-resolved system-reservoir correlations of the respective
open system [28, 31-38]. In recent developments of novel tensor network-based descrip-
tions for time-discrete path integrals, highly efficient and numerically exact calculations
of such systems have become feasible [75-77].

In this Chapter, we introduce the core concepts of the path integral formalism. Sec. 4.1 mo-
tivates the transition from the principle of least action in classical mechanics to determin-
ing the time-evolving state of a quantum mechanical system. As an example application,
Sec. 4.2 provides a detailed derivation of the time-discrete path integral representation for
the spin-boson model [74], which has been established as a proving ground for open system
methods. We conclude this Chapter by introducing the numerically exact tensor network
representation for discrete path integrals in Sec. 4.3.

4.1 From classical action to quantum mechanics

As a motivation for the path integral approach, we start from classical mechanics where
the trajectory of a particle in principle can be determined to arbitrary precision. This is
no longer the case for the description of quantum mechanical particles: Here, a complex
probability amplitude serves as the most accurate available description of the system state.
Based on the concept of superposition, these amplitudes can be calculated by taking the
integral over all possible trajectories or paths during finite time steps. In the following,
we derive a general path integral description by applying the principle of least action to
the quantum realm.

4.1.1 Principle of least action

In the Lagrangian approach to classical mechanics, the trajectory of a particle is deter-
mined by the principle of least action. The action of a particle traversing space on an

23
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Figure 4.1: (a) Sketch of the double-slit experiment. A quantum mechanical particle emitted by
a source (red shape) traverses through a double-slit plane, going through either the
first or the second hole and is detected on a screen located at a distance behind it. (b)
Extension of the double-slit setup with multiple screens in between source and detector
plane, each of them featuring many holes. A particle emitted from the source may take
one of many paths (blue lines) to arrive at the detector, each of them associated with
its own probability amplitude.

arbitrary trajectory from an initial time ¢, to time ¢, is calculated via [30]

t
S= ["dt L(#,r1), (4.1)

ta

with L(#,,t) denoting the Lagrangian of the considered system and r(t) = [r(t), ry(t), . (t)]T

the particles’ position at a given time t. Now, the physical trajectory or extremum path
7(t) is calculated by application of the variational principle: Assuming fixed start and end
positions, 0r(t,) = 0r(ty) = 0, the principle of least action states that the extremum path
7(t) minimizes the action, i.e.,

58 = S[F(t) — 6r(t)] — S[F(t)] = 0, (4.2)

for a small variation dr(t). Evaluation of Eq. (4.2) yields the classical Euler-Lagrange
equation of motion (i = {x,y, z}),
d (0L oL
(57) -5 =0 (4.3)

@t \or) " an "
determining the time-resolved physical trajectory 7(¢) of a classical particle for a given
initial condition.

4.1.2 Probability amplitude

In difference to classical mechanics, the trajectory of a quantum mechanical particle cannot
be determined to arbitrary precision, as described by the uncertainty principle. Rather,
following the Kopenhagen interpretation of quantum mechanics, since the particles’ time-
resolved trajectory is affected by the measurement process itself, only its averaged detec-
tion at a fixed time and position in space is deterministic [101]. Thus, many measurements
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of the same event must be performed to calculate a probability amplitude 1 (r,t), denoting
the probability of the particle to be detected at position 7 at time ¢.

The famous double-slit experiment constitutes a prime example of this fact [see Fig. 4.1(a)]:
A source of quantum mechanical particles, e.g., electrons or photons, emits in all directions
towards a double-slit screen. Positioned at a distance behind it, a detector plane measures
incoming particles. If the detector has a high sensitivity and the intensity of the source is
low, individual particles will be measured in the form of time-resolved pulses. Measuring
the mean number of pulses at a given position in the detector plane determines the relative
probability P(r) for a particle to follow the path from its source to the detector location.
Since the electrons or photons can be measured individually and therefore behave like
particles, one might assume that they traverse either the first or the second hole of the
double-slit plane on their way to the detector. Following this argument, the probability
of arrival at position r would be given by the sum P(r) = P;(r) 4+ P»(r) of probabilities
to go through either the first or the second hole while the respective other hole is closed.
However, experimental realizations of this setup have proven otherwise [30, 101]: The
measured probability P(r) for the arrival of a particle in the detector plane is given by an
interference pattern, as it would be expected for a wave passing through the double slit.
The simplest representation of a wave amplitude is constituted by complex numbers. Thus,
to correctly describe the probability distribution P(7) we assume a complex probability
amplitude (1) = 11(r) + 12(r) consisting of the amplitudes for passing through either
hole 1 or 2, and the correct probability distribution is given by the wave intensity

P(r) = [(r)*. (4.4)

In other words, quantum mechanical phenomena are described by a statistical theory
with complex numbers, allowing to describe interference effects between measurement
events. The probability amplitude or wave function v (r,t) is a representation of many
deterministic measurements, assessing all possible outcomes and giving the most accurate
description available for the time-resolved trajectory of a quantum mechanical ensemble.
Following the principle of superposition, the complete probability amplitude is determined
by summation over the amplitudes of all possible paths.

4.1.3 Path integral formalism

With the fundamental properties of the probability amplitude established, we extend the
double-slit setup by considering multiple screens in between the source and the detector,
each of them featuring numerous holes [see Fig. 4.1(b)]. In this scenario, a particle emitted
from the source (red shape) can take one of many paths to arrive at the detector plane (blue
lines), each of them associated with its own amplitude. As a result of the superposition
principle, the total probability amplitude is again given by the sum of the amplitudes of
all possible paths. Going one step further, we imagine infinitely many screens in between
source and detector plane, each perforated by an increasing amount of holes until they
consist of nothing but holes. In consequence, a single path from the source to the detector
becomes a continuous function of space and time. The resulting probability amplitude
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as a sum of amplitudes of all possible paths is then determined by integration over all
possible paths [30]. This concept is the foundation of the path integral formalism. In the
following, we explore its application in detail.

While all possible paths contribute to the full probability amplitude by the same magni-
tude, they differ in phases: The phase of a specific path is determined by the action S in
units of the quantum of action A [30]. In the classical limit, S is much larger than A, such
that the phase contribution S/h is a large angle which oscillates rapidly when perturbing
the path by a small amount dr on a classical scale. As a result, a small change in S is
accompanied by a drastic change of the phase, whose total contribution will average to
zero. On a quantum scale, however, the phase only slightly changes by perturbation of
S ~ h and crucially determines the contribution of a respective path to the full proba-
bility amplitude. The path integral to calculate the probability amplitude of a particle
traversing from point r, to point r} is given by [30]

Ty .

Urnty) = [ STy (g, 1) D), (4.5)
Ta

with [Dr(t) = [ [...[dri(t)dra(t)...dry_1(t) denoting the integration over all possi-

ble paths traversing points 7;(¢) between the fixed start and end points r, and 7} [see

Fig. 4.1(b)]. Analogous to classical mechanics, the action is given by

t
Slry,ral = [ dt L, 7, t). (4.6)

ta

While the form of Eq. (4.5) in principle allows to calculate the wave function, depending
on the considered system it is not always the most viable representation: If all variables of
the action S appear only up to second order, the path integral can be described by consid-
ering the deviation from the classical trajectory prescribed by the extremum action [30].
Importantly, this condition applies to a harmonic bath of independent oscillators. Here,
rather than calculating the path integral for a finite number of points r;(¢) explicitly, we
minimize the action once more, introducing S [y, 7o| := S[7(t)]. As a result, the integrals
in Eq. (4.5) take the form of Gaussian integrals and can be carried out explicitly, resulting
in a much simpler expression

W(ry, ty) = eV/MSalrorad By ¢ Vip(rg,ta), (4.7)

with a new function F'(t,t,) arising from the integrations, whose specific form depends
on the investigated system. Notably, in this representation the spatial dependence r has
been carried out completely.

4.2 Path integral formulation of the spin-boson model

4.2.1 Spin-boson model

Despite its seemingly simple structure, the spin-boson model has been shown to exhibit a
rich variety of physical phenomena [74, 75] and has been established as a common testing
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Figure 4.2: Sketch of the spin-boson model. A two-level emitter with a single electron (red shape)
and transition frequency wy between ground and excited state is continuously driven
by an incoming light field at Rabi frequency €. The excited state |2) is subject
to decoherence processes by diagonal coupling to a structured harmonic reservoir of
independent oscillators, with a mode (g)-dependent coupling element gq.

ground for open system methods. The spin-boson model is shown schematically in Fig. 4.2:
It consists of a two-level quantum emitter with a single electron, featuring a transition
frequency wgy between ground and excited state and continuously driven by an external
laser field. The excited state features diagonal coupling to a structured harmonic reservoir
of independent oscillators such as phonons, resulting in decoherence processes without
affecting the level occupation. Under the rotating wave approximation, the open system
Hamiltonian of the spin-boson model reads

H/h = w2+ Qo {02161‘(%7%)15 + H.c.} +/d3q {wqbzbq + 9q022 (bfleiw‘?t + Hc)} , (4.8)

with system operators o;; = |i) (j|, bosonic annihilation (creation) operators b,(;) of phonon

modes at frequency wq = ¢s|q|, ¢s the speed of sound, and a structured system-reservoir
coupling element gq. o denotes the Rabi frequency of the external driving field at a
laser frequency wr. We note that in difference to the independent boson model where
no external driving field is applied, there exists no analytical solution to the spin-boson
model for arbitrary coupling elements ¢4. In the following, we derive a numerically exact
solution for the reduced system time evolution dynamics of the spin-boson model using
the real-time path integral approach.

4.2.2 Time-discrete expansion of the density matrix

For a full description of the open quantum system, the density matrix formalism is applied.
Hence, the time evolution dynamics is governed by the von Neumann equation (see Ch. 2).
Assuming an initially separable state between system and reservoir, the formal solution
to the von Neumann equation is given by

ps(t) = trp [U(t0)p(0)U'(£,0)] (1.9)

with the time evolution operator

U(t,0) = Texp [—; /O t dt’H(t’)] , (4.10)
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and 7' the time ordering operator [1]. However, for the numerical evaluation of the density
matrix a discretized representation is required. Using the Trotter decomposition [39], one
obtains an approximate representation of the time-ordered time evolution operator,

U(t,0) ~ ﬂ exp [—;Atﬂ(nm)} , (4.11)
n=1

which becomes exact for N — oo and At — 0, where NAt = t and At the time discretiza-
tion [28, 31, 33]. In the following, we abbreviate nAt =: t,.

By insertion of multiple identity operators 1,, the product over time steps is converted
into a summation over a multidimensional configuration space, yielding

U(t,0) =U(tn,tN-1)IN1U(tN-1,tN—2)In—2... 11U(AL0). (4.12)
As a result, the density matrix takes the form

p(t) — e—iH(tN)At/hﬂN_l o ]l1e—iH(O)At/flp(O)eiH(O)At/fL]11 o I[N_leiH(tN)At/h, (413)

with the identity operators constructed as a direct product of the spin system states |iy,)
and unnormalized coherent phonon states |ayg,) at times t,,

2 2
Sy dcayq,
L, = Z lin) (in| ® H ﬂq g, ) (g, (4.14)
in=1 q
where
20 X ag?

ng=0 \% nq

and |ng) denoting thermal states with occupation numbers ng of modes g. With this, we
have derived a time-discrete representation of the density matrix with time ordering. In
the course of the following path integral derivation, the integrals arising from the identity
operators are carried out explicitly.

As a first step, the reservoir degrees of freedom are formally traced out, i.e., pg(t) =
trp{p(t)}, yielding (see Appendix A)

trp{.. b =TI Y (ngl--Ing) = 1

q ng=0 q

A%
7rq (ag| ... |og) - (4.16)

Hence, the reduced system density matrix elements at time ¢ty = NAt are given by

) ) d2aq dzaq dzﬁq
il pstex) i) = [T [ <o [T [ <2
X <05qN,iN‘ U(tN,tN_l)]lN_l ...]llU(At,O) |tho,i0>

X <O‘QOa Z'0| p(O) |BII07Z.E)>
% (Bao»i6| UT(0, At) 11 ... TNy U (tn—1,tN) [ogy . i) - (4.17)




4.2 Path integral formulation of the spin-boson model 29

4.2.3 Evaluation of discrete time steps

In order to evaluate Eq. (4.17) with respect to the spin-boson model Hamiltonian [Eq. (4.8)],
we first calculate the time evolution operator [Eq. (4.11)] for a single time step, namely

(agn,in| U(tn, tn—1) |0g,_1s%n-1) = H (g, s in| g tAtH(En)/h lovg,, 15 in—1)
q
= [ (g lag, ) e " eovinoantinsalointoa )] (j, | emibthialin) i, ). (418)
q
Here the Trotter splitting has been applied once more [28, 33], and Hg = Qqg[og e’ “o—wr)t 4
H.c.] denotes the external driving term of the open system Hamiltonian. Using the defi-
nition from Eq. (4.15), the first resulting product is evaluated as

g, *  log P
<a(In‘aqn—1> = eXp <_ (12 - q2 : + aQnaqn—l : (419)

For the examination of the driving term (i,,| e *Ata(tn) 5, 1) =: M, the exponential

function is expanded as a series, yielding
. cos(QpAt) —ietwomwr)Atgin (g At) /B .
M — ) _ 4.2
inin-1 = (il (—ie"(“JU_“L)At sin(QoAt)/h cos(QpAt) fin-1) (4:20)
nin_1 = 104, .4, for the case {2y = 0, corresponding to the independent
is referred to as the field transformation matrix. In total, Eq. (4.18)

ninfl 9

and resulting in M;
boson model. M;
takes the form

nin—l

2 2
) ) o Qg
(g, in| Ultn, tn-1) lg, s in-1) =M, Hexp {a;naqn1 - | qzn‘ - | an 1
q

— iAt [wqay, g,y + indq (0, + agu s )] } (4.21)

As a next step, we evaluate N time steps while taking the limit At — 0, resulting in

(Cgn»in| Ut ty—1)1n—1 ... LLU(AL,0) g, io)

oy, d2a 2
:1;[/ v / SN Migiys e Miig

1, iN—1=1

N 2 2
« «
X exp{ E la:’;naqn_l _ | q2n| _ | qn2—1| — iAtwgag, ag, , — iAtge (oz:;n + qun_l) Zn] }

n=1

2 2 2 — 2— i
At—0 d“agn d“a gt agq(0
t— H/%/iql } MiNiN_1-~-Mi1ioexp{ | qé)’ ‘ q(2 )’
q

T . X
Ui —1=1

0

Fayltag(t) ~ [ dr [a:;maq(f) T itogay(T)arg(r) + igq (atg(r) + (7)) jm] }

2 2 2
agq(t ag(0 oo
— Z ]\41']\11']\,_1 -~-Mi1ioHeXP{ — ‘ qé)| — | q(2 )| }/DQT [es( a> q)}7
q

i1, tN—1=1

(4.22)
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with N
i) =i Ofr — (n — 1)At) ©[nAt — 7], (4.23)

n=1
and ©(t) the Heaviside function. In this limit, the time evolution operator matrix elements
are transformed to a path integral over phonon variables, compactly written in the last

line in Eq. (4.22) with the action S(agq, o). Note that an exponential prefactor is excluded
from S, since it belongs to the identity of the unnormalized coherent phonon states.

4.2.4 Extremal action

As outlined in Sec. 4.1, the path integral for the time evolution operator can be evaluated
by calculating deviations from the classical trajectory via the extremal action S.. There-
fore, as a next step we minimize the action S(ag,qy), leading to the Euler-Langrange
Eq. (4.3). Assuming fixed start and end positions, the Lagrangian takes the form

L(ag, a}) = — {ag(1)ég(r) + iwgay(r)ag(r) + igg [g(7) + af(r)] (1)}, (4.24)
and the resulting differential equations for aq and ag read
—1 [wqaZ(T) +J (T)gq} + dg(1) =0, (4.25a)

— i jwgog(T) + j(T)gq] — aq(T) =0, (4.25b)

with boundary conditions ag(t) = ag,, aq(0) = g, resulting from the transition from the

discrete to the continuous form in Eq. (4.22). Formally solving these differential equations
and inserting the solutions for o (7) and ag(7) into S(ag, o) yields the extremal action,

t
* x _—iwgt . / —iwqT’ * _—dwg(t—"1")| s/t
Scl(aq,aq) = Qguag e 1 — zgq/o dr [aqoe T+, a )} J(7")

t T . ,
- gé/ dT/ dr’ e~ wal(r=T )j(T)j(T/), (4.26)
0 0
and determines the path integral for the time evolution operator,

/ Da T [5wd)] = eSlean)), (4.27)

4.2.5 Initial state

Apart from the time evolution operator, the density matrix elements [Eq. (4.17)] depend on
the initial open system state (aq,, i0]| ps(0) @ pB(0) |Bqy, i(). Assuming a thermal reservoir
state and using Wick’s theorem, we can write pp as a super-Poissonian distribution [28,
33],

1 B hugblbe Bl —Bhwgbiby _ g’
pB—Ze a _1;[<1_e ‘1)6 qqq_l;[W, (4.28)
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with ng = (bl}bq> and Z the partition function. The initial state then takes the form

<O‘QO? io‘ pS(O> ® pB(O) ’ﬁQOv i >

_ng
n
= (iol ps(0) lig) {crgol Z I1 ,q T nq) (g’ Bgo)
Ngr =0 ¢’ ( nq
o 1 ,Bnqo 2
= (io] ps(0) |ig) 2 — {aigy g ) Ogyqr e 1Pa0I°/2
—TNgqq * n Nqq
n 1 qO/B 2 2 2 2
<Zo’p5 ’ZO 90 ‘O‘qo‘ /2—Bqqg %/
nz,:olq_[ 1+ngy)"0 (14 ng,)  ng!
. 0 V(1 — * _ ‘O‘QOP _ ‘540|2 4.29
- <’LO’ IOS( ) ’ZO>( §(I0)eXp §qoaq06qo 9 9 9 ( . )

with &, := ng/(1 4+ ng). Having determined the initial state, we can explicitly trace out
the reservoir by carrying out the remaining three integrals in Eq. (4.17).

4.2.6 Tracing out the reservoir

Inserting the initial state representation of Eq. (4.29), the time evolution operator in the
continuous limit [Eq. (4.22)] and the extremal action [Eq. (4.26)] into Eq. (4.17), the
density matrix elements take the form

2 2

finlos(0 i) =T [0 [ Fom [Tl 53y

i1, ﬂN 1=1df,.i0 =1

X MZNlN 1 MuloM M;Z\,_ z’N(l - 5%) <ZO‘ pS( ) |ZO>

1

X eXP{ - |OéqN\2 — |Oéqo\2 — |5qo|2 + &q0 g Bg0 + aquZNe—iwqt n 52004q1\,6iw‘1t
t o . ) . . | ,
it 47 fonem o )} i) =g [ ar [ art et i)

t ., )
+igq/0 dr’ [B;()ezqu +anezwq(t T 4t gq/ dT/ dr' e iwg(T—7") 1(7_)]/(7_1)}‘
(4.30)

The remaining three integrals have the form of Gaussian integrals and are solved explicitly
in Appendix A. The resulting final expression for the density matrix elements in continuous
representation reads

2 2
<iN|p5(t) ’Z§V> = Z Z ]\@NZ'A_1 MZ”OM;ZZ/l Mq;

-/
) 2 , ~ IN-1'N
ieiN—1=14] 0 =1

x exp [Sing (£)] {io] ps(0) lio) (4.31)
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where we introduced the influence functional

t T
Sin(®) == [ ar ["ar' [j(0) = @) e = i) = =7, @432)
and the reservoir autocorrelation function [28, 31-33, 74]

n(r—71'):= Zgg{(Qﬁqo + 1) cos [we(T = 7')] — isin [we(r — )] }. (4.33)

4.2.7 Time-discrete influence functional

For the numerical evaluation of Eq. (4.31), we have to go back to a time-discrete repre-
sentation by reinserting the definition j¢) () := 2N, z}({)G)[T —(n—1)At]O[nAt —7]. The
influence functional [Eq. (4.32)] then takes the form

N n
Sinf(tn) == > (in = i) [In-mim = M _mip]

n=1m=1
N n .
=y > S, (4.34)
n=1m=1 o
with
nAt mAt
Mnem = dT/ dr' n(r —1'). (4.35)
(n—1)At (m—1)At

For the evaluation of the time integrals in Eq. (4.35), we have to distinguish between the
cases n > m and n = m. For the case n > m, the elements of the influence functional
read [28, 31, 33]

Lo 292 . i
Siptm = — E —3 [1 = cos(wqAt)] (in — iy,)
x ({(271g, +1) cos [wq(n — m)At] — isin [wg(n — m)AH] iy,

—{(2ng, + 1) cos [wg(n — m)At] + isin [wg(n — m)At]}z;n) (4.36)
At n = m, they are given by
2
inim 9q ;. .
Sz';ﬂ';n = _Z j; (in — i)
qa “a
X ({(27_1,10 + 1) [1 — cos(wqAt)] — iwgAt + isin (wqAt) }im,

—{(20gy + 1) [1 — cos(wgAt)] + iwgAt — isin (wgAt)}ir, ). (4.37)



4.2 Path integral formulation of the spin-boson model 33

Finally, this yields the time-discrete path integral representation of the density matrix
describing the reduced system time evolution dynamics of the spin-boson model,

2

N 2
(in|ps(tn) |1N H Z Z inin—1M il il

n=li,_1=1 1;171—1

x IT exp (Siziz) tiol ps(0) i) (4:38)
m=1
with the field transformation matrix
Y cos(QpAt) —ietwo—wr) At gin (g At) /h
Mipin-1 = {inl (—ie‘i(wo—wL)At sin(QoAt)/h cos(QpAt) i) (4.39)

Again, it is noted that for Q¢ = 0 and therefore M;,;, , = 16;, 4, ,, Eq. (4.38) directly

yields the time-discrete path integral representation of the independent boson model.

4.2.8 Finite memory approximation

The evaluation of Eq. (4.38) becomes increasingly expensive for increasing numbers of
time steps, since the history of all preceding paths at times O,...,%,_1 must be taken
into account for the calculation of time step ¢,. In order to make the time-discrete path
integral representation numerically accessible, the augmented density tensor scheme is
introduced [37, 38]. Here, the essential approximation is based on the fact that often
times the reservoir has a sharp finite memory, corresponding to finite system-reservoir
correlations in time.

Exploiting the finite memory length of environment-induced correlations for an efficient
approximation of the full path integral, only the last n. time steps are taken into account
for the calculation of the current path, while disregarding all prior paths with zero or close
to zero contributions. This treatment is known as the finite memory approrimation and
results in the augmented density tensor representation, reading at time ty = NAt

N 2
(inlps(tn)liv) =[] 2

n=14,_1=14

th—1'n

2
*
> M, M
’ =1
n—1

n

< IT exp(Siin) tiol ps(0) lio) (4.40)

m=n—mnc

In an improved version of the truncation scheme, rather than cutting off the memory after
ne steps, in the case of n — m = n, all former paths up to t,, = n.At are additionally
incorporated in the time integration in Eq. (4.35) [102],

n—me—1

Mne 7= Nn-m + D Tk (4.41)
k=1



34 4 Real-time path integrals

4.3 Efficient tensor network implementation

4.3.1 Matrix product states and matrix product operators

Matrix product states (MPS) are representations of arbitrary quantum states in the form
of one-dimensional arrays of contracted tensors (see Fig. 4.3). The tensors may, e.g.,
represent the physical sites of a quantum many-body state, or the full system state during
one step of its time evolution dynamics. Information stored in the tensors can be accessed
and manipulated via their respective site indices, illustrated by unconnected vertical links
in Fig. 4.3. The network is conjoined via contracted link indices (horizontal lines) allowing
for information exchange between the individual tensors. This representation features a
high degree of compression of the corresponding Hilbert space dimension, combining a
reduction from exponential to polynomial scaling of the respective degrees of freedom
with the ability to perform operations directly on the compressed states [39-45]. For the
construction of an MPS the singular value decomposition is employed, where an arbitrary
matrix M of dimension N4 X Np is decomposed into a product of matrices according
to [39]

M =USVT. (4.42)

Here, U denotes a matrix of dimension N4 x min(N4, Np) featuring orthonormal columns,
VT has orthonormal rows and is of dimension min(N4, Ng) x Np, and S represents a
diagonal matrix of dimension min(N4, Np) X min(N4, Np) with non-negative entries S;; =
s; > 0, which are referred to as the singular values of matrix M. When M represents
a quantum state, the latter can be interpreted as entanglement weights [39, 40]. In this
case, the singular value decomposition corresponds to a Schmidt decomposition, i.e., the
decomposition of a general quantum state living in a bipartite product space into a product
of orthonormal basis vectors of the respective product spaces [103]. The number of nonzero
singular values determines the Schmidt rank of matrix M and is at the core of the employed
compression scheme [39, 40, 42]:

An arbitrary matrix M with Schmidt rank d can be efficiently and accurately approximated
by a matrix M’ with rank d’ < d via M’ = US'VT and

S" = diag(s’, sh, ..., 8,0,...,0), (4.43)

where the d — d’ smallest occurring singular values in S have been set to zero, effectively
truncating the column and row dimension of U and V1, respectively. As a result, the
complexity of matrix M is decreased without loss of crucial entanglement information.
In order to perform operations on the decomposed quantum state, quantum operators
are restated in the same fashion as matriz product operators (MPOs). Here, the resulting
tensors feature two physical site indices accounting for the input and corresponding output
state as a result of the operator action. To apply an MPO to an MPS, each tensor of
the MPO is contracted with a corresponding tensor of the MPS with matching input
site indices. In consequence of the contraction, a new MPS with updated site indices is
constituted.
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oo 000

Figure 4.3: Diagrammatic representation of a matrix product state, constituting a decomposed
and compressed description of an arbitrary quantum state. Vertical lines emerging
from each tensor (red shapes) represent the physical site indices of the compressed
quantum state. Horizontal lines are link indices conjoining the network and allowing
for information transfer between the tensors.

4.3.2 Tensor network realization of path integrals

Under the improved finite memory approximation, the time evolution of the augmented
density tensor can be reformulated as a tensor network [75, 76]. Using standard ten-
sor compression techniques [39], this architecture enables efficient and numerically exact
calculations of the reduced open system dynamics. For the explicit tensor network imple-
mentation, the augmented density tensor [Eq. (4.40)] is first mapped to a vector pj, in
Liouville space,

N n
pinN) =TT TI I(n:im)ri(0), (4.44)
n=1m=n—n,¢
with A
[, jm) = . M,y exp ($77m). (4.45)
jn,1:1

Here, left and right system indices i, i), have been combined to a single index jj for
each time step, resulting in Liouville space representations Mjnjn—l and S7nim of the
field transformation matrix and the influence functional, respectively. Afterwards, the
augmented density tensor is rewritten as an MPS, storing both present and past system
states in individual tensors,

Djn (tn) = Z AjO)jlwwjnfl,jn’ (4.46)

J0ye-rn—1

here shown for the case n < n.. In this representation, stored information is compressed
efficiently using standard tensor network techniques, i.e., by consecutive applications of
the singular value decomposition [39-42]. In consequence, memory requirements for the
augmented density tensor are reduced from exponential to polynomial scaling with respect
to the number of preceding paths n. taken into account for the calculation of the current
system state [75], enabling simulations of memory depths inaccessible in traditional path
integral implementations.

The time evolution is carried out by a network of MPOs, shown schematically in Fig. 4.4(a)
(green shapes). The augmented density tensor is stored as an MPS, containing the present
system state and up to n. — 1 past states stored in individual tensors, with the oldest state
located at the left end of the MPS. During the first time step, the initial system state pj, (0)
(red shape) is contracted with the first MPO in the network [dashed frame in Fig. 4.4(a)].
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Figure 4.4: (a) Efficient tensor network implementation of real-time path integrals. (b) System
MPS containing the current (red) and past system state (grey) after the first network
contraction. (¢) MPO structure for the calculation of the n-th time step.

As a result, the system state is updated and the preceding path is stored to its left,
increasing the length of the MPS by one [see Fig. 4.4(b)]. Once step n = n, is reached, the
oldest path in the MPS is summed over by application of a delta tensor [semicircular shape
in Fig. 4.4(a)], corresponding to the improved finite memory approximation [75, 102]. At
this stage, the MPS length remains fixed for the rest of the time evolution. Moreover,
for time-independent problems such as the spin-boson model the structure of the MPO
remains unchanged for all time steps n > n. apart from the index nomenclature. In
consequence, the MPO constructed for the calculation of time step n = n. can be reused for
the execution of all following steps, resulting in an additional performance gain. Fig. 4.4(c)
shows the structure of the MPO during the n-th time step with n > n., given by [75]

n—1

7, seeesdmy 1501 a . , ,
n—(ne—1) n—1Jn n—(nc—1)Jn_(n.—1) QAmsfi, j
B ’:’L—(’I’L —1)7" ’-]n 2’-7n 1 - [b (nc_l):|] 1 H [bm]amflyjm [bn]OZ}n.—l ’
‘ n(re=1) m=n—(n.—2)
(4.47)

with oy and j; denoting MPO link indices and updated system states, respectively, and
new tensors

bl ] =05 65 I(,5"), (4.48a)
7.7 / .

[bn (ne— 1] —Z[ ~(ne— 1)} —6] I(d, 5, (4.48D)

bully = 82, bl = 611G, 7). (4.48¢)

Lastly, the network contraction for the calculation of the n-th time step reads

. . . 5! vl ! ) ] )
Tn—(ne—1)rIn—1dn _ gin=(ne=1)7" o1 Ay (e 1)seeadn2:0n—1
A ‘ B B]n—(np—l)v Jn—2,Jn— lA ¢ . (449)
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In summary, we have introduced the concept of real-time path integrals and used it to
derive a highly efficient and numerically exact representation of the spin-boson model.
Using state-of-the-art tensor network architectures, numerically exact calculations of the
reduced system time evolution dynamics with deep system memory become feasible, en-
abling high-performing simulations of open quantum systems interacting with harmonic
structured reservoirs and diagonal system-reservoir couplings.






5 Artificial neural networks

During the past decade, data-based computation, broadly referred to as machine learning,
has become one of the most important and rapidly growing fields in technological research.
With implications for all major industries, similar to the rise of personal computers during
the past century, it is considered the paramount disruptive technology of our time. The
fundamental idea of machine learning is to recognize recurrent patterns in large amounts of
data via iterative training. Based on the structure of the input data, the algorithm makes
predictions on problems that are as of yet unresolved. Already, applications range from
image and facial recognition to resource management optimization, autonomous driving,
estimations on future stock market development and countless others [46, 78]. In one of
the most successful realizations of machine learning, a network of interconnected nodes
is optimized to extrapolate new data from an existing training data set. These so-called
artificial neural networks are reminiscent of the way biological neurons process information
by interacting with each other over synapse formation.

Aside from the aforementioned industrial applications, interest in machine learning tech-
niques has recently grown in physical research fields. In the context of open quantum
systems and their notoriously inaccessible Hilbert space dimensions, the concept of ef-
ficiently sampling core information from large amounts of data appears as a promising
new approach for an approximate description. In recent breakthroughs, artificial neu-
ral networks have been successfully employed for the description of quantum states [47—
55] and open spin-1/2 quantum systems with Markovian dynamics [56-59]. Exploiting
an almost limitless potential for parallelization and accurate information compression of
Hilbert space by Metropolis sampling of possible system configurations in a Markov chain
Monte Carlo approach, simulations of very large systems have been realized [46, 104-106].
Specifically, the restricted Boltzmann machine neural network architecture has emerged
as a natural and highly efficient representation of the density matrix for small molecular
and spin-1/2 quantum systems [47, 51, 107-112], since it features a one-to-one mapping
of spins to artificial neurons and facilitates direct access to the stationary state via itera-
tive application of a variational principle [113, 114]. High numerical performance and fast
convergence times have been achieved for the simulation of symmetric and periodic spin
systems, outperforming established numerical techniques such as quantum Monte Carlo
or tensor network approaches for certain scenarios and including calculations for both
stationary states [56, 57] and real-time evolution dynamics [58, 59].

In this Chapter, we introduce the core concepts of machine learning and artificial neural
networks for open quantum systems. In Sec. 5.1, some of the basic ideas and principles
of machine learning are introduced. Afterwards, in Sec. 5.2 the restricted Boltzmann ma-
chine architecture is established as a specific class of artificial neural networks. These

39
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networks allow for an straightforward representation of the density matrix for spin-1/2
quantum systems, which is demonstrated in detail in Sec. 5.3. Due to the structure of this
representation, symmetries inherent to the considered system can be exploited to drasti-
cally decrease the required number of connections in the network. As a result, even large
symmetric systems can be described efficiently, constituting a key advantage of the neural
network approach. The implementation of symmetries is discussed in Sec. 5.4. Having
derived an efficient neural network representation of the density matrix, we introduce the
core algorithms required for the training of the probabilistic network. For the sampling of
input data, the Metropolis algorithm is presented in Sec. 5.5. In Sec. 5.6, the stochastic
reconfiguration approach is established to approximate system observables and occurrence
probabilities as statistical expectation values over the sampled training data. Afterwards,
we derive optimization schemes for calcualting both the stationary states and the full time
evolution dynamics of open quantum systems. Lastly, we provide details on the numerical
implementation and the training procedure in Sec. 5.7.

5.1 Basic principles and definitions

5.1.1 Supervised and unsupervised learning

In any machine learning application, an algorithm is fed with input data to produce an
answer to a given problem. We note that in the following, the terms training and learning
are used synonymously and refer to the same process. In the case of supervised learning,
the algorithm is fed with a training data set D = {(z1,v1),..., (zN,,yn,)} consisting of
N, samples of inputs x, € X and corresponding target outputs y, € ), where X and Y
denote the input and output domains, respectively. To extrapolate from the existing data,
the algorithm searches for underlying patterns in the training data set. The goal is to find
a rule connecting inputs and outputs, for instance in the form of a deterministic model
function f(x,9¥) = y. Here, a set of latent parameters 9 is varied and optimized until
the differences between the training data and values obtained from the model function are
minimized [46]. Once training is finished, the algorithm is fed with new and unclassified
input £ and produces corresponding output 7 using the optimized model function. It
is apparent that increasing the sample size Ny of the training data likely improves the
accuracy of the answers obtained from the machine. Perhaps the most prominent example
of supervised machine learning is modern image recognition: The algorithm is fed with
a large number of images as input samples x,, together with labels naming the depicted
objects, acting as the corresponding target outputs y,. The goal of the learning procedure
is to find a relationship between the pixel matrices of the images and their respective
contents. Once the learning process is finished, the algorithm is fed with new images of
varying objects. If training was successful, the algorithm will be able to correctly identify
images of training objects [46].

Unsupervised learning, on the other hand, describes training procedures where only input
data is provided, with no explicit target outputs available. Again, the goal is to find
underlying structures and patterns in the input data. A prime example of unsupervised
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learning and the main focus in this work is the search for a model probability distribution
reproducing the statistics of a given input data set, often referred to as generative model-
ing [78]. As in the supervised learning case, the model probability distribution depends on
a set of latent parameters 1. To obtain a probability function which fits the distribution
of the input data, these parameters are adjusted until the likelihood of reproducing the
training data is maximized. In particular, here we estimate the density matrix p of a
considered system by an iteratively optimized model distribution py.

5.1.2 Models

In the context of machine learning, a model defines the relationship between input and
output data and is obtained by training [46]. We differentiate between deterministic and
probabilistic models. As mentioned in the previous Section, a deterministic model denotes
a function

with inputs x € X, outputs y € ) and a set of training parameters 1. To obtain a deter-
ministic model function, the variational parameters are optimized by an existing training
data set of inputs and corresponding outputs. Alternatively, unsupervised machine learn-
ing can be employed to produce a probabilistic model. Here, the input training data is
produced, e.g., by drawing samples from the configuration space of an existing probability
distribution P(z,y), which is referred to as the target distribution. These sample configu-
rations are used to approximate the target function by a probabilistic model distribution

p($’ y7 1'9)7 (5.2)

again depending on a set of latent parameters 1 to be optimized. In the context of open
quantum systems, the full density matrix p takes the role of the target distribution to be
approximated, since it is often times inaccessible due to exponential scaling of the Hilbert
space dimension. Using the unsupervised learning approach, we solve this problem by
introducing a model distribution py with vastly reduced degrees of freedom 9. By draw-
ing sample configurations from the systems’ Hilbert space as input data, the variational
parameters 9 are optimized to obtain a compressed representation of the full density
matrix.

5.1.3 Cost functions

Having established the core ideas of machine learning, we still require a strategy to obtain
a model function and quantify its ability to generalize from the input data. The model
function is determined by the learning parameters 1, which are optimized by the training
data set. To this end, we define a cost function

C(¥9) = L(z,y,9) + R(9). (5.3)

Most importantly, it consists of a loss function L(z, y, ) measuring the differences between
predictions from the model function and samples from the training data. Secondly, a
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regularizer function R(1) can be included to prevent the model from overfitting, e.g., by
putting restraints on the length of the parameter vector 9 [46]. Once a cost function which
fits the objective has been constructed, the training procedure is carried out as follows:
Samples from the training data set are fed into the cost function, with the goal of finding
the optimal set of parameters 9 which minimize C(¥). To find the model parameters
resulting in the most efficient cost function, they are iteratively updated and reinserted
into the cost function until a minimum is reached.

5.1.4 Stochastic gradient descent

The optimization of the cost function lies at the core of any machine learning application.
Stochastic gradient descent describes the standard optimization algorithm for probabilis-
tic models. It represents an iterative and stepwise search for the cost function minimum,
based on samples drawn from the training data. Especially in the field of artificial neural
networks, gradient-based minimization methods such as stochastic gradient descent are
standard practice [46]. The basic idea of gradient descent is to update the learning coef-
ficients 1 successively towards the direction of steepest descent of the cost function. The
update rule for iteration ¢t — t 4+ 1 is given by

9D = 9 _ v ,C(9M), (5.4)

with an external parameter v referred to as the learning rate in the context of machine
learning. Stochastic gradient descent refers to a special case of gradient descent where only
a subset of the training data set is used for the calculation of each update. The resulting
stochastic nature of the gradient direction helps to find the global minimum faster, while
reducing the risk of getting stuck in local minima [46].

5.2 Restricted Boltzmann machines

The model function is determined by the set of training parameters 9. In linear regression
models, the desired model function is designed to be linearly dependent on the parameters
1, but may have nonlinear dependencies on the input data. Nonlinear regression models,
on the other hand, are nonlinear in both the input data and the parameters [46]. In
this Section, we introduce the concept of artificial neural networks, which are the most
successful realization of nonlinear regression models. Artificial neural networks are inspired
by biological neurons interacting with each other via synapses. They consist of a set of
interconnected artificial neurons which model the state space of spins up or down, i.e., each
taking one of two possible configurations +1 or —1 [46]. The set of training parameters 9
determines the shape of the neural network and is split up into weights and biases. Weights
denote the connection strengths between interconnected pairs of neurons, whereas each
neuron is assigned an individual bias or local field strength. The neural network is trained
by optimization of the parameters 1}, until an optimal representation of the underlying
target function is achieved.
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Figure 5.1: Graphical representation of a restricted Boltzmann machine featuring N visible and J
hidden units with biases a, b, and connected by weights W.

Here we focus on a specific class of artificial neural networks, which allows for a direct
mapping of the density matrix for spin-1/2 systems: The restricted Boltzmann machine.
This architecture defines a probabilistic model distribution over the states of a set of

binary neurons or units s = (s1,...,8g), where each of the neurons carries a probability
of being in either state +1 or —1. s is further divided into a set of visible neurons v =
(v1,...,vn) and a set of hidden neurons h = (hq,...,hy). While the visible neurons carry

the information of the model distribution and act as input and output gates, the hidden
units are auxiliary degrees of freedom to improve the networks’ ability to approximate the
target function. Boltzmann machines belong to the class of recurrent neural networks, i.e.,
representations where all neurons are connected to each other by weights. In a restricted
Boltzmann machine, visible neurons are only connected to hidden neurons and vice versa.
A graphical representation is shown in Fig. 5.1. Since it has been found that this network
architecture can be trained much more efficiently than regular Boltzmann machines [46],
current research on machine learning for open quantum systems focuses on restricted
Boltzmann machines [47, 51, 56-59, 79].

The model distribution of a restricted Boltzmann machine is given by a Boltzmann prob-
ability distribution [46],
1

- —E(v,h,9)
p(v,¥) = e , 5.5
(0.:9)= 73 (55)
with a partition function
Z9 = Z e E@h9) (5.6)
v,h

and an Ising-type energy contribution E depending on the optimization parameters,

N J N J
E(’U,h,’ﬁ) = —ZZWjihjvi - Zaivi — ijhj. (5.7)
i=1 j=1

i=1j=1

The parameter vector 9 consists of biases a; and b; of visible and hidden neurons, respec-
tively, and of weights W;; connecting the visible and hidden units to each other. Since
only the visible units are of interest, all hidden neurons are traced out from the model
distribution in Eq. (5.5). Lastly, the cost function of a restricted Boltzmann machine is
defined by a maximum log-likelihood estimation,

Ns
C(9) = logp(v",¥), (5.8)

n=1
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with v™ denoting the n-th sample of a visible unit configuration drawn from the training
data.

5.3 Neural density operator

As a next step, a neural network representation of arbitrary spin-1/2 quantum states is
derived. We start with the simpler case of pure wave functions. As motivated in the last
Section, a Boltzmann probability distribution can be constituted by a neural network in the
form of a restricted Boltzmann machine. The restricted Boltzmann machine representation
of a pure wave function featuring N visible spins (or neurons) o and J auxiliary hidden
spins h is provided by [47]

= exp ZZWJZh U@—I-Zalaﬁ—th . (5.9)
h

i=17=1

Note that this representation cannot constitute the wave function exactly. Rather, it is de-
signed as an approximative architecture with the achievable accuracy limited by the num-
ber of neurons. For an analytically exact neural network depiction of pure wave functions,
so-called deep networks featuring multiple layers of hidden neurons are required [115].
Since the network does not feature any intralayer connections, the hidden layer can be
traced out explicitly:

Z Z exp ZZW]Z}Z az+Za,a,+th

—+1  hy=+1 i—1j=1
= exp <Z aiai> Z exp (Z Wihio; + blh1> ... Z exp (Z Wiihjo; + thJ)
i=1 hi—+1 i=1 hy—+1 i=1
N J N N
= exp <Z aiai> H |pr (Z Wjidi + bj) + exp <— Z WjiUi — bj)]
=1 7j=1 =1 =1

N J N
= 2exp (Z aio',-) H cosh (Z Wiioi + bj> ) (5.10)
i=1 j=1 i=1

However, an arbitrary mixed state cannot be represented analogously due to its nondiag-
onal elements. To resolve this problem, an additional set of hidden units, often referred to
as an ancillary layer, is incorporated in the network to create a diagonalized representation
of the mixed state [51]. In other words, to depict an arbitrary mixed state in terms of a
restricted Boltzmann machine, it must first be purified by introducing ancillary degrees of
freedom. As a result, the density matrix representation of a mixed state is estimated by
a mapping pyg, called neural density operator. Given two input states o and n, it returns
the corresponding matrix element py(o,n) = (o|py|n). Moreover, the neural density
operator must fulfil the same properties as the regular density matrix (see Ch. 2),

tr{py} =1, (5.11a)
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oh = oo, (5.11b)
(olpylo) >0Vo. (5.11c)

In general, the neural density operator can be written in terms of the pure state restricted
Boltzmann machine representation,

Pﬂ(Uﬂ?) = wa(aah“)l/f;;(nah”)a (5‘12)
B

where we introduced the ancillary hidden layer h* to index the different wave func-
tions forming the mixed state [51]. In total, this results in three hidden layers: h% =
(hg,....hg;) and k" = (h{,... h},) with M units each for the wave functions vy (o, h*)
and wﬂ(n, ht), respectively, and h* = (hY,..., h%) featuring K units for the mixing of
the states.

Inserting the restricted Boltzmann machine representation for pure states [Eq. (5.10)], the
neural density operator takes the form

Y Yexp lf (cx + ) h;;]

he h" h+ k=1
M
X exp (Z a;o; + Z bhy, + Z Z Winihi,oi + Z Z Umhkaz>
i=1m=1 i=1 k=1
N K
X exp (Za ni + Z by, hl + Z Z Wikl n; + Z Z klh’ﬁﬁ) . (5.13)
i=1 m=1 i=1 k=1

The training parameters ¢ = (a, b, c, W,U) are complex-valued and contain biases a for
visible units o and n, b for auxiliary hidden units h? and h", and c for the ancillary hidden
layer h*, respectively. The complex weights W connect the visible layers o and 1 to their
auxiliary hidden counterparts h? and h". In addition, weights U denote the coupling
elements between the visible layers and the ancillary mixing layer h*. Fig. 5.2 shows
a graphical representation of the restricted Boltzmann machine as stated in Eq. (5.13),
constituting the neural density operator. Once again, all hidden layers can be traced out
explicitly, yielding [51, 58, 59]

N N
py(o,m) = 8exp (Z aia¢> exp (Z afm)

i=1 i=1

M N N
x ] cosh (bm +> Wmigi> cosh (b:n +> W;Zﬁh)
i=1

m=1 i=1

K N N
X H cosh <Ck +ci + Z Uiio; + Z U,Z-m) . (5.14)

k=1 i=1 =1

This parametrization fulfills all properties of the density matrix [Eq. (5.11)]. Note that
a normalizing partition function Z as introduced in Eq. (5.5) is so far missing from the
representation: In its current form, the neural density operator remains unnormalized
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Figure 5.2: Restricted Boltzmann machine representation of the neural density operator pyg.

since the partition function is often times inaccessible in large quantum systems. We will
resolve this problem by approximating Z using the system sample configurations drawn for
training, which is explained in detail in the upcoming Sections. Moreover, the networks’
ability to accurately represent an arbitrary density matrix is given by the number of hidden
units M and K. Specifically, we define the hidden node densities

M K

O‘:ﬁa 5:N7

(5.15)
which determine the representational power of the network [46, 78]. In the numerical
implementation, the real and imaginary part of all training parameters are stored and
calculated separately. Due to the structure of Eq. (5.14), only the real part of the ancillary
bias c is required. The total number n, of variational parameters stored in 4 is thus given

by
n, =2N +2M + K +2MN + 2K N, (5.16)

representing the number of degrees of freedom of the neural density operator. In compar-
ison to the N (N + 1)/2 independent density matrix elements required for the calculation
of a system of NV spin-1/2 particles, this mapping yields a high grade of compression of
the relevant system information and lies at the core of the imposed truncation scheme.

5.4 Implementation of symmetries

Often times, physical systems and their corresponding Hamiltonians feature intrinsic sym-
metries, for instance in the form of site-translation invariance in a spin chain system. These
symmetries are also inherent to the states of the respective system and maintained dur-
ing its time evolution dynamics. Using the artificial neural network implementation, this
property can be exploited to further decrease the computational cost for the calculation of
symmetric open spin-1/2 quantum systems. Specifically, the number of variational param-
eters can be reduced by taking symmetries inherent to the Hamiltonian into account.
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To this end, we consider a set of linear transformations Ts, s = {1,...,5}, defining a
symmetry group [47]. The visible units of the restricted Boltzmann machine are then
transformed via

TSUZ' = 5’1'(8), (5.17&)

Tsmi = 7i(s). (5.17b)
As a result, the neural density operator can be rewritten to be invariant against transfor-
mations imposed by Tk:

zzzexp[Z( ) S, ]

o M pH !
hl R f'=1

« S N « S
X exp [Za(f)zz:&i(s)—i- Zb(f)Zh?S
f=1 = =

s=11i=1

a S N
SIS WELICES vp oI ]

f=1s=1 i=1 fr=1s'=1

o] S N
X exp [Z alf* SN du(s) + Z b Zh}s
= -

s=11i=1 =1

+§:§:hn,s§:W¢m*1 ) + Z Z W g ZU ] (5.18)

f=1s=1 i=1 fi=1s'=1

The dimensions of the variational parameters 9(f) have been modified in the process.
Biases alf), b() and /") are vectors in feature space with f =1,...,a, f'=1,...,3, and
a and f denote the auxiliary and ancillary hidden unit densities, respectively [Eq. (5.15)].
The restated weights Wi(f ) and Ui(f ) have a x N and B x N elements, respectively. This
representation corresponds to a neural density operator featuring M = S X a auxiliary
units and K = S’ x 3 ancillary units. As before, all hidden spins can be traced out
explicitly, yielding

pgﬁ(a,n):8exp [iii Ne;(s)| exp [iZZa ]

f=1s=1i=1

—i—ZW(fGZ ]cosh[b(f)*—l—zw D ]
U

f:lszl i=1
N / N /
X H H cosh |e) 4 ) 4 Z ff )+ ZUz(f ] . (5.19)
fl=1s'=1 i=1 i=1

For the specific case of site-translation invariance, the symmetry group defined by T has
an orbit of S = N elements [47]. This means that using the symmetry propoerties of the
system, a given spin configuration is translated into N copies. The translation-invariant
parameters 9) simultaneously act on all copies of the configuration for a given feature
f- As a result, far fewer parameters are required for the same total number of units as
before.
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5.5 Metropolis sampling

In this Section, we take first steps towards the numerical realization of the neural network.
The training of the network is carried out by optimization of the variational coefficients 19,
until an optimal mapping of the full density matrix is obtained. In the limit case of small
systems where the full Hilbert space is accessible, all possible configurations of the density
matrix can be taken into account for the optimization of the training parameters. Yet,
it is noted that the resulting neural density operator is still an approximative represen-
tation due to the underlying restricted Boltzmann machine architecture [115]. However,
in general the Hilbert space of open quantum systems quickly becomes inaccessibly large,
making the full density matrix inaccessible as well. To find an accessible approximation,
N, sample configurations of the system, i.e., visible spin configurations (o, n), are drawn
from the configuration space of the target distribution. The samples are drawn using the
Metropolis algorithm [104], a Markov chain Monte Carlo method to obtain a sequence
of samples from the phase space of a probability distribution, corresponding to a ran-
dom walk in configuration space [46, 105, 106]. The Metropolis algorithm is applicable
to symmetric probability distributions while its generalization, the Metropolis-Hastings
algorithm, can be used to sample arbitrary distributions [116].

In the following, we briefly outline the steps of the Metropolis algorithm for symmetric dis-
tributions. Its goal is to approximate an inaccessible target distribution P(x) by a model
distribution p(z), which is proportional to the target distribution. This is performed by
drawing samples = from the configuration space of the target distribution. For the initial-
ization of the Metropolis algorithm, a random sample z; is drawn from the configuration
space of the target distribution P(z), acting as the current sample. As a first step, a new
or proposed sample z’ is drawn on the basis of x4, based on a proposal distribution g(z/|z;)
denoting the probability of drawing sample x’ given sample x;. Next, the proposed sam-
ples’ target probability P(z’) is compared to the target probability of the current sample
P(z;) via the acceptance probability function

P(a’) g($t|$/)}
P(x¢) g('|xy)

p(z') g(z|2’)
p(zt) g(a'|ze)

A2’ ) = min |1, = min [1, , (5.20)
measuring the occurrence probability of the proposed sample z’ in comparison to ;.
Taking the ratio of target probabilities in Eq. (5.20) bypasses the issue of their factual
inaccessibility, since the model distribution p(z) is proportional to P(z). Hence, p(z) can
be used in its place for the calculation of the acceptance ratio. Lastly, the algorithm has
to choose whether it accepts or rejects the proposed sample 2’ as the next sample x4, in
the Markov chain. To this end, a uniform random number r € [0, 1] is generated and its
value is compared to the acceptance probability [105]:

if r <A@, x): w441 =2,

ifr> A x) 0w = 1 (5.21)

In summary, the Metropolis algorithm performs a random walk in configuration space,
sometimes accepting and sometimes rejecting proposed steps. Due to the selection rule
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of Eq. (5.21), drawn samples with a higher occurrence probability according to the target
distribution P(x) are more likely to be accepted, whereas samples with a low probability
are more often rejected. In consequence, the algorithm chooses a selection of samples which
are used to efficiently approximate the target distribution by the model distribution.

5.6 Stochastic reconfiguration for Liouvillians

At the core of all machine learning algorithms lies the optimization of a predefined cost
function towards a global minimum. In this Section, we introduce the stochastic recon-
figuration algorithm [117-119], which allows for the application of this approach to the
Liouvillian of open spin-1/2 quantum systems by approximating system observables and
occurrence probabilities as statistical expectation values over the sample configurations
drawn for the training of the network. While it is in principle possible to simulate real-
time dynamics of open systems using artifical neural networks [58, 59], the approach excels
in finding stationary states, such as nonequilibrium steady states or ground state energies
of the system. Here we derive strategies to calculate both stationary states and Marko-
vian time evolution dynamics of open spin-1/2 quantum systems, imposed by a Lindblad
master equation as introduced in Ch. 3. We start from the neural density operator rep-
resentation [Eq. (5.14)]. Given this parametrization of the density matrix, our goal is to
find an approximate solution of the Lindblad master equation describing the Markovian
time evolution dynamics of a considered system. To enable the application to established
machine learning strategies, the master equation is first stated as a variational optimiza-
tion problem. In the following it is solved using the stochastic reconfiguration method and
time-dependent variational Monte Carlo techniques, which are extended to the dissipative
case [56-59)].

We start by rewriting the density matrix as a vector, such that the Lindblad master
equation of the general form (see Ch. 3)

. N
1
Oup = 7 [H, p] + % S (25ip] = Tl Dip — pIL1) (5.22)
=1

can be stated by means of a non-Hermitian Liouvillian superoperator,
op = Lp. (5.23)

As mentioned in Sec. 5.3, all training parameters are split up into their real and imaginary
parts and written in a single vector,

9 = (Re{a},Im{a}, Re{b},Im{b}, Re{c}, Re{W },Im{W} Re{U},Im{U}), (5.24)

containing n, real-valued elements [Eq. (5.16)].
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5.6.1 Stationary states

When the training objective is to find the stationary state of an open quantum system,
the variational parameters must be trained to fulfill the condition

op=Lp=0. (5.25)
To this end, we define a corresponding cost function [57, 59],
C(9) = |Lpsl3, (5.26)

and rewrite it by inserting multiple identities, yielding
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02,12

Again we are faced with the issue of inaccessiblity, since C'(¥#) cannot be computed without
the knowledge of py. However, it can be approximated as a statistical expectation value
over the probability distribution

po(a.m) = |ps(a, m)|*. (5.29)

This approach is analogous to the concept of variational Monte Carlo techniques and
constitutes the stochastic reconfiguration method [119]. We introduce the estimator of
the Liouvillian superoperator,

~ £ o1, , 09, o2,
L(oy,m) = Z (o1, m,02,m2)p9(02,M2)

; (5.30)
a2 po(o1,m)
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and rewrite the cost function accordingly,

C() =3 palo,n)Li(a,n)L(a,n). (5.31)
a,n

The statistical expectation values are obtained by Monte Carlo sampling of the Hilbert
space, using the Metropolis algorithm where IN; samples of visible unit configurations
(o, M) are drawn (see Sec. 5.5). To construct statistical expectation values, the occur-
rence probability py (o, ny,) of each drawn sample is calculated [see Eq. (5.29)]. However,
at this stage the neural density operator is still unnormalized due to the inaccessibility of
the full partition function (see Sec. 5.3). To represent a probability, py(o, 1) must still be
normalized. To this end, an approximate partition function is constructed from all drawn
samples,

Ns
Zpy = Zpﬂ(amnn)’ (5.32)
n=1

and the occurrence probability of sample (o, 7,) is given by

1

P9(On, M) = Tpﬂ(anann)- (5.33)
by

As a result, the cost function is approximated as

N,
C(,ﬁ) ~ Zﬁﬁ(anann)ZT(Umnn)E(angnn)- (534)
n=1

Inserting the identity for the normalized probability distribution py (o, 1y, ), the cost func-
tion takes the form

N,

|pl9(o-nv 77n)|2
C(9) = Z N,
n=1 stzl ’pﬂ(amvnm)‘z
S pL(ak’"’“) T . po(op, Mp)
Ti»c (O'n, M, Ok, le) Z »C(o'm MNn, Op, np)i
k=1 pﬁ(amnn) p=1 pﬁ(anynn)
. 1
Z%sﬁl ’pﬂ(amﬂ?m)‘Q
Ns

X Z P:;(UkaTIk)»CT(Um77n70'k7"7k)£(0'n777n7U'p777p)/)19(0'p777p)- (535)
n,k,p=1

X

In order to apply the standard stochastic gradient descent procedure for the optimization
of the artificial neural network, we require the gradient of the cost function VyC'(1) with
respect to all parameters 1 (see Sec. 5.1). The cost function gradient is formally calculated
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using the product rule, yielding [57]
Vi, C(9)

Ns N,

~ ~ P9I Om; TIm

= 2Re{ Zpﬁ(o'mnn)ET(Umnn) Z ﬁ(Umnn,Ummm)MOm (Oms M)
] =1 (00, 1)

N,
[Z pﬂ On, nn)Oﬂl On, Tln

n=1

Zpa (O, )L (UnunN)E(an,nn)] } (5.36)

where we introduced logarithmic derivatives in the form of diagonal matrices Oy, with

elements
dln py(o,m)

09, ’
corresponding to the gradients of the neural density operator with respect to all variational
parameters ¢ and for a specific sample configuration (o, 7). The network is trained via
the standard stochastic gradient descent formula, updating the variational parameters
during each iteration t — ¢ + 1 via

[Osonon = Og,(o.n) = (5.37)

9 = 9 vy, c(9W), (5.38)

at learning rate v.

5.6.2 Time evolution dynamics

As a second application, we demonstrate the ability of artificial neural networks to model
Markovian dynamics of open spin-1/2 systems. For the full time evolution dynamics
prescribed by Eq. (5.23), we first calculate the formal time derivative of the neural density
operator,

0
875;)19 = Z pﬂ Zl?lOﬂlpg (5.39)

Note that both the density matrix p and the neural density operator py are unknown,
representing the target and model distribution, respectively. Again, the only information
available are the neural density operator elements py(oy,n,) for individual sample con-
figurations (o,,m,) and the current parameter set ¥. To find an approximation of the
Lindblad dynamics, we require a closed set of equations of motion for the time-dependent
variational parameters 9J;(t). They are optimized by minimizing the difference between
the approximate variational evolution of the neural density operator [Eq. (5.39)] and the
equation of motion for the density matrix as prescribed by Eq. (5.23). Taking the square
norm difference between these two expressions defines the cost function [58, 59],

2

C(9) = Lp

2

_ (z 51040}, —pw) (z §100p0 —cp). (5.40)
l l
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Here we minimize Eq. (5.40) with respect to the time derivative of a specific coefficient 9y
by solving 9C(1)/09y = 0, yielding

<Z diph0) — piLt ) Oy, po + pjgojgl, <Z 0,09,p9 — Ep) =0. (5.41)
l l
Eq. (5.41) is rearranged as a system of linear equations [117-119]

> Siwdy = fr, (5.42)
I

where we introduced the covariance matrix S with elements
Sy = pEOLl,OmPﬁ + pigojgl Oy, py, (5.43)
and the vector of forces f with entries
fi=phO) Lp+ p L0y, py. (5.44)
In correspondence to the stationary case, we evaluate these quantities using the stochastic

reconfiguration approach, yielding statistical expectation values as approximate expres-
sions for the covariance matrix and vector of forces [57, 119],

N
Sl’l ~ 2Re{ Z ﬁﬂ(ana nn)Ojgl, (O'n, nn)Oﬁl (O-TH nn)

n=1

Ns N
- [Z ﬁﬁ(Un,nn>OLl(Unann) Zﬁﬁ(amnn)oﬁl(amnn) }7 (5.45)
n=1 n=1

and

N,
fi = 2Re{ Z po(on, nn)O:rgl (0, M) L(On, M)
n=1

Ns
[Z p'z9 a'n777n)0191 O'nynn ‘| [Z pﬂ o'nann Unann)

n=1

}. (5.46)

Inverting the covariance matrix in Eq. (5.42) finally results in the equation of motion for
the variational parameters,

Oy =>_ Sit fi- (5.47)
l

Finally, when assuming discrete time steps, 0;¢y ~ Ady/At, the learning parameters are
updated during each time step via

YT = o) ALY Sy (5.48)
l

with a step size or learning rate At = v and in resemblance to the update procedure
prescribed by the stochastic gradient descent method [see Eq. (5.4)]. Fig. 5.3 schematically
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/time loop )

/Sample loop 1. Metropolis sampling h
(a) draw sample configuration (o, n,) from Hilbert space

(b) accept or reject proposed sample
|

Y
2. Stochastic sampling
calculate and store all gradients O;(o,,, m,), local
Liouvillian £(e,,n,) and observables using current sample ')
3. Calculate statistical expectation values
(a) covariance matrix Sy

(b) vector of forces f;
(c) observables

:

4. Update variational coefficients

- %

Figure 5.3: Flow diagram schematically depicting the network training algorithm for the calcula-
tion of time evolution dynamics.

shows a flow diagram of all steps taken during the time evolution of the artificial neural
network. Lastly, we note that it is in principle possible to find the stationary state of
a system using Eq. (5.47) and setting Sy; = 1, such that 9,9y = fy. However, in this
description information is lost during the initial steps of the derivation, namely the adjunct
Liouvillian operator, resulting in decreased stability of the optimization procedure for the
steady state [57, 59].

5.7 Numerical execution

We conclude this Chapter by providing details on the numerical implementation. The
interplay of all introduced algorithms and their specific execution is explained. Moreover,
we provide some additional techniques to increase numerical stability and performance.



5.7 Numerical execution 55

5.7.1 Observables

As a last step for the calculation of open quantum systems, we require a strategy for
the evaluation of observables. In the density matrix formalism, the expectation value of
arbitrary observables X is provided by

(X) = tr{Xp}. (5.49)

Again following the stochastic reconfiguration approach, (X) is interpreted as a statistical
expectation value over a probability distribution (see Sec. 5.6). For diagonal observables
we can additionally define the probability distribution

Q'B(O-) = pﬂ(o-ao-)v (550)

which again must be normalized by approximating the partition function over all drawn
samples. The occurrence probability of sample (o7,) is thus given by

- 1
Qﬁ(an) = 27%9(0'71% (5.51)
q9
with
N,
Zgg = Z q9(on). (5.52)
n=1

Now the expectation value obtained from the density matrix can be approximated as a
statistical expectation value over all sample configurations, (X) ~ (X)), , with

N,
(X),=> dvlon)d Ko, 6)pa(&,on) (5.53)
n=1

= polow0n)

5.7.2 Sampling

As a first step of the implementation, the Metropolis algorithm is used to draw sample con-
figurations (o, ,,) from configuration space of the target distribution. Specifically, neural
density operator elements py(o,, ) are generated to estimate the target distribution p
by the model distribution py via occurrence probabilites py(o,n). For the calculation of
diagonal system observables, diagonal sample configurations (o, 0,) are simultaneously
drawn to generate occurrence probabilities gy(o). During each step of the sampling pro-
cedure, the new proposed sample is compared to the last sample configuration. Depending
on their probability ratio, the proposed sample is either accepted or rejected following a
Markov chain Monte Carlo approach (see Sec. 5.5). The acceptance function can, e.g.,
take the form of an exponential function [57],

o (o, M)

_—, 5.54
pﬁ(0n+17nn+l) ( )

Aexp[(o'n-i-lﬂ?n—i-l); (Una nn)] =exp |—
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or is modeled by a linear ratio [58],

A . = min |1
tinl (1, Mn+1); (0, Ma)] = mim | 1, =2 200 S

For the easiest realization, the proposed samples py(op+1,Mn+1) are chosen randomly
from full configuration space. For an improved mapping, it is also possible to employ
a set of selection rules taking the role of to the proposal distribution function g(z’|z)
in Eq. (5.20) [58]. Here we provide an example of such a selection rule set for a spin-
1/2 quantum system of N sites. When sampling from Hilbert space to approximate the
distribution py(o,n), four types of moves are allowed to form a new proposed sample
based on the current sample (0, 7Mn) = (T1ny--sTins-- s ONmIMms -« s Dims - - - s TN,
with o;, = £1, 7;, = £1:

1. a single index of a random site 7 is flipped, either o;,, or ; 5.
2. both indices o;, and 7;, of a random site 7 are flipped.

3. two neighboring indices of a random site ¢ are flipped, either o;, and o;41,, or n;
and 77i+1,n~

4. a random new configuration (o7, n;;) is drawn from a uniform distribution.

While the last move only occurs at a probability of 1%, the remaining moves are set equally
probable. For the diagonal sampling procedure to generate the distribution gy(o), three
possible moves are allowed given a current sample (o7,):

1. the index o;, of a random site 7 is flipped.
2. two neighboring indices 05, and 0,41, of a random site 7 are flipped.
3. a random new configuration (o) is drawn from a uniform distribution.

Again, while the first two moves have the same probability of occurring, a completely new
configuration is only drawn at a probability of 1%.

5.7.3 Logarithmic derivatives

Once a drawn sample is either accepted or rejected as new current sample (o7, 7, ), we have
to calculate all corresponding neural density operator gradients Oy, (o, nn) [Eq. (5.37)].
The logarithmic derivatives of the neural density operator with respect to all variational
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parameters ¥ = (a,b,c, W,U) are given by

9 ln[pg(dn, nn)]

ORe{a)  Com T M (5.56a)
81n£§i(1({7;;}77n)] = 1(%in = "in), (5.56b)
mna[ﬁig):fn)] = &1(m, o0) + & (m, M), (5.56¢)
mnzg’ffg(ﬁfgf"” =i [&1(m, o) — & (m )] (5.564)
mggﬁ{(ﬁﬁﬁ”” = in&1(m, o) + 0in&7 (M, M), (5.56¢)
mgﬁ{(;{}iﬁn)] = i[0in€(m, an) = 0ini (m, M)l (5.56f)
aln([apf:e(({j;’}nn)] — 2k, o). (5,560
ahggﬂe({z’i?n)] = (Fin + i) E2(K, T, M), (5.56h)
ahglpi({?}:;}?n)] = i (Gin = Nin) E2(K, O, M), (5.561)

with
§1(m. mn) = tanh [bm + g: Wmmn] : (5.57a)
P
&o(k, o, mp) = tanh lck + ¢+ i (Urioin + U,j;mi,n)] : (5.57h)

This procedure is repeated for Ny individual samples (o,,n,). Once all gradients are
calculated and stored, the covariance matrix [Eq. (5.45)] can be calculated for the time
evolution dynamics case. It is noted that the variational coefficients must be initialized at
small nonzero values, e.g., ¥; € [-0.01,0.01]\{0}. When initialized at zero, the evaluation
of Eq. (5.56) becomes trivial and the respective parameters remain zero throughout the
entire training procedure. In addition, choosing large values for the initial variational
coeflicients may result in numerical divergence.

5.7.4 Local Liouvillian

Aside from the logarithmic derivatives, the local estimator of the Liouvillian £(e,n,)
[Eq. (5.30)] must be calculated individually for each sample. For a given Hamiltonian H,
the first term of the local Liouvillian reads [58]

_ ol [H pllm) _ po(&,mn)  polon, &)
h pﬂ(anann) hZ[ njﬁ p’ﬂ(o'na'rln) pﬂ(an’nn)H(gvnn) , (558)
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with
H(o,m) =(a|H|n). (5.59)

The second term of £(o,,n,) arises from the dissipator

D[\/~/27)p % fj (2ipf = Jidip = pJL3) (5.60)

resulting in

<Un|D[mJ]p|nn> _ 7%[ Z O'n‘J ’0_ W\JTWJ pﬁ(0/77’]’)

pﬂ(an’nn) 2 ' pﬂ(0n777n)

t P9 (&, 1n) po (0, &) t
LA BRI ) T 2 pa ) € ‘"">]

(5.61)

5.7.5 Pre-conditioning

The current training iteration is completed by updating the variational parameters 9. In
the time evolution dynamics case, their time derivatives are evaluated as prescribed by
Eq. (5.47), requiring the inversion of the positive semi-definite covariance matrix §~!
This poses a numerical challenge since S may be ill conditioned, e.g., featuring very small
eigenvalues, with the inversion resulting in dramatically increased statistical noise [118].
Hence to ensure invertibility and improve the accuracy of the calculation, the covariance
matrix is modified first.

To avoid the issue of large statistical noise, the diagonal elements of S are regularized
according to [47, 118, 119]
Sl’l = Sl’l + )\(t)éll/Sl/l, (562)

with a regularizer function

A() = max (Aob!, Amin ) , (5.63)

which decays at increasing time steps ¢ and features parameters b, A\g and \,;,. Moreover,
the covariance matrix may feature eigenvalues that differ in several orders of magnitude.
To stabilize the inversion, it is helpful to pre-condition S by means of a rescaling [119],

1
VS Sy

The vector of forces and the time derivatives of the learning parameters are rescaled
accordingly,

S = S (5.64)

1
pe_ ___p 5.65a
! 5 i ( )

O = /Sy (5.65b)
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S, f and 9 are pre-conditioned first. Afterwards, the covariance matrix is regularized.
After solving the set of linear equations of motion, the resulting variational parameter
derivatives are rescaled back again via

Dy = ——— 2 (5.66)
v/ Sl/l/ !
Finally, the parameters are updated for the next step of the time evolution using Eq. (5.48),
concluding the current training iteration of the artificial neural network.
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6 Memory-critical dynamical buildup of
phonon-dressed Majorana fermions

In this Chapter, we explore the dynamical impact of non-Markovian dissipative interac-
tions on topological state of matter, giving rise to a quantum memory. Specifically, the
open system dynamics of a one-dimensional polaronic topological superconductor with
phonon-dressed p-wave pairing is investigated, where the dynamics is induced by a fast
temperature increase. For rising memory depths, the topological properties are shown to
transit from monotonic relaxation to a plateau of substantial value into a collapse-and-
buildup behavior, even when the system is close to the topological phase boundary. Above
a critical memory depth, the system can approach a dressed state in dynamical equilib-
rium with phonons with close to perfect buildup of topological correlation. The Chapter
is closely based on the publication “Memory-critical dynamical buildup of phonon-dressed
Majorana fermions” by O. Késtle et al. [69]

6.1 Introduction

Exploring topological properties of nonequilibrium open quantum systems represents a
major objective for the realization, probing and utilization of topological states of mat-
ter [120-134]. Recent investigations of topological systems interacting with an environment
have focused on Markovian reservoir couplings described by a Lindblad master equation
for the reduced system density matrix, resulting in open-dissipative time evolution dy-
namics [135-148]. However, experimental solid-state realizations of topological systems
are often based on semiconductor nanostructures, which inevitably interact with a struc-
tured phonon environment, resulting from the deformation of host materials and lattice
vibrations. The most prominent examples of topological solid-state setups are based on
topological superconductors [149-159]. Due to the arising dynamical interplay with the
structured phonon reservoir, the Markovian approach based on the Lindblad formalism
often fails to correctly describe these scenarios: Dissipation-induced decoherence to the
structured environment enables quantum memory effects via time-delayed information
backflow to the system [2, 3|, resulting in a time scaling of the system dynamics which
is absent in a Markovian context. In consequence, a unique dynamical interplay between
topological properties and non-Markovian dissipation may arise.

In this Chapter, we demonstrate that quantum memory effects resulting from a non-
Markovian parity-preserving interaction of a topological p-wave supercondutor surrounded
by a phonon environment can result in a recovery and long-term stabilization of topolog-
ical properties not exhibited in a corresponding Markovian setup [69]. We employ the

63
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polaron master equation (see Ch. 3) for the description of open-dissipative dynamics of a
polaronic topological superconductor with phonon-renormalized Hamiltonian parameters.
Specifically, we investigate a Kitaev superconducting wire - the paradigmatic example of a
setup supporting Majorana fermions - weakly coupled to a 3D bulk phonon reservoir [160].
A perfect realization of the Kitaev wire features a gapped energy spectrum, causing the
emergence of Majorana zero modes. They are robust against external perturbations and
exhibit permanent and topologically protected edge-edge correlations. In the presence of
a phonon reservoir with energies surpassing the spectral gap, dephasing processes arise.
In this scenario, the otherwise topologically protected Majorana edge correlations typi-
cally decay if the phonon reservoir is treated in a Markovian description, even if parity
is preserved [144]. Here, we show that this is not the case if the microscopic proper-
ties of the electron-phonon interactions are taken fully into account, as they give rise to
a non-Markovian and partially time-reversible dynamics [69]. In contrast to Markovian
decoherence destroying topological properties in the long term limit, we show that a fi-
nite quantum memory enables substantial preservation of topological properties far from
equilibrium, even when the polaron Hamiltonian approaches the topological phase bound-
ary. Depending on the memory depth, i.e., the characteristic time scale of the quantum
memory, the dynamical Majorana edge correlation can perform a collapse-and-buildup
relaxation. Strikingly, above a critical value of the memory depth, the edge correlation
can be recovered almost completely, corresponding to a polaronic state of the topological
superconductor in a phonon-mediated dynamical equilibrium [69].

The polaronic Kitaev chain and its theoretical background are introduced in Sec. 6.2. First,
the bare Kitaev chain and the considered fermion-phonon interaction are discussed, before
the open system Hamiltonian is transformed into the polaronic frame. Afterwards, we
introduce the non-Markovian polaron master equation for the dissipative Kitaev wire and
discuss the impact of time-resolved phonon correlations on the open system dynamics. In
Sec. 6.3, the unfolding non-Markovian Majorana edge correlation dynamics are presented
and compared to calculations using a Markovian Lindblad-type master equation with a
time-independent dephasing rate. We discuss the emergence of a critical memory depth
in the non-Markovian framework in Sec. 6.4, enabling a recovery and stabilization of
topological properties via time-delayed system-reservoir correlations. Sec. 6.5 includes
further discussions on the impact of additional p-wave interparticle interaction on the
Majorana edge correlation, the inclusion of the polaron energy shift in the open system
Hamiltonian, the nature of the observed correlation and additional calculations for an
initially nonideal Kitaev chain. Lastly, we summarize our findings and discuss resulting
implications and perspectives for the field in Sec. 6.6.

6.2 Polaronic Kitaev chain

Symmetry-protected topological states exist in a wide variety of quantum systems, such as
spin chains and fermionic systems [161-168]. These non-Abelian anyonic particles are ro-
bust against microscopic imperfections, making them promising candidates for topological
quantum computing [169-173]. The most prominent example of such topological states are
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Majorana zero modes [174-178] emerging at the edges of the 1D Kitaev superconducting
wire [160]. Several setups for the physical realization of Majorana edge states based on the
Kitaev model have been proposed both in solid-state structures [179-182] and setups of ul-
tracold atoms and molecules [136, 183-185]. Recent experiments based on these proposals
strongly imply the emergence of Majorana states [151-154, 156, 186-188], with ongoing
discussions regarding the role of dissipative processes [93, 94, 137, 140, 141, 143, 144, 189—
196]. Current studies of dissipative Kitaev superconductors have demonstrated, e.g., that
the absorption of thermal phonons at finite temperatures allows for the excitation of the
electronic ground state to a delocalized state whose energy surpasses the topological en-
ergy gap, resulting in an energy level broadening [93]. Moreover, it has been shown that
a finite tunneling rate of superconducting quasiparticles from the p-wave superconductor
to the wire results in the decay of Majorana bound states [137]. Coupling the chain to an
ungapped fermionic bath has the same effect, since these sorts of environmental interac-
tions explicitly break the parity of the fermionic ground state [197]. Using classical noise
as a model of dissipation, it has been demonstrated that due to motional narrowing in
fast noise, dephasing processes are suppressed in the limit of fast fluctuations, enabling
quantum operations on the Majorana modes [143]. Furthermore, in a Markovian phonon
environment, the edge-edge correlation decays exponentially even if parity is preserved,
while an incorporation of disorder can be used to increase the Majorana lifetime [144].
With respect to non-Markovian system-reservoir interactions, it has been shown that an
impurity or a qubit can be employed as a non-Markovian quantum probe of a topologi-
cal reservoir [198-200] and that topological phenomena induced by Markovian dissipation
processes can sustain in non-Markovian regimes [201].

In contrast, in the following we demonstrate that tailoring the coupling to a super-
Ohmic reservoir may suppress the decay of and even fully restore topological properties
of a phonon-dressed Kitaev wire, opening up new prospects for the control of memory-
dependent topological phenomena. Specifically, we investigate the fate of Majorana edge
modes in the presence of a parity-preserving, structured phonon reservoir. For its de-
scription we choose the polaron master equation [1, 14, 80, 87-92] to include as much
information about the electron-phonon interaction as possible, while still remaining in a
reduced density matrix description in second order [14, 80, 89].

6.2.1 p-wave superconducting chain coupled to phonons

We consider the paradigmatic Kitaev p-wave superconductor [160], with a super-Ohmic
coupling to a structured 3D phonon reservoir (see Fig. 6.1). The bare Kitaev Hamiltonian
reads

N-1

N
Hy/h = Z K—JCZTCZH + AclclH) + H.c.} - ,chchl, (6.1)
=1 =1

describing spinless fermions ¢, C}L on a chain of IV sites [, with a nearest-neighbor tunneling
amplitude J € R, superconductive pairing amplitude A € R, and chemical potential . For
the case |u| < 2J and A # 0, the system exhibits a topological phase featuring unpaired
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Figure 6.1: Sketch of a polaronic Kitaev chain featuring phonon-dressed spinless fermions (blue
circles) with nearest-neighbor tunneling J and coupled to a structured reservoir of bulk
phonons (green circles). They are arranged in close proximity to a superconducting
wire (red shape), exhibiting a renormalized p-wave pairing (B)A at temperature T [see
Eq. (6.4)]. In the topological ground state of the ideal chain, two unpaired Majorana
edge modes 7y, g emerge at the boundary sites (grey shapes). The system-reservoir
coupling g features a mode-dependence with respect to the spectral width o. In an
initially nonideal scenario, a chemical potential p acts as a perturbation on the chain.

Majorana edge modes v,/ r = >_; f1/r,jbj located at the boundary sites of the chain, with

Majorana operators by;_1 = ¢j + c;-, baj = —i(cj — c;) and f7,/g ; denoting Majorana wave
functions exponentially localized near the left (L) and right (R) edges. As an observable,
we consider the nonlocal correlation § = —i(yrvg) = £1 exhibited by the Majorana modes

which corresponds to the fermionic parity of the ground states.

The entire chain is coupled to a structured 3D phonon reservoir with parity-preserving
interaction, described by [96-98, 202-207]

N
Hy/h = /d3l<: [wkrlirk + ngcgcl(r,t +7E)| - (6.2)
=1

Here, operators T,Tc, ri, denote bosonic creation and annihilation operators of phonons with
momentum k and frequencies wy = ¢;|k|, where ¢ is the sound velocity of the considered
environment. This form of coupling is commonly applied to describe the formation of
polarons (see Sec. 3.3) [14, 87-89, 92, 100]. Specifically, in solid-state setups it can be
used to represent the coupling of semiconductor nanostructures to longitudinal acoustic
phonons which typically feature a long wavelength. Without loss of generality, here we
choose a generic super-Ohmic fermion-phonon coupling g with the frequency-dependence
modeled by a Gaussian function,

2
Ik = fph\/fjexp (—;) : (6.3)

where o and f,;, denote a spectral width and a dimensionless amplitude, respectively.
In the considered scenario, the topological superconductor and reservoir are initially in
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equilibrium at low temperatures, before a fast and sudden temperature increase induces
the open system dynamics.

The total Hamiltonian of the dissipative Kitaev chain is denoted by Hy = Hy+ Hp and can
arise in condensed matter systems ranging from from atom-molecule and solid-state setups,
where the reservoir is realized via a superconducting wire and the coupling amplitude A
is induced by the proximity effect, to setups with ultracold fermionic atoms in an optical
lattice, where the interaction arises via coupling to an s-wave superfluid with Raman
lasers [190].

6.2.2 Dressed-state representation

Due to the exponential scaling of the Hilbert space dimension, the inclusion of a struc-
tured phonon reservoir Hy renders calculations of open system dynamics very expensive,
e.g., in a Heisenberg picture approach, and thus requires an approximative treatment.
Here we choose a polaron representation of the coupled system (see Fig. 6.1), which can
be effectively described by a second-order perturbative polaron master equation for the
polaronic dressed-state system-reservoir Hamiltonian [1, 14, 15, 80, 87-92, 208, 209]. The
phonon-renormalized Hamiltonian in dressed-state representation retains the coherent pro-
cess constituted by higher-order contributions from the fermion-phonon interaction. By
combining the polaronic picture with second-order perturbation theory, dynamical non-
Markovian features arising in the long term limit are accounted for. In contrast, merely
applying the typical second-order Born approximation of the bare reservoir Hamiltonian
Hy is not sufficient [96, 202-204].

As a first step, the dissipative Kitaev Hamiltonian Hy = Hj 4+ Hp is transformed into
the dressed-state representation. To this end, we define collective bosonic operators
Rt = [ 3k (g /wk)r}; and apply the unitary polaron transformation Hy, = U,HoU; " via
transformation matrices Up, = exp[>iv, cchl(RJr — R)]. Detailed calculations are provided
in Appendix B, resulting in a phonon-dressing of fermionic operators clT — e_(R_RT)clT.
The polaron-transformed total Hamiltonian is derived as

N-1 N
Hy/h = Z [_ chrclﬂ +Ae_2(R—RT)ClT+1ClT —i—H.c.} —,LLZC}LCZ +/d3k: wkr,trk. (6.4)
=1 =1

In the dressed-state representation, the considered fermion-phonon interaction constitutes
a polaronic Kitaev chain featuring phonon-dressed p-wave pairing with phonon-induced
quantum fluctuations, decreasing the tunneling capability. This representation intuitively
shows that arising Majorana modes are damped as a consequence of the environmen-
tal coupling, since p-wave pairing is essential for the formation of the topological edge
states. When considering a scenario with individual reservoirs for each chain site, the
nearest-neighbor tunneling is also subject to the phonon-dressing, weakening its coupling
amplitude and further decreasing the potential of Majorana emergence in the system. For
the moment, we have neglected an energy renormalization term arising in the derivation
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of Eq. (6.4), given by
2

2 N
Hys h:/d3k Ik de |, 6.5
hift / o ; e (6.5)

known as the polaron shift. It is regarded as standard practice to disregard this contribu-
tion if the initial state of the respective system is an equilibrium [1, 32]. Since we consider
the Kitaev chain to be ideal and initially in ground state configuration, neglecting the
term is justified. However, as a comparison and to ensure validity of the results in the
presence of this energy renormalization, in Sec. 6.5 we reproduce all of our key findings
in the presence of the polaron energy shift in a numerically exact fashion, demonstrating
that its inclusion does not affect the qualitative physics.

Before continuing with the derivation of the polaron master equation, we rewrite Eq. (6.4)
as Hy, = Hy s+ Hp1+ Hpp with Hy /= [ 3k wkr,trk for the free reservoir contribution.
In the limiting case without coupling, g — 0, the bare Kitaev Hamiltonian dynamics can
be recovered by introducing a Franck-Condon renormalization to the dressed-state interac-
tion Hamiltonian Hy, 1, such that trg{[Hp 1, p(t)]} = 0, with p(t) denoting the total density
operator (see Sec. 3.4). Tracing out the reservoir, the renormalized system Hamiltonian
is given by

N-1 N
H,s/h= Z [—chrclH +(B) Aczrﬂczr + H.c.} - ch;rcl, (6.6)
=1 =1

with a pairing renormalization factor (B) = trg{exp[—2(R — R)]} determined explicitly
below. Lastly, the renormalized system—reservoir interaction in the polaron picture reads

Hyi/h=A Z [(e72F=RD —(B)) cf 1] +Hel. (6.7)

The Franck-Condon renormahzatlon is carried out in detail in Appendix B.

6.2.3 Polaron master equation

In the present study, we focus on the limit (B) < 1, which allows to treat Hy 1 perturba-
tively in second-order Born theory, as dynamical decoupling effects cannot occur [1, 89].
In Appendix B, we present a detailed derivation of the polaron master equation for the
reduced system density matrix pg(t) of the polaronic Kitaev chain, yielding

2
ps(t) = =i [Hy /o ps(] = 20 [ ar{ (cosh [9()] = 1) [Xas Xa(=T)ps(0)

= sinh [6()] [X, Xp(~7)ps(t)] + He ). (6.8)

Here,
N—-1

—J Z (cl ot cl+1cl) (6.9a)
=1

N—
=J Z (c Cli cl+lcl), (6.9b)
=1
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Figure 6.2: Phonon correlation function ¢(7) at spectral widths o = 0.2 (blue lines) and o = 0.6
(orange lines) of the Gaussian coupling element g; shown in the inset.

denote collective system operators, whose dynamics obeys a time-reversed unitary evolu-
tion governed by the renormalized system Hamiltonian Hy s, Xop(—7) = e"HpvsTmee’HvaT.
Moreover, ¢(7) represents the phonon correlation function

o(r) = [ &% |2 |coth (QZ’;) cos (wyT) — isin(wpr)| | (6.10)

with kp denoting the Boltzmann constant. The renormalization factor (B) is determined
by the initial phonon correlation, (B) = exp[—¢(0)/2], and features temperature depen-
dence.

Eq. (6.8) provides the time evolution dynamics for the polaronic Kitaev chain. It features
a phonon-renormalized Hamiltonian H}, s and a memory kernel that involves both reservoir
and system correlators ¢(7) and X, (—7). Crucially, the correlation of a super-Ohmic
phonon reservoir only has a finite lifetime 7; (see Fig. 6.2), such that ¢(7) ~ 0 for
T > 7). In consequence of the finite memory depth, once the time evolution surpasses
t > 7, only system correlators X, ;(—7) within the past times 7 < 73; contribute to the
memory kernel in Eq. (6.8) and the integral becomes effectively time-independent for times
t > 7pr. Hence, the contribution of the memory effect depends on the time scale on which
the system correlators X, ;(—7) evolve, yielding a substantial impact when it is comparable
to mps. It is typically determined by the inverse E;l of the bulk energy gap of Hs. For
a given temperature and sound velocity cs, the phonon correlation function ¢(7) and 737
critically depend on the spectral bandwidth o of the fermion-phonon coupling element gz,
as exemplified in Fig. 6.2. The bandwidth and mode localization of the coupling element
(inset in Fig. 6.2) critically determine the depth of the memory kernel: Choosing a large
spectral width o results in short lifetimes 757 (orange lines in Fig. 6.2) and the integral
in Eq. (6.8) quickly converges to a constant value. At the same time, the initial phonon
correlation ¢(0) is decreased, yielding a larger renormalization parameter (B). Vice versa,
a smaller Gaussian width o (blue lines) leads to increasing correlation lifetimes and a
decreased renormalized coupling.
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As a measure of topological properties we choose the Majorana mode correlation [143]

2N
0(t) = —itr{ps(t)yeyr} = — D> frifrila(t), (6.11)
il=1

where I';(t) = itr{p(t)[bi,b]}/2 and fr/r; denote the Majorana wave functions of the
initial Kitaev Hamiltonian in the Majorana basis. Specifically, we consider an ideal Kitaev
chain initially prepared in its even-parity ground state with A = J and g = 0, where
fri = 61 and fr; = 0;2n, such that the Majorana correlation 6(t) reduces to 6(t) =
—I'12n(t) and 6(0) = 1. To induce the time evolution dynamics of the polaronic Kitaev
chain for times ¢t > 0, we assume a fast temperature increase to T" = 4 K, resulting in the
parameter dressing A — A(B) of the Hamiltonian. Here, the coupling of the chain to
the environment acts as a time-reversible perturbation to the closed system. In response,
system and reservoir synchronize and a new polaronic equilibrium state emerges. We solve
the integro-differential equation numerically via two nested fourth order Runge-Kutta
algorithms: The first time integration is required to evaluate the integral over all past
times 7. In a second time integration, the reduced system dynamics are calculated using
the previously determined integral up to the current time step. Due to the numerically
very expensive size of the density matrix and its full memory kernel, all calculations are
performed for IV = 4 sites. For the electron-phonon coupling element, we consider phonon
modes in the range of k € [0.0,4.0)nm™" and f,;, = 0.1.

6.3 Memory-induced loss and rephasing of topological
properties

As a first step, we identify the non-Markovian character of the unfolding time evolution
dynamics by comparing results obtained from the polaron master Eq. (6.8) with a Marko-
vian Lindblad master equation for phenomenological decoherence at a constant dephasing
rate v, given by (see Sec. 3.2)

N
ps = —i[H/h, ps] + g > (QCZTClpsClTCl —{da, PS}) : (6.12)
=1

In this description, a structured reservoir with super-Ohmic coup ling g ~ k~! must be
presumed when considering 3D bulk phonons, resulting in a constant coupling gr = go
incorporated in the damping constant . The green line in Fig. 6.3 depicts the non-
Markovian polaronic time evolution dynamics of the Majorana correlation 6(t) at a spec-
tral coupling width ¢ = 0.6, corresponding to a superconducting gap renormalization
parameter (B) = 0.07. Taking full account of the system-reservoir memory allows a sub-
stantial Majorana edge correlation to be retained at long times. After an initial decay, the
Majorana edge correlation stabilizes well above zero. The long lived and substantial occur-
rence of Majorana modes seen in the non-Markovian dynamics is quite remarkable. This
is particularly true since Hy, s is near the topological phase boundary due to the strongly
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Figure 6.3: Time evolution dynamics of the polaronic topological Kitaev chain, showing a compari-
son of the Majorana correlation 6(t) calculated using a time-independent Lindblad-type
master equation for dephasing (blue line) and non-Markovian dynamics obtained from
the polaron master Eq. (6.8) with full account of memory (green line). The dashed
grey line shows the asymptotic Majorana correlation in a coherent quench scenario to
the phonon-dressed state A — A(B).

suppressed renormalized pairing A (B) < A. In comparison, in the Markovian descrip-
tion of decoherence the Majorana correlation inevitably collapses to zero in an exponential
decay (blue line in Fig. 6.3) [144].

When the dissipative contribution in Eq. (6.8) is disregarded, the dynamics formally re-
duces to that of a coherent quench of the pairing, leading to a renormalized superconduct-
ing gap from A to A (B). In this case, the Majorana correlation approaches an asymptotic
value determined by the overlap of the Majorana wave functions for the pre- and post-
quench topological Hamiltonians [143], which is small if the post-quench Hamiltonian is
near the phase boundary (dashed grey line). The resulting stationary correlation differs
significantly from the non-Markovian behavior in Fig. 6.3 and underlines the crucial role of
the memory effect. Due to the dependence of the memory on both the phonon correlation
¢(7) and the reversed dynamics of system correlations X, ;(—7), it simultaneously intro-
duces decoherence and backflow of coherence to the system. The interplay of these two
competing processes defines the non-Markovian character of the dynamics: The polaronic
Kitaev chain is initially prepared in its ground state and then perturbed by a temperature
increase to T, yielding a renormalization of the chain towards the topological phase bound-
ary via the initial phonon correlation ¢(0) = [ d3k |2gx(0)/wk|? coth [hwy/(2kpT)]. This
quench generates a significant amount of bulk excitations and populates the Majorana edge
mode, effectively changing the parity of Majorana states. In addition, phonon-induced de-
phasing processes set in, resulting in strong decoherence in the dressed Kitaev wire. In
contrast, the time-reversed dynamics of system correlations X, ;(—7) reinstate coherence
of the superconducting p-wave pairing via the system memory, which is the key ingredient
for the emergence of a topological phase. During the initial memory times 7 < 77, this
rephasing process is in the buildup stage and only has a marginal impact on the evolution
of the system. In consequence, an irreversible loss of parity information occurs during
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Figure 6.4: Non-Markovian time evolution dynamics of the Majorana correlation 6(t) for several
bandwidths o of the fermion-phonon coupling gi. The inset shows the corresponding
steady-state value 0(t) as a function of o.

the short-time dynamics. However, once the phonon correlation has decayed to zero at
times T > 73y, the full potential of the memory kernel unfolds, leading to strong rephasing
and a growth of topological properties due to X, 4(—7). In return, considerable Majorana
correlation is sustained in the long term in Fig. 6.3. It is noted that in spite of the small
size of the considered system, the asymptotic nonlocal Majorana edge correlation is indeed
of topological origin rather than resembling a phonon-mediated long-range correlation. As
verification of the topological nature of the observed correlation, in Sec. 6.5 we calculate
the Majorana correlations between all chain sites, showing increasing decay with relative
spacing, whereas the edge-edge correlation is significant.

6.4 Critical memory depth

The distinct non-Markovian relaxation behavior of the Majorana edge correlation depends
crucially on the memory depth, which can be tuned through the spectral fermion-phonon
coupling bandwidth o. Fig. 6.4 shows the non-Markovian time evolution dynamics of
6(t) for various spectral widths o. In comparison to the case ¢ = 0.6 (green line in
Fig. 6.3), an initial decrease of o leads to a steeper monotonic decay of 6(t), resulting
in a decreased asymptotic stationary state (dark blue line in Fig. 6.4). However, when
further decreasing the coupling bandwidth, the previously monotonic relaxation becomes
non-monotonic. While the initial short-time decoherence caused by phonon correlations
is accelerated, the Majorana edge correlation recovers substantially in the long term limit
(light blue line). This buildup behavior becomes even more distinct for further decreasing
values of o, leading to stationary state correlations larger than the o = 0.6 case (green
and orange lines in Fig. 6.4). Strikingly, once the coupling width o surpasses a critical
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value, the asymptotic edge correlation approaches unity, 8(to,) — 1 (red line). The inset
of Fig. 6.4 shows the non-monotonic progression of 6(t,) as a function of o. Starting at a
large value of the coupling width, the asymptotic edge correlation first decreases towards
a minimum, before striving towards a perfect topological correlation in the limit of low
o.

This intriguing phenomenon can be explained by the dependence of ¢(7) on the spectral
coupling bandwidth: As described above, reducing o increases the lifetime of the phonon
correlation ¢(7) and therefore the memory depth. However, this also comes at the cost
of a decreased renormalization parameter (B) = exp[—¢(0)/2] (see Fig. 6.2). While the
former enhances the rephasing of superconductive pairing via an increasing time scale of
the time-reversed evolution of X, ;(—7), the latter further suppresses the bulk gap Ea of
H,, s and decreases the impact of the memory. When o is initially decreased from 0.6, the
suppressive effect dominates and aggravates the decay. However, by further reducing o the
influence of the memory-enabled rephasing effect increases, allowing phonons and fermions
to synchronize and thereby inducing a backflow of parity information. As a result, a new
dressed polaronic state emerges, where the buildup of Majorana correlation starts to dom-
inate over decoherence, resulting in a recovery of correlation. In general, this recovery
sets in at times ¢ > 7y given that Ea7ys 2 1 is satisfied. Importantly, the existence of a
critical o corresponds to a critical memory depth, which allows for the formation of a new
polaronic steady state in dynamical equilibrium with the phonon reservoir at T' = 4 K.
Remarkably, above this critical bandwidth o the Majorana edge mode correlation exhibits
0 =~ 1. In the considered scenario, the critical value of ¢ is between 0.21 and 0.20, cor-
responding to a superconducting pairing renormalization (B) = 0.01, but it is dependent
on the specific model and the remaining system parameters. These findings open up new
perspectives for the design and control of topological superconductors, since the fermion-
phonon coupling bandwidth can be controlled in solid-state setups by nanotechnological
design, e.g., using alloys, impurities and confinement potentials [210-213].

6.5 Discussion

We have demonstrated the emergence of memory-critical Majorana edge correlation dy-
namics in a topological Kitaev superconductor, resulting from non-Markovian interaction
with phonons and leading to a revival of topological properties. We consolidate these
findings by considering the impact of an additional p-wave interparticle interaction to the
chain. To demonstrate the negligible impact of the polaron energy renormalization on the
system dynamics [see Eq. (6.5)], we provide additional calculations of the edge dynamics
including the polaron shift. Moreover, the arising correlations between all pairs of sites
in the chain are calculated, implicating their topological origin rather than merely repre-
senting phonon-mediated long-range correlations. Lastly, we calculate the Majorana edge
correlation dynamics for an initially nonideal Kitaev chain setup with a nonzero chemical
potential, recreating the memory-critical behavior.
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Figure 6.5: Non-Markovian time evolution dynamics of the Majorana edge correlation for the renor-
malized system Hamiltonian Hp s, calculated in the presence of a weak attractive p-
wave interparticle interaction U. Calculations are performed at parameters N = 4,
J=A=0.01, u =0 and o = 0.6 and for various amplitudes U.

6.5.1 Impact of interparticle interactions

As demonstrated in the polaron picture, the environmental coupling weakens fermionic
p-wave pairing to the superconducting wire [Eq. (6.4)], thus corrupting the stability of
the Majorana edge correlation. We have shown that non-Markovian phonon interactions
can counteract this effect, providing a substantial stabilization mechanism for topological
properties. To further investigate the role of attractive coupling for the longevity of Majo-
rana correlations, here we consider an additional perturbation caused by weak attractive
p-wave interparticle interactions. Therefore, Eq. (6.4) is expanded by a fermionic p-wave
interaction term, given by

Nl 1 1
Hint/h =U Z (C;Cl - 2) (C;+1Cl+1 - 2> , (6-13)
=1

with a weak interaction strength |U| < 1. We note that the interaction must be treated
numerically exact, since resorting to approximate descriptions such as a mean field ap-
proach would inevitably lead to a decay of entanglement over time. The exact treatment
is feasible for the chosen system size N = 4.

Fig. 6.5 shows the resulting non-Markovian time evolution dynamics of the Majorana edge
correlation 6(t) at a fermion-phonon coupling width ¢ = 0.6 and for varying interaction
amplitudes U. The light blue line shows the case without additional p-wave interaction
U = 0. In comparison, introducing a repulsive interparticle interaction U > 0 results in
a significant decline of the stationary topological correlation (dark blue line), since repul-
sive interactions energetically suppress fermionic pairing. On the contrary, adding a weak
attractive interaction U < 0 can further enhance the asymptotic Majorana correlation
for a sub-critical memory depth (orange and red lines), which is given for the considered
bandwidth o = 0.6. Depending on the amplitude |U|, attractive pairing not only shortens
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Figure 6.6: Non-Markovian dynamics of the polaronic Majorana edge correlation 6(t) for various
phonon coupling bandwidths o, now including the polaron energy renormalization term
Hgpige. The resulting steady state values 6(to,) are shown as a function of o in the inset,
where a comparison of the cases including the polaron shift (solid line) and disregarding
it (dashed line) is provided. As before, the results are obtained using the parameters
N=4,J=A=0.01, u=0, fon =0.1 and phonon modes within & € [0.0,4.0] nm~".

the required time for a revivial of topological correlation (see Fig. 6.4), but can even result
in a complete recovery in the sub-critical memory regime (red line). This behavior can be
intuitively understood, since the attractive interparticle interaction is energetically favor-
able for the coherent formation of superconductive pairing. As demonstrated before, the
latter provides a counteracting mechanism against phonon-induced dephasing processes
and thereby stabilizes the systems’ topological phase.

6.5.2 Polaron energy shift

During the polaron transformation of the dissipative Kitaev Hamiltonian, an additional
energy renormalization term arises [see Eq. (6.5)] which has been neglected so far. It is
justified to disregard this so-called polaron shift under certain conditions, which are ful-
filled in the investigated scenario: With respect to non-Markovian dynamical phenomena,
neglecting the polaron shift is standard practice if the initial condition is an equilibrium,
as established by Leggett [1, 32]. As an initial condition, we have assumed the even parity
ground state of the Kitaev chain which constitutes an equilibrium state. Therefore, we
have disregarded Eq. (6.5) in the full polaron Hamiltonian according to the convention.

However, to this day the question whether it is necessary to take generic account of the
polaron shift remains an open question in non-Markovian physics. In order to demonstrate
that the presented results are invariant against this energy renormalization regardless of
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Figure 6.7: Asymptotic site-site correlations —i(b1ba;)(too) = limy 400 (—itr{ps(t)b1b2;}) between
the Majorana operators by and by, for lattice sites j = 2,3, 4 for the considered Kitaev
wire at parameters N =4, J = A =0.01, p =0 and fp, = 0.1. Calculations are shown
for two fermion-phonon coupling bandwidths o = {0.6,0.2}.

the initial condition and the aforementioned convention, we here provide additional cal-
culations of the non-Markovian Majorana edge correlation in the presence of the polaron
energy shift. The considered system size of N = 4 allows for a numerically exact treatment
of Eq. (6.5). Fig. 6.6 shows the corresponding non-Markovian dynamics for 0(t), now in-
cluding Eq. (6.5) in the full polaron Hamiltonian. The inset again provides the asymptotic
Majorana edge correlation as a function of the spectral reservoir coupling bandwidth o,
showing a comparison between the cases of including the polaron shift (solid line) and dis-
regarding it (dashed line). When comparing Fig. 6.6 to Fig. 6.4, it becomes apparent that
the inclusion of the polaron shift does not alter the qualitative dynamics and the memory-
critical recovery mechanism for the topological correlation. The polaron renormalization
term is proportional to the coupling bandwidth o, albeit this only impacts the number
of nonzero phonon modes taken into account for the energy shift. This dependence is of
a much lower scale than the influence of o on the lifetime 73, of the phonon correlation
function ¢(7), which has been shown to critically determine the stationary topological
properties of the superconducting Kitaev wire. In consequence, the main difference when
taking the polaron shift into account is the formation of a plateau of the stationary Majo-
rana edge correlation at intermediate o and slightly decreased values in the limit of large
bandwidths (solid line in inset of Fig. 6.6).

6.5.3 Topological correlation

In the present investigation, the numerically accessible size of the Kitaev chain is severely
limited by the expensive calculation of the density matrix and the finite memory kernel
of the integro-differential polaron master equation. Therefore, the considered chain size
is chosen at N = 4 sites. In order to demonstrate that the reported stationary Majorana
edge correlation is genuinely of topological origin, we calculate the stationary state site-
site correlations lim¢_, 4o (—itr[pg(t)bibz;]) between the Majorana operators by and by;
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Figure 6.8: Majorana edge correlation dynamics —i (yvg) (t) for a nonideal Kitaev chain at pa-
rameters J = A = 0.01, p = 0.1J, N = 4 and various spectral coupling widths . The
inset shows the exponential model functions employed for the Majorana wave functions

fr and fr.

for all chain sites j = 2,3,4. Fig. 6.7 shows the resulting asymptotic correlations for
two reservoir coupling bandwidths ¢ = {0.6,0.2}. In the figure, the site-site correlation
decays with increasing separation lengths d = j — 1 and vanishes almost entirely at d = 2,
underlining that phonon-mediated long-range correlations do not play a significant role
for the formation of the correlation. However, the site-site correlation increases to a
substantial value at the right boundary d = 3, representing a topological signature of the
nonlocal Majorana edge modes: If the observed correlation beyond nearest-neighbor sites
at separation lengths d > 1 were to originate from phonon-mediated effects, one would
expect a monotonous decay with increasing distances d.

6.5.4 Nonideal Kitaev chain

The presented results are based on an initially ideal Kitaev wire, i.e., featuring strictly
zero overlap between the Majorana wave functions f7,/g ; located at the left and right
boundaries of the chain, even in the case of a system of N = 4 sites [143]. In the presence
of a small perturbation caused, e.g., by a nonzero chemical potential || > 0, the initial
Kitaev chain is no longer ideal, corresponding to an extension of the Majorana wave
functions into the bulk [144, 150, 214]. In this scenario, the Majorana edge correlation
is given by —i (yLvr), With vr/r = >°; f1/Rr,;b; and Majorana operators baj—1 = ¢;j + c},
byj = —i(cj — c;) Fig. 6.8 shows the resulting Majorana edge correlation dynamics for an
initially nonideal polaronic Kitaev Hamiltonian with parameters N =4, J = A = 0.01,
@ = 0.1J and various spectral coupling widths o. Since only qualitative differences with
respect to the ideal chain dynamics are of interest, the Majorana wave functions fr, g with
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finite localization lengths are modeled via normed exponential decay functions, depicted
in the inset in Fig. 6.8 and featuring a small nonzero overlap between them.

The nonideal setup poses an additional perturbation to the polaronic state. As a result, for
a given parameter configuration the stationary edge correlation is decreased with respect to
the ideal case (blue and green lines). However, the memory-enabled recovery of topological
properties can still be observed when o is tuned below a threshold value (orange line).
Hence, for sufficiently small deviations from the ideal setup the dynamical recovery of
Majorana correlation is preserved under nonideal initial conditions, demonstrating the
robustness of the effect and the generality of the presented results.

6.6 Conclusion

In summary, we have demonstrated the emergence of memory-critical Majorana edge cor-
relation dynamics in a topological superconductor, enabled by non-Markovian fermion-
phonon interactions and resulting in a revival of topological properties. This mechanism
uniquely arises from the phonon-renormalized topological Hamiltonian, where the phonon
environment leads to a suppression of superconductive tunneling, and from its interplay
with a quantum memory effect. As a result, dephasing and information backflow processes
are simultaneously induced. While the presented analysis is based on the ideal Kitaev
chain, we expect the essential physics to emerge in a wide class of topological materials
interacting with a super-Ohmic reservoir. In this context, we have reproduced our key
findings in an initially nonideal Kitaev chain setup with Majorana wave function overlap.
Moreover, we have shown that the reservoir-induced suppression of superconductive pair-
ing can be further counteracted via attractive p-wave interparticle interactions, providing
an additional mechanism for the recovery and stabilization of topological properties.

The experimental realization of Majorana fermions in condensed matter setups, e.g., based
on hybrid superconductor and semiconductor nanowires, is currently subject to significant
research efforts. The fermion-phonon reservoir coupling considered in the present inves-
tigations can for instance occur in InAs nanowires [149-154], where the acoustic phonon
wavelengths are in the 100 nm length range of typical nanowire realizations and feature
super-Ohmic coupling. Aside from solid-state setups, the fundamental non-Markovian
mechanism of a reservoir-induced recovery of topological properties is expected to also
be observable in realizations of ultracold quantum gases coupled to a superfluid reservoir,
where excitations result in the emergence of phonon interactions [183, 190, 215]. In a
broader context, one can also consider experimental scenarios where interactions with a
structured bosonic reservoir are intentionally induced, as long as the coupling leads to
non-Markovian system-reservoir correlations. Recent related studies have shown that an
impurity or a qubit can be employed as a non-Markovian quantum probe for a topologi-
cal reservoir [198-200], and that topological system properties stemming from Markovian
dissipation can be sustained in non-Markovian regimes [201]. In difference to these in-
vestigations on topological systems with non-Markovian system-reservoir dynamics, we
have demonstrated that tailoring the coupling to a super-Ohmic reservoir can improve the
longevity and grade of topological properties, and even fully restore them. Our findings
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open up new intriguing prospects for the investigation and control of memory-dependent
topological phenomena, for instance with respect to current efforts to realize topological

quantum computing [123, 216].






7 Unidirectional quantum transport in
optically driven V-type quantum dot
chains

In this Chapter, we present a mechanism to achieve complete population inversion in
an optically driven InAs/GaAs semiconductor quantum dot featuring a V-type energy
structure. The unfolding nonequilibrium stationary state is induced by the interaction
of a non-Markovian decoherence mechanism introduced by acoustic phonons with the
systems’ V-type interband transitions. In a second step, we apply the population inversion
mechanism to create unidirectional excitation transport in a chain of coupled quantum dots
without application of an external bias and independent of the unitary interdot coupling
mechanism. The Chapter is closely based on the publication “Unidirectional quantum
transport in optically driven V-type quantum dot chains” by O. Késtle et al. [70]

7.1 Introduction

The control and utilization of non-Markovian phenomena has become a main focus of
attention for the development of quantum optical devices and quantum information tech-
nology [4-10]. Specifically, investigations of the interplay of phonon-assisted coherence and
dissipative processes in semiconductor nanostructures such as quantum dots have emerged
as a growing field of research [11-24]. For instance, non-Markovian system-reservoir cou-
plings have been tailored to create population inversion in such emitters to a certain
degree [29, 34, 35, 217, 218], making them potential candidates for chip-integrated single-
exciton light sources. Approaches to achieve population inversion encompass adiabatic
rapid passage in quantum emitters [219] and hybrid setups of quantum dots interacting
with metal nanoparticles [220] and cavities [221-223]. Most recently, population inversion
has been achieved in a single InAs/GaAs quantum dot using pulsed excitations tuned
within the exciton phonon sideband, enabled by a phonon-mediated thermalization of the
optically dressed states [224, 225]. Already, these examples demonstrate the potential of
tailored electron-phonon interactions for controlled optical excitations.

In this Chapter, we describe non-Markovian undirectional quantum transport enabled
by electron-phonon interactions in quantum dots featuring V-type transitions and con-
tinuously driven by a single laser field [226-228]. We demonstrate the occurrence of a
non-reciprocal phonon-assisted energy transfer in single quantum dots and quantum dot
chains as a result of resonant excitation of an electronic state and its interaction with a
lower-energy state [70]. Specifically, the non-Markovian description of the environment
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Figure 7.1: (a) Schematic of the considered V-type emitter model with two excited states featuring
an energy detuning de = fi (w3 — wy). The two transitions are driven by a continuous
laser field at a Rabi frequency €2 and in resonance with the transition between states
|1) and |2). The excited states are interacting with a structured 3D acoustic phonon
reservoir via coupling elements gg. Initially, a single electron is located in state [1). (b)
Schematic quantum dot energy level structure of InAs embedded in GaAs, enabling
V-type transitions between electron and hole states.

enables information backflow, such that excitation transfer within the system is supported
by the structured reservoir [1, 3, 80]. The observed effects are non-Markovian in nature,
since a Lindblad form for pure dephasing derived from the considered full Hamiltonian
fails to capture the presented mechanism, even in the case of a time-dependent pure de-
phasing rate. Moreover, the reported inversion mechanism also cannot be reproduced by
a Redfield master equation subjected to the first and second Markovian approximation.
The implications of this effect on the considered V-type systems are demonstrated in two
subsequent steps:

(i) For a single quantum dot, it results in the preparation of a highly nonequilibrium
stationary state. For certain parameter choices, complete population inversion is achieved
in the detuned excited state and can be maintained for a wide range of coupling and driving
amplitudes. In difference to previously reported mechanisms [12, 29, 34, 217-219, 222],
the reported inversion is induced in a V-type emitter via continuous optical excitation
and without a cavity mode.

(ii) The observed population inversion is applied to create excitation transport in a chain-
like spatial distribution of several quantum dots. Exploiting the population trapping in
the red-detuned excited state of each emitter, we predict the emergence of unidirectional
excitation transport from one end of the quantum dot chain to the other. Unidirectional
energy transport via electronic excitation transfer has been widely investigated in semi-
conductor nanostructures [229-236], biological systems [237] and molecules [238, 239].
Moreover, it has been shown that non-Markovian system-reservoir interactions can af-
fect non-reciprocal quantum transport [240] and increase its efficiency [241] on the basis
of well-established transfer protocols, e.g., enabled by an external bias [242]. In differ-
ence to these investigations, here we provide an example in which unidirectional quantum
transport results without the application of an external potential, but from the inter-
play between incoherence and coherence in the system alone. Due to the robustness of
the underlying mechanism, the transport endures the perturbative effects such as radia-
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tive decay phenomena or intraband phonon couplings, and emerges independently of the
specific interdot coupling mechanism.

Two independent theoretical approaches are employed for the description of the system.
In a first step, the system dynamics is calculated using a polaron master equation in
second-order perturbation theory with respect to the polaron Hamiltonian [1, 14, 80, 87—
92, 99, 100]. Afterwards, we reproduce the dynamics in a Heisenberg picture correlation
expansion to gain insight into the key interaction processes enabling the population in-
version mechanism and the specific channels of information backflow between system and
reservoir.

In Sec. 7.2, we introduce the investigated V-type system in detail and derive both the
polaron master equation and the Heisenberg equations of motion for its description. Af-
terwards, we analyze the emergence of complete population inversion in the Heisenberg
picture description in Sec. 7.3. In Sec. 7.4, multiple V-type emitters are combined to a
quantum dot chain exhibiting unidirectional quantum transport. We discuss our findings
in Sec. 7.5, where we compare the solutions obtained from the Heisenberg picture and
polaron master equation approach, incorporate extensions to our model and discuss the
linear absorption spectrum of the V-type emitter and its eigenstate dynamics. In addition,
we provide calculations for alternative interdot coupling mechanisms for the quantum dot
chain, demonstrating the emergence of unidirectional transport regardless of the specific
coupling type. Lastly, we conclude our investigation in Sec. 7.6.

7.2 V-type emitter model

The investigated V-type emitter model system shown in Fig. 7.1(a) consists of a single
ground state |1) and two excited states |2) and |3), with an energy detuning de = hi(ws —w2)
between them. The two allowed transitions are driven by a single continuous laser field at a
Rabi frequency 2, which is tuned in resonance to the transition between states |1) and |2).
Such a scenario is constituted, e.g., by conical InAs quantum dots surrounded by a bulk of
GaAs [243]. The energy level structure for this case is shown schematically in Fig. 7.1(b).
Here, the electronic structure comprises six confined electron and hole states denoted by
l€0) ,...,|e5) and |hO),...,|h5) within the envelope wave function and effective mass ap-
proximation [226, 227, 244, 245]. Due to the rotational symmetry of the conical quantum
dot structure, the first and second as well as the third and fourth states in both bands
are degenerate [226, 227]. As a result, the dipole selection rules permit two possible inter-
band transitions from the heavy hole state |h0) to the electronic states |e0) and |eb) [see
Fig. 7.1(b)], manifesting the V-type transition pattern in the here considered three-level
system [226]. We note that interband transitions to the states |el)-|e4) are not explicitly
dipole-forbidden, however, they are impeded by many-body Coulomb effects giving rise
to an energy renormalization with strong impact on the oscillator strengths [226]. In the
following, the transitions between |h0) and |e0) and between |h0) and |e5) are assumed to
be dominant, which is for instance achieved via tuning of the excitation strength to control
Coulomb renormalization effects or doping of the semiconductor material. We choose the
laser frequency as the rotating frame and apply the rotating wave approximation. As a
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result, the Hamiltonians describing the quantum dot H,; and the electron-light coupling
Hj read

He = h(Ag092 + Agoss), (7.1)
H;, = hQ(O’lg + o013 + H.C.),

with operators o;; = |i) (j|. Aj = w;—wy, is the frequency detuning between the i-th excited
state and the incoming laser field, cooresponding to an energy detuning de = h(Az — Ag)
between the excited states, and {2 denotes the real-valued and slowly varying envelope of
the Rabi frequency of transitions between the ground and excited states.

In addition, decoherence effects caused by the surrounding GaAs material are accounted
for by coupling a structured phonon reservoir to the electron states |2) and |3) of the
quantum emitter [see Fig. 7.1(b)]. In our investigation, we consider a generic model of
diagonal electron-phonon interactions He; ,p for 3D bulk phonons of the form [95, 96]

(733} (TL

with bosonic creation and annihilation operators r;fc, rk. The mode-dependent fermion-
phonon coupling elements at states |2) and |3) are given by the overlap integrals with state
I1) [80, 97, 98, 246,

Hel7ph = h/dgk [91(3)0—22 + 9123) + Tk) ) (73)

@ nk [ hk? hk? \ ]
= D - D - 4
Ik 2pcs | 2&Xp ( Amaws 16xp dmywn ) | ’ (7.42)
@ | k| hk? hk? \ ]
= D — - D — 7.4b
Ik 2pcs | 3 ¢XP ( 4msws 1EXP dmywr ) | ’ (7.4b)

where c¢5, D;, m;, hw; and p denote the sound velocity, deformation potentials, effec-
tive masses, confinement energies and the mass density of GaAs, respectively. Moreover,
we assume identical overlaps between level |1) and both excited states, yielding a single
fermion-phonon coupling element gy, := g,(f) = g,(f). The spectral density is therefore given
by J(w) = [ A%k |gk|?6(w — wy), with wy = cs|k| denoting the acoustic phonon frequen-
cies [80]. We emphasize that the following investigations describe a generic effect which
is robust against the employed coupling element, as long as Stokes processes can emerge
via phonon-assisted resonances. In addition to the here applied coupling, Gaussian and
Lorentzian shaped couplings g have been confirmed to result in qualitative and quanti-
tative comparable results. For now, phonon-induced intraband couplings ~ g]%30'23 and
radiative decay are neglected, since all key results can be shown to be robust against their
presence (see Sec. 7.5). Together with the free phonon evolution

Hﬁzh/&k%@m, (7.5)

we arrive at the full open system Hamiltonian H = Hg+ H;+ Hyp+ Hep . In Appendix C,
we provide a table containing all parameters employed for calculations.
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For the numerical evaluation, we employ the standard second-order perturbative polaron
master equation (see Ch. 3) [1, 14, 80, 87-92, 99, 100],

1

pstt) = 5 o, ps (8] = 15 [ dr wp{({Fir, (=), ps() @ pslly, (1)

where Hy, o and H), ; refer to the polaron-transformed free evolution and system-reservoir
interaction Hamiltonians, respectively,

Hy,o=h Z {Amn’ + Qo1 + O’u)} ; (7.7a)
1=2,3

Hyr=h' Y {(01 +00) [Qcosh (R = R) — Q] + Q(0n — ov,) sinh (RT — R)} . (7.7b)
1=2,3

Here we have defined collective bosonic operators R() = [ d3k (gx/ wk)r,(j), A; denotes a
polaron-shifted detuning and a Franck-Condon renormalization is applied by introducing

O — _ g3k 9k huw
Q= Qexp[ /d k Sor coth (2kBT>] , (7.8)

such that trg{[H), 1, p(t)]} = 0. Moreover, H), o governs the time-reversed unitary evolution
of the interaction H, j(—7) = U'(—7,0)H, ;U(—7,0) via U(t,0) = exp(—i/hH,ot) (see
Ch. 3). As a result, the equations of motion for the density matrix elements p,,,, are given
by

1=2,3

/dT (m|x"(7) |n), (7.9)
4,]=2,3
with
(mlx( i {Pan] (G+ (XY (=7) = iG_(N)X1;(~7)) G

+ (G (D)X} (=7) + G ()X (=7) ) ]
+ pmg| (G XL (1) =G (1) XD (7)) O
+ (GLXT(=7) + G ()X (=)
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Here, we have abbreviated (m| Xy ;(—7)[n) = XI'7(—7) and defined system correlations
X1i(r) = [o1(7r) + 01 (7)], X_i(T) = t[oy1(7) — 01:(7)] and the phonon correlation
function
9i hewy
o(1) = /d3k ;’% [coth (2k3T> cos(wgT) — isin(wgT) |, (7.11)

with G4 (7) := cosh [¢(7)] — 1, G_(7) := sinh [¢(7)] and Q = Qexp [~¢(0)/2]. The polaron
master equation approach offers the advantage of high numerical performance and stability,
allowing for long simulation times and accurate results in the weak and moderate electron-
phonon coupling regime [29, 207, 247, 248]. A detailed derivation of the polaron master
equation for the V-type emitter model is presented in Appendix C.

In addition, we calculate the system dynamics using a Heisenberg picture correlation
expansion up to second order in the phonon contributions, which is better suited to unravel
the underlying physical interactions [19, 97, 205, 207, 249-251]. The equivalence of the
two descriptions in the here considered parameter regime is demonstrated in Sec. 7.5.
The Heisenberg equations of motion for the electronic contributions are prescribed by
—ihGpn(t) = [H, 0pmn(t)], resulting in

d

3 (Omn) = |82 ((020) Sz = (9m2) Su2) + A3 (030) S = (Oms) 61a)

+ Q( <Uln> 5m2 + <02n> 5m1 - <Um2> 6n1 - <Um1> 5n2
+ <Uln> 5m3 + <03n> 5m1 - <0m3> 5711 - <0m1> 5n3)
+ / &k g ((02n7L) Oma + (T307L) dus — (Omark) Oz — (Tmar ) Gus

+ (02nTk) Om2 + (03nTk) Om3 — (Omark) On2 — (Om3rk) 6713)}’ (7.12)

where we have disregarded the time argument of the operators for brevity and assigned
indices m,n = {1,2,3} to the emitter levels. The remaining higher-order equations of
motion for the phonon-assisted transitions (m # n) and occupations (m = n) <0mnr,(j)>
are provided in Appendix C. To close the system of equations, we employ a second-order
Born factorization in the limit where the correlation expansion manages to reproduce the
full independent boson model. Here, the phonon number expectation value is assumed as

a thermal Bose distribution [1], i.e.,

(rire) ~ [exp (::;) - 1]1 , (7.13)

with kp denoting the Boltzmann constant. For an explicit illustration of the involved
oscillator strengths, we additionally discuss the resulting linear absorption spectrum of
the considered V-type emitter model in Sec. 7.5.
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Figure 7.2: V-type emitter population dynamics obtained from the polaron master equation, ex-
hibiting complete population inversion in the red-shifted excited state |3). The corre-
sponding coherence dynamics is shown in the inset.

7.3 Complete population inversion by non-Markovian
reservoir interaction

We start with the single emitter case, where an electron is initially located in the ground
state |1) and the laser frequency is chosen in resonance with the transition between the
ground state |1) and the excited state |2), such that Ay = 0 and therefore e = hA3 # 0,
corresponding to a negative energy detuning (ws < wy,) within range of the acoustic phonon
spectral density maximum. Fig. 7.2 shows the polaron master equation dynamics for the
level populations 11, 092 and o33 after switching on the driving field at a Rabi frequency
Q. In the stationary state, the system exhibits complete population inversion: The laser-
detuned excited state |3) becomes almost fully occupied, (o33) — 1, while the populations
of the resonantly pumped levels |1) and |2) decline to zero. Due to the more intuitive
nature of the Heisenberg picture description, the following analysis of this behavior is
based on the Heisenberg equations of motion [Eq. (7.12)].

Fig. 7.3 shows a diagrammatic representation of the interactions between coherences, oc-
cupations and their phonon-assisted amplitudes in correspondence to their occurrence in
the Heisenberg equations of motion. As illustrated in the diagram, a direct optical tran-
sition from the resonantly driven excited state |2) to the detuned excited state |3) is not
allowed. Therefore, the population transfer to level |3) must be carried out by the struc-
tured reservoir. Red shapes and arrows in Fig. 7.3 highlight the crucial interactions of
populations and coherences facilitating the excitation transfer to the laser-detuned level
|3). As a result of the continuous resonant driving of transitions between levels |1) and |2),
energy is dissipated to the phonon environment via the coherence o12: The non-Markovian
nature of the reservoir enables backflow of excitation to the system via phonon-assisted
transitions O'Z‘jT',(J), which form a gateway from the optically driven amplitude o5 to the
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Figure 7.3: Diagrammatic representation of the Heisenberg equations of motion up to second order
in phonon contributions for the V-type emitter. Red shapes and arrows highlight the
key interactions enabling the observed population inversion. Green shapes represent
the coherence 093 and its phonon-assisted amplitudes.

detuned state o33 (see Fig. 7.3). More explicitly, the energy is transported from Glng(cT)

(1) (t) (1)

via o111, 7, o131, and o337, to the detuned excited state o33. Once the excitation is
transferred to o33, laser-driven transitions back to the ground state can in principle take
place via the coherence o13. However, dissipative losses to the phonon mode continuum oc-
cur on a much faster time scale: Enabled by non-Markovian system-reservoir interactions
via phonon-assisted amplitudes 0137“,(;[) and 0337“,(c ), the excitation becomes dynamically
trapped in the laser-detuned state o33 (dashed frame in Fig. 7.3). Since energy localized in
the two resonantly driven states |1) and |2) is permanently dissipated to level |3) through

the reservoir, their population uniformly decays towards zero.

—

The relevant time scale enabling the population inversion is highly dependent on the re-
lation between the driving strength ) and the fermion-phonon coupling amplitude gi. In
Fig. 7.2, we employ a set of parameters with an energy detuning de = —1 meV (see Ap-
pendix C), resulting in the observed complete population inversion. However, the unfolding
grade of inversion is highly susceptible to the choice of parameters and can be tuned, e.g.,
via the laser field amplitude and reservoir temperature. Moreover, the fermion-phonon
coupling g can be tailored by nanotechnological engineering, e.g., using alloys, impurities
and confinement potentials [210-213]. The coherence o923 and its phonon-assisted ampli-
tudes (green shapes in Fig. 7.3) can be suspected to additionally facilitate the transfer,
since they constitute a direct connection between the two excited states via the transi-
tion amplitudes o192 and o13. However, manually turning off all contributions from oa3
and 0237',(;5) does not prohibit the complete inversion exhibited in Fig. 7.2. The coher-
ence dynamics o012, 013 and oo3 of the V-type emitter is depicted in the inset: While
012 and o093 decay to zero in the course of time, 013 remains finite in the steady state
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Figure 7.4: Multiple V-type emitters arranged in a chain and coupled by Dexter-type electron
transfer at a coupling amplitude f, enabling a single interdot carrier transition via
electronic wave function overlap.

since excitation in the laser-detuned level is constantly dissipated to the reservoir, dynam-
ically trapping the energy and allowing for the formation of the observed nonequilibrium
stationary state, which is not observed in a Lindblad-based evaluation of the here consid-
ered Hamiltonians. Furthermore, the grade of stationary population inversion is highly
temperature-dependent: Increasing the temperature improves the potential for phonon-
assisted transitions of energy back to the ground state and therefore perturbs the dy-
namical trapping of excitation, resulting in decreasing inversion. In the high-temperature
regime, the level populations start to equilibrate until the inversion completely vanishes.
We further elaborate on the temperature dependence in Sec. 7.5, where we also discuss
the emergence of the effect from a different perspective via the bare eigenstate dynamics
of the V-type model system.

7.4 Unidirectional quantum transport in a quantum dot
chain

As an example application of the reported population inversion mechanism for quantum
dot-based coherent transport devices, we arrange multiple V-type emitters in a closely
spaced chain-like distribution schematically shown in Fig. 7.4. Here, we consider a generic
Dexter-type bidirectional electron transfer as the enabling resonance energy transfer mech-
anism between the quantum dots [252]. This process describes a Coulomb-induced direct
and spin-preserving electron exchange between semiconductor nanostructures and thus
requires electronic wave function overlap between the respective donor and acceptor lev-
els [252, 253]. Dexter transfer has been shown to take place, e.g., in self-assembled InAs
quantum dot chains [254-260).

For a straightforward realization, we first consider the case where only two levels of neigh-
boring quantum dots in the chain have an electronic wave function overlap, namely between
the detuned excited state of the first and the resonantly driven excited state of the second
emitter (see Fig. 7.4). In an experimental scenario, such a coupling can be achieved, e.g.,
by engineering the wave function overlap via the potential barriers between neighboring
quantum emitters [261], or by tailoring of the relevant confinement potentials via electrical
gating [262]. Furthermore, it is possible to utilize multiple type-2 quantum dots where the
electrons and holes are not co-localized in the exciton states [263]. This simple coupling
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Figure 7.5: Population dynamics for a chain of N = 4 V-type emitters coupled via Dexter-type
carrier transfer enabling a single interdot transition. All parameters are unchanged
with respect to the single emitter calculations shown in Fig. 7.2.

scheme results in the most distinct unidirectional transport effect, however, in Sec. 7.5
we show that the mechanism still arises if all excited states of adjacent quantum dots are
Dexter-coupled, albeit at a considerably lower degree. Moreover, we discuss Forster-type
excitation transfer as an additional interdot coupling mechanism, yielding comparable re-
sults. Here we assume the single carrier case with a single electron initially localized in
the ground state of the first emitter in the chain (see Fig. 7.4). Physical realizations of
such a scenario can be achieved, e.g., by a doping of the first quantum dot and utilizing
empty intersubband transitions in the conduction bands to facilitate V-type transitions.
The resulting Dexter interdot coupling Hamiltonian is given by

=hf Z [ (3431) (5+31) +HC} (7.14)

with f denoting the coupling amplitude between the emitters. Moreover, each emitter is
assigned a separate phonon reservoir with independent coupling elements gj,. For a chain
of N quantum emitters, the resulting polaron master equation reads

i

ps(t) = — ﬁ [Hp,()a PS(t)]

= 0 )
- = >y /dT { s )[XSJ,X pg}%—H.c.}, (7.15)

1,'=01,j=2,3
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with
XJ[f],i(T) = [0(1+31)(i+31) (7) + O30 (1430) (7)} ; (7.16a)

XE],i(T) =1 [U(i+3l)(1+31) (r) — 0’(1+3l)(i+3l)(7)} ; (7.16b)

and H,, o now comprising the Dexter interdot coupling Hamiltonian [Eq. (7.14)]. A detailed
derivation of the polaron master equation for a chain of N V-type emitters is provided in
Appendix C.

The unfolding population dynamics for a chain of N = 4 emitters is shown in Fig. 7.5.
Analogous to the single emitter case, a non-reciprocal, phonon-assisted excitation transfer
to the detuned excited state takes place in each quantum dot, resulting in excitation
transfer to the detuned state of the last emitter in the chain and corresponding to perfect
unidirectional electron transport. This mechanism is facilitated by the population inversion
effect rather than the here employed interdot coupling scheme: Initially, the population
in level [3) of the first emitter rises at the same rate as in the single emitter case (see
Fig. 7.2). Once a threshold occupation is attained, the Dexter coupling to the neighboring
system begins to dominate, resulting in carrier transfer and an asymptotic decline of |3)
towards zero, while the resonantly driven levels |[4) and |5) of the second emitter start to
become uniformly occupied. Once the excitation transfer sets in, the population inversion
commences in the second emitter and in turn leads to a fast population decline in levels
|4) and |5) and rising occupation in the laser-detuned level |6). This pattern repeats
within each chain link until all excitation is transferred to the detuned excited state of the
last emitter. Due to the temperature-dependent grade of population trapping, increasing
temperatures result in a decreased stationary state inversion in the last emitter and overall
slowed down transport, however, the unidirectional transport mechanism endures as long
as population inversion is achieved.

The transport mechanism also withstands perturbations such as radiative decay processes,
demonstrating the robustness of the underlying inversion mechanism. To account for
incoherent radiative dissipation from the excited states to the ground state, we introduce
a Lindblad dissipator of the form

N—1
Lradp =" >, >, [20(1+3l)(i+31)p0(i+31)(1+3l) — {0 (i430) (i431)» P}} ; (7.17)
=1 =23

where ~, denotes the radiative decay rate. In correspondence to Fig. 7.5, Fig. 7.6 shows
the quantum dot chain population dynamics for N = 4 emitters including radiative decay
at rate 7, = 0.1ns™'. As a result of incoherent dissipation, the grade of inversion in the
last emitter is decreased, however, the transfer mechanism itself is not suppressed by the
radiative decay. Driven by the continuous laser field, the excitation is still transmitted to
the last site of the quantum dot array.

In realistic scenarios, non-diagonal fermion-phonon interactions between the excited states
of the emitters may impose an additional perturbation on the system. In Sec. 7.5, we
demonstrate that the inclusion of intraband coupling processes slows down the popu-
lation inversion process, but does not change the qualitative outcome. Moreover, we
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Figure 7.6: Population dynamics for a chain of N = 4 V-type emitters including radiative decay.
All system parameters are set equal to the calculations presented in Fig. 7.5.

demonstrate the emergence of unidirectional quantum transport regardless of the em-
ployed interdot coupling by additionally considering (i) Dexter coupling with electronic
wave function overlap between all excited states of adjacent emitters and (ii) Forster-type
coupling between neighboring quantum dots [264], both exhibiting comparable unidirec-
tional transport dynamics. In the latter scenario, excitation energy transfer is induced via
dipole-dipole interactions and has been shown to arise in quantum dot arrays [230, 265—
267]. Based on the predicted population inversion towards the red-detuned excited states
in V-type quantum emitters, we have established a mechanism for unidirectional spatio-
temporal transport of both excitation and carriers in quantum dot chains, constituting an
example in which unidirectional, non-reciprocal quantum transport is achieved without
application of an external bias and enabled solely by the interplay between coherence and
incoherence in the system itself.

7.5 Discussion

7.5.1 Comparison between Heisenberg and polaron description

Aside from the second-order perturbative polaron master equation, we have employed
a correlation expansion up to second order in phonon contributions in the Heisenberg
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Figure 7.7: V-type emitter population dynamics calculated (a) using the Heisenberg picture appo-
rach and (b) using the polaron master equation.
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Figure 7.8: (a) V-type emitter population dynamics calculated in the Heisenberg picture including
intraband couplings at amplitude g}lc””“ = 0.1gx and otherwise unchanged parameters
with respect to Fig. 7.7. (b) Population dynamics of the laser-detuned excited state
for increasing temperatures obtained from the polaron master equation.

picture to backtrace the key interactions responsible for the observed population inver-
sion. The polaron master equation has been used for numerical calculations, since it
allows for long simulation times and offers high performance and stability. The Heisen-
berg approach, on the other hand, requires a very fine time discretization and breaks down
after a few million time steps, therefore limiting the accessible time evolution dynamics.
Here we demonstrate the equivalence of the two approaches in a parameter regime where
both implementations are stable and the systems’ stationary state is obtained within ac-
cessible time frames. Fig. 7.7 shows the unfolding population dynamics at T = 4K,
de = —1.0meV, A2 = 0.3291 meV and a rescaled coupling element gr = 2.5gx, obtained
from (a) the Heisenberg correlation expansion and (b) the polaron master equation. Dur-
ing the polaron transformation of the system Hamiltonian, a polaron energy shift arises
in the energy detuning between the excited states, i.e., A — A [see Eq. (7.7)]. This en-
ergy shift does not affect the qualitative physical behavior with respect to the Heisenberg
description, however, it leads to a small phase shift with minor impact on the population
dynamics which becomes visible when comparing Figs. 7.7(a) and (b). Otherwise, the
results obtained from the two descriptions are in excellent agreement with each other.
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7.5.2 Dependence on intraband phonon coupling and temperature

As of yet, we have neglected possibly arising intraband phonon couplings between the two
excited states of the V-type emitter [see Eq. (7.3)]. Since couplings of this form may occur
in experimental scenarios featuring excited states with a low energy detuning, we have to
validate their absence in our model. To this end, we calculate the Heisenberg picture
population dynamics for a single emitter using an extended interaction Hamiltonian of
the form

Heppn = h/d3k [gk (022 + 033) + g (23 + 032)] (T;Tc + Tk) ) (7.18)

which explicitly includes real-valued intraband couplings g;'c”tm between the two excited
states. Fig. 7.8(a) shows the resulting occupation dynamics including intraband phonon
couplings and otherwise unchanged parameters with respect to Fig. 7.7. Moreover, we
have set the intraband coupling strength to a tenth of the interband coupling amplitude,
ie., g}%"tm = 0.1gx. As can be seen in Fig. 7.8, the population inversion slightly slows
down while the overall qualitative behavior is maintained. Hence, disregarding the impact

of possible intraband couplings is justified in the present investigation.

Fig. 7.8(b) illustrates the temperature-dependence of the stationary state population in-
version, showing the V-type emitter population dynamics of the detuned excited state
for increasing temperatures. Due to an increased potential for phonon-assisted transitions
back to the ground state, the grade of inversion decreases for increasing temperatures. In
the high-temperature regime, the system starts to equilibrate until the population inver-
sion has vanished.

7.5.3 Linear absorption spectrum

As an illustration of the involved oscillator strengths, in Fig. 7.9 we show the linear ab-
sorption spectrum a(w) ~ Im[oje(w)] + Im[o3(w)] [80, 246, 268] (green line) calculated
in the limit Q — 0 at an incoherent decay rate v = 500ps~!, T = 4K, hwis = 1eV and
furs = 0.999 eV, corresponding to an energy detuning de = —1 meV. Here, o,y (w) repre-
sents the Fourier transform of the time-dependent coherence oy, (t) (m # n), prescribed
by opmn(w) = [To, At omn(t) exp(iwt). The blue line shows a comparison calculation with-
out reservoir coupling, gr = 0, to highlight the impact of phonon interactions. The inset
in Fig. 7.9 shows the absorption spectra on a logarithmic scale.

In the weak coupling and low temperature limit where the second-order Heisenberg corre-
lation expansion is valid, the shape of the resulting absorption spectrum is determined by
the employed oscillator strengths and the energy detuning de between the excited states of
the V-type emitter. Fig. 7.9 features two peaks at fiwio = 1€V and fwig = 0.999 €V, corre-
sponding to the two allowed transitions between the ground state and excited states (green
line). Compared to the case without phonon interactions (blue line), phonon-induced fluc-
tuations in the form of absorption and emission processes give rise to phonon resonances
with the system coherences and a modulation of the eigenenergies. As a result, the side-
bands of the peaks feature an asymmetric broadening visible on a logarithmic scale (green
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Figure 7.9: Linear absorption spectrum of the considered V-type emitter, calculated in the Heisen-
berg picture up to second order (blue line). For comparison, the spectrum resulting
without the presence of a phonon reservoir is additionally shown (green line). The cor-
responding absorption spectrum of the analytically solvable independent boson model
for a two-level system is depicted in orange. The inset shows the same spectra on a
logarithmic scale, where a phonon-induced asymmetric broadening of the absorption
peaks becomes visible.

line in inset). As an additional comparison, the dashed orange line in Fig. 7.9 shows the
linear absorption spectrum of the exactly solvable independent boson model [96, 205, 269],
describing a two-level system coupled to a structured phonon reservoir in the linear regime.
The spectrum is obtained with the same set of parameters used for the V-type emitter
case. Here, only a single optical transition is present, resulting in a single absorption peak.
We note that the shape of the phonon sidebands visible on a logarithmic scale is dependent
on the specific confinement potentials and the electronic wave function overlap (see inset).
Overall, the spectrum is in very good agreement with the V-type model case, verifying the
validity of the second-order Heisenberg correlation expansion in the employed parameter
regime, with only minor variations on the logarithmic scale caused by superpositions with
the second absorption peak.

7.5.4 Bare eigenstate dynamics

In addition to the interaction processes visible in the Heisenberg correlation expansion
approach (see Sec. 7.3), the emergence of population inversion in the considered V-type
emitter can be examined from a different perspective, i.e., via the dynamics of the bare
density matrix eigenstates which are shown to be highly dependent on the energy detuning
de. In the absence of a phonon reservoir, the system Hamiltonian in matrix form is given

by

(7.19)

v
I
o)}
— = O
o O =
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Figure 7.10: Population of density matrix eigenstates |—), |4+) and |D) at de < 0, corresponding
to the single V-type emitter setup calculated in Fig. 7.2.
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Figure 7.11: Dexter-coupled chain of V-type emitters with carrier transfer between all excited
states of adjacent emitters at amplitude f.

When considering de = 0.0meV, the resulting eigenvalues can be calculated analytically,
yielding
A= —v2Q, A =120, Ap=0. (7.20)

Therefore, at zero energy detuning and without phonon interactions, the bare eigenstates
of the system feature a vanishing eigenvalue A\p = 0, corresponding to a dark state. In
terms of the original basis states, the respective eigenstates read

|—) = (=vV2]1) +[2) + [3)) /2, (7.21a)
4) = (V2[1) +|2) + [3))/2, (7.21b)
D) = (12) — [3))/V2. (7.21c)

In correspondence to its vanishing eigenvalue, the asymmetric state |D) is completely
unoccupied for the case e = 0. The occupation dynamics of the system density matrix
eigenstates p__, p14 and ppp for the here considered negative detuning de < 0 are shown
in Fig. 7.10, corresponding to the V-type emitter dynamics shown in Fig. 7.2. In this case,
the asymmetric eigenstate |D) begins to weakly interact with the phonon reservoir and
the laser field and becomes fully occupied via a non-reciprocal Stokes process (orange line
in Fig. 7.10). Such effects have been shown to also emerge, e.g., in laser-pulsed exciton
and biexciton systems [29, 34, 35, 217, 218].
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Figure 7.12: V-type emitter population dynamics for a Dexter-coupled chain of length N = 4 with
carrier transfer between all excited states of neighboring emitters.

7.5.5 Alternative interdot coupling mechanisms: Dexter coupling

As an alternative interdot coupling mechanism enabling resonance energy transfer in the
chain, we additionally consider Dexter-type electron transfer where all excited states of
neighboring emitters feature wave function overlap (see Fig. 7.11) [252, 253]. Again,
the single excitation case with a single electron initially localized in the ground state of
the first emitter in the chain is considered. The resulting Dexter-type interdot coupling
Hamiltonian is given by

N-2

Hp = hf [0 (2431)(5+31) T T(2430)(6+31) T T(3+30)(5+31) T T3+31)(6+31) T H-C-] , (7.22)
=

where f again denotes the Dexter coupling amplitude. Increasing the wave function overlap
has a considerable effect on the chain dynamics: Fig. 7.12 shows the resulting population
dynamics for N = 4 emitters, corresponding to the parameters employed in Fig. 7.5. Since
the excited states of all emitters support interdot coupling, energy is also transported from
the end of the chain back to the first site, resulting in a periodic stationary state current in
the quantum dot chain. Crucially, the population inversion still imposes unidirectionality,
such that the total current is still directed from the first to the last site in the emitter
array. The laser-detuned levels feature the majority of population, with the largest amount
located in the last site of the chain. To conclude, unidirectional electron transfer can still
be observed in the form of a directed stationary state current.
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Figure 7.13: V-type emitter population dynamics at zero energy detuning de = 0 and otherwise
corresponding to the setup shown in Fig. 7.12.

To demonstrate the key role of the population trapping for the unidirectional transport
mechanism, we additionally calculate the Dexter coupling setup shown in Fig. 7.12 once
more at zero energy detuning de = 0.0 meV, where no population inversion is observed. The
resulting chain dynamics is depicted in Fig. 7.13. In this case, carrier transport still takes
place, however, without the emergence of a stationary state current: All quantum dots
exhibit the same stationary state occupations, with the majority of excitation localized
in the ground states (red lines). Hence, the here employed interdot coupling is not the
crucial ingredient for the emergence of unidirectional transport, but rather the population
trapping mechanism enabled by non-Markovian reservoir interactions.

7.5.6 Alternative interdot coupling mechanisms: Forster coupling

As a second alternative realization of interdot coupling, we employ a bidirectional dipole-
dipole induced Forster excitation transfer mechanism [264]. Here, dipole-forbidden ex-
citation transfer between closely located quantum dots can be enabled, e.g., via optical
near-field interactions caused by exciton-polariton coupling [232, 270-274]. Here we con-
sider such dipole-forbidden Forster-type couplings to enable excitation transport in the
quantum dot chain via a wetting layer modeled by an additional level |0) in each emitter
(see Fig. 7.14). The system is initialized with a single electron located in the ground state
of the first emitter. In the remaining sites, a single excitation is initially localized in state
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Figure 7.14: Realization of Forster-type dipole-dipole excitation transfer in a quantum dot chain
at amplitude f via an additional electron reservoir state |0).
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|0). The resulting Forster-type interdot coupling Hamiltonian is given by

N-—1
Hp=hf Y (ohsolf! +He), (7.23)
=1

where the index [ denotes the emitters and f refers to the Forster coupling amplitude.

Fig. 7.15 shows the population dynamics for a Forster-coupled V-type emitter chain of
length N = 2, consistent with the chain dynamics observed for the case of a single Dexter-
type transition between neighboring quantum emitters (see Fig. 7.5): Once more, the
excitation is transferred through the reservoir to the detuned excited state on the first
site and transported to the second emitter via dipole-dipole induced Forster interactions,
where it becomes dynamically trapped in the laser-detuned level. Initially, the occupation
of the first detuned level |3), rises in accordance with the single emitter setup (see Fig. 7.2),
before dipole-dipole interactions with the neighboring site facilitate Forster resonance en-
ergy transfer and lead to an asymptotic decline of |3); towards zero. In consequence, the
resonantly pumped levels |1), and |2), on the second site become uniformly occupied. Af-
terwards, the population inversion mechanism engages in the second quantum dot, yielding
a quick rise of population in the laser-detuned level |3), accompanied by a decline in the
resonantly driven levels |1), and |2),. In the stationary state, all excitation is transported
to the detuned excited level of the second emitter. In conclusion, we have demonstrated
that the observed unidirectional quantum transport is robust against the specific interdot
coupling mechanism in the quantum dot array and uniquely dependent on the underlying
population inversion effect.

7.6 Conclusion

We have predicted the preparation of a nonequilibrium stationary state in a continu-
ously driven V-type emitter featuring complete population inversion and enabled by non-
Markovian system-reservoir interactions with the detuned excited states. Strikingly, the
observed energy transfer mechanism has been shown to be robust against perturbations
and external conditions such as incoherent radiative decay processes or phonon-induced
intraband couplings, which may arise in V-type systems featuring a small energy detuning
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Figure 7.15: V-type emitter dynamics for a chain of length N = 2 coupled by Forster-type res-
onance energy transfer using the same set of parameters as for the single V-type
emitter dynamics shown in Fig. 7.2.

between the excited states, allowing for complete inversion in a wide regime of tunable
coupling and driving parameters.

As an example application of the reported inversion mechanism, we have predicted the
emergence of unidirectional quantum transport of both carriers and excitation in an array
of InAs/GaAs quantum dots, depending on the employed bidirectional interdot coupling
mechanism. In summary, the presented non-Markovian population inversion can be ac-
complished in a wide array of realistic experimental conditions, giving rise to a range of
potential applications utilizing carrier or excitation transport in quantum optical devices
analogous to propositions of photonic unidirectional quantum transport in comparable sce-
narios [275—281]. The reported effect is also relevant for biological systems in the context
of excitation transport processes for light harvesting mechanisms [237].



8 Dissipative coherent quantum feedback
in Liouville space

In this Chapter, we consider a quantum optical system simultaneously coupled to both a
continuous and a time-discrete structured reservoir. For the description of the continuous
environment, a tensor network implementation of real-time path integrals is employed,
improving the memory scaling from exponential to polynomial efficiency. Combined with
a tensor network implementation of a time-discrete quantum memory, we construct a
quasi-2D tensor network accounting for both diagonal and off-diagonal system-reservoir
interactions with a twofold memory for continuous and discrete retardation effects. As
an example application, we investigate the non-Markovian dynamical interplay between
a structured acoustic phonon environment and time-discrete coherent photon feedback
acting on an initially excited two-level system. As a result of emerging inter-reservoir
correlations, long-living population trapping in the emitter is observed. The Chapter is
closely based on the publication “Continuous and time-discrete non-Markovian system-
reservoir interactions: Dissipative coherent quantum feedback in Liouville space” by O.
Kastle et al. [71]

8.1 Introduction

Given the exponential scaling of the Hilbert space dimension for increasing system sizes,
the accurate description of open quantum systems poses an immense challenge [25-27, 44].
Various theoretical approaches have been proposed to reduce their complexity, ranging
from correlation expansions [28, 29] and second-order perturbative master equations [2, 3]
to numerically exact path integral formulations for pure decoherence effects [30-38]. In
general, all of these approaches have focused on system-reservoir interactions with a single
structured environment, for instance in the form of a continuous reservoir or a time-
discrete quantum memory, leading to time-delayed information backflow to the system
and emerging non-Markovian phenomena [60-68].

In this Chapter, we develop a numerically exact tensor network implementation to describe
two non-Markovian processes in the form of continuous and time-discrete retardation ef-
fects simultaneously, where both off-diagonal and diagonal system-reservoir couplings are
accounted for, i.e., interactions with or without energy exchange between system and en-
vironment. Established tensor network techniques for the description of a time-discrete
quantum memory focus on systems where decoherence effects are not crucially important,
and thus rely on a wave function ansatz to solve the quantum stochastic Schrédinger equa-
tion [282-284]. Here, we first extend this architecture to a time bin-based density matrix

101
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Figure 8.1: Sketch of an open quantum system coupled to both a time-discrete and a continuous
structured reservoir.

formalism in Liouville space, allowing for the inclusion of Markovian and non-Markovian
decoherence effects. Secondly, we combine this generalized MPS algorithm with a tensor
network implementation of real-time path integrals (see Ch. 4) to incorporate the inter-
play with a continuous harmonic reservoir of independent oscillators [75-77, 102, 285],
resulting in a novel quasi-2D tensor network architecture [286-289]. In this formalism,
simulations of quantum systems coupled to two structured reservoirs become feasible (see
Fig. 8.1), equally accounting for diagonal and off-diagonal interactions and maintaining
crucial entanglement information in between system and reservoirs. Potential applications
encompass, e.g., waveguide quantum electrodynamical setups with dephasing [67, 290-292]
realized via additional decay channels, or multiple spatially separated solid-state quantum
emitters coupled to an environment and initially prepared in a dark state [293]. To demon-
strate the potential of the presented method, we specifically consider a two-level quantum
emitter interacting with a structured reservoir of independent oscillators and additionally
featuring a time-discrete quantum memory in the form coherent quantum feedback, ex-
tending the paradigm of the spin-boson model to feedback-related phenomena [74]. The
unfolding non-Markovian interplay between decoherence and relaxation effects is shown
to result in a dynamical protection of coherence against destructive interference processes,
facilitating dynamical population trapping in the system. This observation expands upon
the localized phase stabilization effect in the spin-boson model [74, 75] from an incoherent
feedback-induced perspective, where the coherent external driving is replaced by another
structured reservoir.

In Sec. 8.2, we briefly recall the numerically exact tensor network implementation of real-
time path integrals to account for continuous reservoirs (see Ch. 4) and provide benchmark
calculations for the independent boson model and the spin-boson model. Afterwards, the
MPS realization of a time-discrete quantum memory in Liouville space is introduced in
Sec. 8.3. In Sec. 8.4, we combine the two MPS algorithms to construct a quasi-2D ten-
sor network architecture, enabling numerically exact calculations of a quantum system
simultaneously exposed to two non-Markovian system-reservoir interactions. As an exam-
ple application, in Sec. 8.5 we demonstrate the dynamical protection of feedback-induced
coherence, resulting in population trapping in a two-level system. In Sec. 8.6, a conver-
gence analysis of the reported results with respect to all relevant physical and numerical
parameters is performed. Lastly, we summarize our findings in Sec. 8.7.
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8.2 Path integral formulation for continuous reservoirs

As a first step, we calculate the time evolution dynamics of both the independent boson
model and the spin-boson model using a numerically exact implementation of real-time
path integrals [30-38] in a tensor network approach (see Ch. 4). In this framework, first in-
troduced by Strathearn et al. [75, 76, 102, 285], the time-discrete path integral formulation
of the reduced system density matrix is efficiently encoded in high-dimensional tensors.

The first objective is to derive a path integral solution of the von Neumann equation given
a Hamiltonian H (t) describing a time-dependent system-reservoir interaction [1, 268],

p(t) = L(t)p(t) = — [H (1), p(t)], (8.1)

where p(t) denotes the density matrix and £(t) the considered Liouvillian superoperator.
Since the history of all preceding paths at times 0, ..., t,_1 has to be taken into account for
the evaluation of the current time step t,, the numerical calculation of the path integral
solution becomes very demanding after only a few time steps. To enhance numerical
accessibility, in the case of finite system-reservoir correlations the augmented density tensor
scheme can be applied [37, 38]. Here, a finite reservoir memory depth allows to only
consider the last n. time steps for the calculation of the current path. This approach
is referred to as the finite memory approximation and leads to the augmented density
tensor representation, constituting a discrete path integral formulation as a solution to
the system part of Eq. (8.1) with traced out reservoir contributions. At time ty = NAt
it is given by
n

Piyir, (EN) = H Z Z M, i IM“; i H exp (szfg)pioié(O), (8.2)

n=114,_ 11 m=n—nc

with indices iy, i, storing the left and right configuration of the system at time ¢, = nAt
and M, ;. _, denoting the field transformation matrix which, e.g., accounts for an external

driving field €y present in the spin-boson model case. In the absence of external driving,

Qo = 0, it is simply given by M; ;. , = 10;, 4, .- The influence functional reads
St = = (in = 1) (i — T — i) (8.3)
with
nAt mAt
Mn—m = / dT/ dr’ ¢(r — 7', (8.4)
(n—1)At¢ (m—1)At

and ¢(7 — 7') denoting the reservoir autocorrelation function [31, 32, 74]. Under the
improved finite memory approximation, for n—m = n. all preceding paths up to t,,, = n At
are additionally included in the integration, yielding 7., = Mn—m + 25— Y i (see
Ch. 4) [102]. With this truncation, the augmented density tensor and its tlme evolution
dynamics can be stated efficiently in the form of a tensor network [75]: As a first step,
Eq. (8.2) is mapped to a vector p;, in Liouville space,

N n
pin@x) =TI 11  1Gnsdm)ps(0), (8.5)

n=1m=n—nc¢
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Figure 8.2: (a) Path integral solution of the independent boson model calculated at varying temper-
atures (solid lines) and compared to corresponding analytical solutions (dashed lines).
(b) Path integral solution of the spin-boson model time evolution dynamics at a reser-
voir memory depth n, = 100, driving field strength g = 0.5ps~! and temperature
T="77TK.

with I(jn,jm) == 225, , M;, i, exp (S7n9m). The left and right system indices i, i) are
rewritten as a single index j; for each time step, yielding Liouville space representations
M;, ;. , and S7»im of the field transformation matrix and the influence functional. In
addition, the augmented density tensor is decomposed into MPS format, with the present
and up to n. — 1 past states stored in individual tensors and the oldest state located at the
left MPS boundary site. As a result of tensor compression via consecutive applications
of the singular value decomposition at a finite Schmidt value cutoff precision [39], the
required memory is reduced from exponential to polynomial scaling with respect to the
number of incorporated paths n. [75].

The system time evolution dynamics is imposed by application of a network of MPOs
(see Ch. 4). During each time step n, the current system state p;, (t,) is contracted with
an MPO in the network, resulting in an updated system state MPS with the preceding
path stored to the left of the system tensor, increasing the MPS length by one. After
reaching step n = n., the oldest path in the MPS is summed over by application of a delta
tensor in correspondence to the improved finite memory approximation [75, 102]. From
this point on, the length of the MPS remains constant for the rest of the time evolution. In
addition, for time-independent problems, aside from the index nomenclature the structure
of the MPO remains unchanged for all time steps n > n., further improving performance.
For the description of a continuous reservoir of noninteracting harmonic oscillators, we
consider the Hamiltonian [96]

He/h= / g [wgblbg + ggonr (Bhe™ ! +He.)] (8.6)

imposing a diagonal system-reservoir coupling without energy transfer. Here, o;; = |i) (j|
denotes system operators, bg) are bosonic annihilation (creation) operators of reservoir
modes at frequency w, = ¢s|q| and ¢, the sound velocity, and g, denotes the mode g-
dependent system-reservoir coupling amplitude. The corresponding correlation function
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is given by

d(r—71') = /d3q gg{ coth (22:;7) cos|wy (T — 7')] — isinfwy (T — T’)]}, (8.7)

with T the reservoir temperature and kg the Boltzmann constant. For our investigation,
we employ a generic coupling element describing, e.g., acoustic bulk phonons interacting
with a quantum emitter. Specifically, we choose the acoustic bulk phonon coupling ele-
ment of GaAs, given by gl = \/hq/(2pcs)D; exp[—hg? /(4m;w;)], resulting in a transition
coupling element gq := 932 — gél [80, 97, 98, 251], with deformation potentials D;, effective
masses m;, confinement energies fuw; and the mass density of GaAs p.

To verify the accuracy of the employed MPS path integral implementation, we first cal-
culate the independent boson model where an analytical solution is available. It consists
of a single two-level emitter embedded in a structured harmonic reservoir and subjected
to pure dephasing, as described by Eq. (8.6). Fig. 8.2(a) shows the unfolding time evo-
lution dynamics of the polarization pgi(t) at varying temperatures 7', initially prepared
at po1(0) = 0.5¢ (solid lines). The corresponding analytical solution (dashed grey lines) is
prescribed by [80]
9

po1(t) :exp{_/d3q uTg {iwqt — isin(wyt) 4 coth (22;(110 [1— cos(wqt)]] } p01(0), (8.8)

and exhibits excellent agreement with the numerical results for all featured tempera-
ture regimes. Moreover, due to the high numerical performance of the employed tensor
network implementation, reservoir memory depths of n. = 100 and beyond become ac-
cessible. As a second benchmark and to underline the performance capabilities of the
MPS approach, we additionally calculate the time evolution dynamics of the spin-boson
model by adding an additional continuous driving term at amplitude Qg to Eq. (8.6),
i.e., Hspy = He + Qo001 + 010). The resulting time evolution dynamics of the emitter
ground state population and the system coherence are shown in Fig. 8.2(b), calculated
at parameters n, = 100, Qy = 0.5ps~! and T = 77K for the memory, driving field and
temperature, respectively.

8.3 Time-discrete memory in Liouville space

In addition to the continuous structured reservoir, we consider a discrete non-Markovian
time-bin based quantum memory. Established realizations of such a time-discrete reservoir
rely on an MPS-encoded wave function ansatz to solve to quantum stochastic Schrédinger
equation [282-284]. However, we require a compatible formulation to the previously intro-
duced path integral formalism defined in terms of the density matrix in Liouville space.
Therefore, here we present an MPS implementation of a time-discrete quantum memory
in Liouville space. The dynamics of the system density matrix is once more prescribed
by a Liouvillian superoperator [see Eq. (8.1)], where a Hamiltonian Hp accounts for the
time-delayed system-reservoir coupling, such that interactions taking place at a given time
t couple back into the system and influence its state at a later time ¢ + 7, where 7 denotes
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the retardation time. Such a time-discrete coupling can arise, e.g., in a two-level system
with states |0), |1) and an energy difference hwy between them, located in front of a mirror
with a round trip time 7. The corresponding Hamiltonian is given by

2T .
Hp/h = wyo11 + f/dk sin (cu?') [Ulocke’(wo_”k)t + H.c.} , (8.9)
\/ ™

featuring off-diagonal coupling and energy exchange between system and environment,
with system operators o;; = |i) (j|, bosonic annihilation (creation) operators c,(j) of photon
modes at frequency wp = ck with ¢ the speed of light, and a constant electron-photon

coupling amplitude I'.

The time evolution dynamics prescribed by the Liouvillian £(¢) is translated into a time
bin-based MPS realization [282-284, 288], maintaining crucial system-reservoir correla-
tions and scaling with the feedback time 7. When considering additional phenomenological
dissipative channels, the Liouvillian is extended by the standard Lindblad operator [1, 268].
We start from the formal solution of the system part of Eq. (8.1) for the density matrix,

o(t) = Texp [ /0 "t £(t’)} 2(0), (8.10)

with 7" denoting the time-ordering operator. As a first step to restate Eq. (8.10) in terms
of a tensor network algorithm it is rewritten in a time-discrete basis, yielding at time
ty = NAt

p(ty) = L(N,N —1)L(N —1,N —2)...L(1,0), (8.11)

at a time discretization At and using time-bin normalized operators
nAt
L(n,n—1) =exp |VAt dt’" £(t')] . (8.12)
(n—1)At¢

The Liouvillian time step operator L(n,n — 1) prescribes the time evolution dynamics
during the n-th time step t,_1 — t,. As a next step, it is approximated by a tenth order
series expansion,

Ln,n—1)~ Z

m=0

S~ VAT l /"At ar’ ,c(t')r. (8.13)
(

m! n—1)At

In this format, Eq. (8.13) can be incorporated in a tensor network-based implementation
of the time-discrete quantum memory, schematically shown in Fig. 8.3: Fig. 8.3(a) shows
the time-bin based MPS at the start of the time evolution (¢ = 0), with the square red
tensor storing the initial system density matrix. To account for a time-discrete memory,
here ng = 4 circular tensors located to the left of the system state contain the state of
the reservoir in Liouville space at preceding times, with the oldest state located at the
left boundary of the MPS (blue). In the here considered scenario, these memory bins
are initially empty. The circular tensors located to the right of the system bin store the
reservoir states for all future time steps, which have not been carried out yet and contain
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Figure 8.3: Tensor network realization of a time-discrete memory in Liouville space. (a)-(d) depict
the operations performed during the initial time step, where the system state (red
square) interacts with both present and past reservoir bins (orange and blue circles)
by application of the Liouvillian £(t). (e) shows the second time step with analogous
operations.

the full reservoir entanglement information, e.g., at a finite temperature. Since we assume
an initial vacuum state, a new empty reservoir bin (orange) is added to the right of the
system bin and represents the current state of the reservoir [see Fig. 8.3(a)].

The implementation of the time-discrete memory is explained next. Here, we introduce
the memory retardation time 7 = ngAt given by the number of initial memory bins ng.
For the first step of the time evolution [see Fig. 8.3(a)], the first memory bin (blue) is
pushed to the left of the system bin (red) by consecutive applications of the singular value
decomposition, maintaining crucial entanglement information (see Ch. 4) [39]. Afterwards,
the time-discrete Liouvillian operator L(1,0) prescribing the evolution during the first time
step is applied to the system bin (red), the current memory bin (blue) and the current
reservoir bin (orange), as depicted in Fig. 8.3(b). After contraction with the Liouvillian
operator, the three bins are updated and the processed memory bin [dark grey bin in
Fig. 8.3(c)] is swapped back to its original position on the left end of the MPS, where it
remains for the rest of the time evolution [see Fig. 8.3(d)]. Crucially, the updated reservoir
bin (green) is pushed to the left of the system bin and takes the role of a memory bin for a
subsequent time step of the evolution [see Figs. 8.3(c),(d)]. In Fig. 8.3(d), the execution of
the first time step is complete. All following time steps are carried out in the same fashion,
as shown schematically for the second time step in Fig. 8.3(e). After the calculation of ng
time steps, all memory bins initialized at the left of the system bin have been processed
and pushed to the end of the MPS. At step ng + 1, the reservoir bin employed during the
first time step and pushed to the left of the MPS [green bin in Fig. 8.3(d)] becomes the
current memory bin, storing information of a previous system state. By application of the
corresponding Liouvillian time step operator, reservoir-induced memory effects unfold in
the system according to the time-ordered problem.
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Figure 8.4: (a) Population dynamics of a two-level system subjected to time-discrete coherent

quantum feedback [Eq. (8.9)] at parameters 7 = 3ps and I' = 31.6 ps~!. Numerical

calculations carried out via the MPS algorithm (solid blue line) are in excellent agree-
ment with the analytical result for the single excitation case (dashed grey line). (b)
MPS population dynamics under time-discrete feedback calculated with an additional,
analytically not accessible phenomenological dephasing rate v = 0.5ps~! (green line)
and compared to the case without dephasing (blue line).

To verify the accuracy of the presented time-discrete memory algorithm in Liouville space,
we first calculate the time evolution dynamics resulting from Eq. (8.9). Fig. 8.4(a) depicts
the resulting emitter population dynamics at a retardation time 7 = 3.0ps and I' =
31.6 ps~! obtained from the numerical MPS implementation (solid blue line) and compared
to the analytical solution up to t = 37 which is only available in the single excitation regime
(dashed grey line). The latter is prescribed by (o11(t)) = | (001(¢)) |? with [294-296]

S_Ft

(on() = > ——

. n
= (D=0 —nr) | Ot — nr), (8.14)
= nl

exhibiting excellent agreement with the numerical result. In the here considered regime
't > 1, the delay in the amplitude dominates the time evolution dynamics and leads to
emitter re-excitations at integer multiples of the feedback time 7. However, the phase of
the amplitude ¢ = wy7 becomes irrelevant after the initial 7-intervals due to increased
decay of the mixing terms in the absolute square of Eq. (8.14). In previous realizations of a
time-discrete quantum memory, investigations of the impact of phase-destroying processes
have been limited to a special case, i.e., the emergence of an Ornstein-Uhlenbeck process
during the initial feedback intervals [296]. Moreover, only an analytical approach had been
available, limiting calculations to a small number of 7-intervals and prohibiting access to
the stationary state. The here presented numerical approach overcomes these limitations:
The proposed Liouville space architecture allows to incorporate Markovian decoherence
in the form of Lindblad dissipators without increased numerical costs.

Fig. 8.4(b) shows the time evolution dynamics of an initially excited two-level emitter
subjected to coherent quantum feedback and additional phenomenological dephasing at
rate -, realized by embedding a Lindblad dissipator into the Liouvillian [Eq. (8.1)] and
setting H = Hp, [1, 268]

D [\//20m | plt) = J12omp(t)on — {p(0).m) (8.15)
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with the system operator rewritten in full configuration space, &11 = 1po11lp, via the
time-discrete reservoir basis 1p = [dk Y 72 [{nk}) ({nk}|. For comparison, we show the
cases ¥ = 0 (blue line) and v = 0.5ps~! (green line). Crucially, the impact of pure
dephasing begins to govern the dynamics only after the time-discrete memory signal re-
excites the system and the stabilization of the incoming and outgoing phase becomes
a factor. When considering an additional pure dephasing v # 0, the initial decay of
population remains unchanged, but the re-excitation becomes less distinct after the first
feedback interval. After a few 7-intervals only incoherent re-excitation occurs, resulting in
a faster decay to zero without population trapping and regardless of the feedback phase

@Y.

These findings highlight the robustness of quantum feedback processes when accounting
for additional Markovian dissipative channels. Due to the inevitable loss of quantum
feedback-induced coherence, the presence of additional Markovian decoherence results
in a degrading of the feedback signal. However, this is not necessarily the case when
considering non-Markovian dissipation channels, which are incorporated next.

8.4 Quasi-2D tensor network

For a joint description of non-Markovian decoherence and time-discrete system-reservoir
interactions, we combine the MPS implementation of the time-discrete quantum memory
in Liouville space with the tensor network realization of real-time path integrals for con-
tinuous harmonic reservoirs, resulting in a quasi-2D tensor network architecture. The two
networks are connected by link indices containing the arising entanglement information
to enable a numerically exact description of correlation buildup in between the reservoirs.
In scenarios involving multiple non-Markovian reservoirs connected to each other, such
inter-reservoir correlations may have a crucial influence on the time evolution dynamics.
Therefore, the arising inter-reservoir entanglement must be taken into account without
strict truncation, for instance in the form of a high Schmidt value cutoff precision dey:.
The overall grade of entanglement in the system rises intensively with respect to the single
reservoir setup. However, setups featuring two non-Markovian environments without cru-
cial interactions between them, e.g., due to dynamical decoupling, allow for a much more
restrictive truncation without loss of accuracy. In the here considered scenario, we have
chosen a high Schmidt value cutoff precision d.,; = 107!2, resulting in the conservation of
relevant entanglement information during the time evolution.

Accurately depicting the dynamical interplay of the two reservoirs with each other and the
system is an immense numerical challenge and poses strict limitations on the accessible
memory depths for the here considered setup: While both of the presented MPS algorithms
individually enable simulations of a single reservoir with deep memories, their combination
results in restrictions caused by arising inter-reservoir entanglement. In consequence, the
total number of memory bins in the quasi-2D network is constricted to n. + ng < 20 for
the here considered model, as is the case in established path integral implementations for
a single reservoir [32-36, 74]. It is noted once more that these limitations are a natural
result of the high correlation degree in between system and reservoirs. The here presented
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Figure 8.5: Implementation of the quasi-2D tensor network. (a) MPS-based path integral imple-
mentation for the simulation of continuous structured reservoirs. (b) MPS containing
the current (red) and preceding system states (grey) after completion of the first net-
work contraction [dashed square in (a)]. For the realization of the quasi-2D tensor
network, an additional link index connects the current state tensor to the discrete
memory MPS (blue diagonal line). (c¢) Time-discrete memory MPS during the ini-
tial time step, with the shared current system state tensor (red) acting as a junction
between the reservoirs and the two networks (dashed circles).

quasi-2D tensor network is a first step towards investigations of the mostly unexplored field
of multiple non-Markovian reservoir interactions, explicitly enabling information backflow
in between the twofold reservoir memories.

Fig. 8.5 illustrates the construction of the quasi-2D tensor network via combination of
the two previously introduced MPS algorithms for the continuous [Figs. 8.5(a),(b)] and
time-discrete structured reservoirs [Fig. 8.5(c)]. They are connected to each other via a
shared current system state tensor (red shape), acting as a junction link between the two
reservoirs [dashed circles and blue lines in Figs. 8.5(b),(c)] and allowing for the storage
of arising inter-reservoir correlations. During each step of the time evolution, the system
bin is first subjected to the action of the continuous reservoir by a single contraction in
the network shown in Fig. 8.5(a) (dashed frame). Afterwards, the updated current system
bin [red shape in Fig. 8.5(b)] is inserted into the second MPS algorithm responsible for
the action of the time-discrete reservoir [Fig. 8.5(c)]. The resulting quasi-2D tensor net-
work effectively stores the history of both system-reservoir interactions, maintaining the
relevant entanglement information in the open system and allowing for the calculation of
two dynamically interacting time-delayed processes. As a first application and to demon-
strate the capabilities of the presented quasi-2D network, we investigate the interplay of
a continuous reservoir of independent oscillators with a time-discrete quantum memory
realized by coherent quantum feedback. For specific memory depths and initial states,
this scenario is shown to result in a dynamical protection of coherent quantum feedback
properties in the open system and population trapping in the presence of non-Markovian
decoherence processes.
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Figure 8.6: Excited state occupation dynamics of the two-level system subjected to time-discrete
photon feedback at varying feedback phases ¢ = wo7/(27) and constant phenomeno-
logical dephasing rates ~.

8.5 Memory-induced dynamical population trapping

Coherent quantum feedback mechanisms have been shown to feature a wide variety of non-
Markovian phenomena [295, 297-302], e.g., leading to Ornstein-Uhlenbeck-type events in
the presence of white noise [296], coherent population trapping [206, 283, 293, 303-305], or
the formation of large entangled photon states [306]. However, until now these effects have
not been investigated in the presence of additional non-Markovian dissipative channels
or decoherence mechanisms. To explore the influence of dephasing on feedback-induced
decoherence effects, we consider a two-level system placed in front of a mirror with a round
trip time 7, representing the time-discrete reservoir schematically shown in Fig. 8.1 and
explicitly given by Eq. (8.9). The system is imprinted with a time-delayed coherence by
the photon-induced feedback, taking the form of a feedback phase ¢ = wo7r/(27). This
phase has a crucial impact on the system dynamics and is given by the feedback time 7
and the transition frequency wqg of the electronic coherence operator o12. We specifically
consider a scenario which exhibits a pronounced quantum optical effect, i.e., coherent
population trapping in an initially excited two-level emitter resulting from a continuum
bound state at feedback phases ¢ € Z [206, 283, 293, 296, 303—305]. The relevant system
parameters are chosen at I' = 0.9 ps~!, 7 = 1.2 ps and ng = 4, yielding a time discretization
At = 0.3 ps, for instance common for semiconductor quantum dot devices [206, 302, 305],
and I't = 1.1, corresponding to the strong non-Markovian regime [282, 290, 296]. The
coarse time discretization is justified by the tenth order series expansion of the time-
discrete Liouvillian operator [see Eq. (8.13)], such that the employed ny = 4 time bins are
sufficient to achieve convergent results (see Sec. 8.6).

To demonstrate the potential of the presented quasi-2D tensor network approach, we first
calculate the system dynamics prescribed by Eq. (8.9) for the case of Markovian dephasing
introduced by the Lindblad dissipator in Eq. (8.15) at a phenomenological dephasing
rate . Afterwards, it is compared to the case of non-Markovian decoherence imposed
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Figure 8.7: Excited state emitter occupation dynamics resulting from time-discrete photon and
continuous phonon system-reservoir interactions at ¢ ¢ Z and varying temperatures
T. The inset shows the dimension of the link index connecting the system bin to the
time-discrete memory MPS in the presence of a structured phonon reservoir (blue),
without phonon coupling (green) and for phenomenological dephasing (orange).

by the continuous reservoir schematically shown in Fig. 8.1, resulting in an additional
diagonal system-reservoir coupling. Fig. 8.6 shows the unfolding excited state emitter
occupation dynamics for the case of Markovian dephasing at varying v and feedback
phases . Without dissipation, v = 0, the feedback phase can be periodically tuned to
an ideal value ¢ € Z, such that constructive interference leads to a decoupling of the
system from the environment, resulting in coherent population trapping (solid green line
in Fig. 8.6). Introducing a nonzero dephasing v = 0.001ps~! to the system does not
affect the population dynamics until the time-discrete feedback sets in, since the radiative
decay is frequency-independent until the first feedback interval at ¢ = 7 (dashed green
line). At this point, phenomenological dephasing destroys the coherent phase interference,
resulting in an asymptotic decline of population to zero without population trapping.
When choosing a nonideal feedback phase, here ¢ = 1.17, and zero dephasing, destructive
phase interference also results in an asymptotic decline towards zero (solid orange line).
Setting v > 0 further accelerates the population decay (dashed orange line) due to the
phenomenological decoherence perturbing the phase relation ¢. To conclude, without the
presence of a structured continuous reservoir and at feedback phases ¢ ¢ Z, asymptotic
population decay via thermalization inevitably occurs, and a Lindblad-based incorporation
of Markovian decoherence cannot preserve quantum correlations between the reservoir and
system states under any conditions.

As a next step, we consider the case of a non-Markovian system-reservoir interaction induc-
ing decoherence to the system. Employing the quasi-2D tensor network architecture, we
calculate two-level emitter population dynamics prescribed by Hp + He [Egs. (8.6), (8.9)]
at a continuous reservoir memory depth n. = 4 and leaving all remaining parameters
unchanged with respect to the results shown in Fig. 8.6. Fig. 8.7 shows the unfolding
time evolution dynamics at varying temperatures T'. For the here employed parameters,
population trapping can be achieved at T = 4K and a nonideal feedback phase ¢ = 1.17,
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i.e., ¢ ¢ Z (solid blue line). Here, time-delayed backflow of excitation from the continuous
structured environment to the emitter leads to a decoupling from destructive phase inter-
ference with the time-discrete photon reservoir, thereby facilitating information exchange
and correlation buildup in between the reservoirs. As a result, feedback-induced coherence
in the system is dynamically protected for long times. After a typical excitation back-
flow time, dynamical population trapping at a finite temperature can always be found by
tuning of the feedback phase ¢, if the relevant diffusion processes occur on a comparable
time scale as the coherence-inducing feedback dynamics. For increasing temperatures, the
dynamics becomes mainly governed by the thermal properties of the continuous phonon
reservoir: Dashed and dotted blue lines in Fig. 8.7 depict resulting thermalization dy-
namics with population decay at 7' = 30K and T = 77K, respectively. The observed
temperature dependence evidences the importance of the correlation lengths within the
full system-reservoir dynamics. Moreover, these otherwise inaccessible microscopic en-
vironmental properties can be effectively probed via the observed population trapping
effect.

In close analogy to the observed formation of a self-stabilizing dissipative structure, a
localized phase stabilization can be observed in the spin-boson model with coherent driving
Qo # 0 at Ohmic spectral densities and without feedback effects [74, 75], where the open
system transitions into a localized phase with a nonzero stationary emitter occupation
above a critical system-reservoir coupling amplitude. In the here considered scenario,
time-discrete photonic feedback replaces the coherent external driving field, resulting in a
localized phase stabilization via dissipative non-Markovian interactions. As an estimation
of the correlation buildup in between the two reservoirs, the inset in Fig. 8.7 shows the
dynamical evolution of the link index dimension connecting the current system bin to
the time-discrete memory MPS (see Fig. 8.5). In the case of a structured continuous
reservoir (blue line in inset), after a slow buildup phase during times ¢t < 7 the index
dimension swiftly increases to a maximum determined by the employed memory depths.
The unfolding high grade of inter-reservoir entanglement at comparably low finite memory
sizes ng = 4, n. = 4 highlights the essential role of the interplay between the two non-
Markovian reservoirs for the observed protection of coherence. Switching off the continuous
reservoir coupling, g, = 0, leads to a vastly decreased maximum link dimension (green
line in inset), since no entanglement buildup occurs between the reservoirs. In the case
of a phenomenological dephasing (orange line in inset), the link index dimension between
system and reservoir bin in the resulting 1D network is even further reduced due to its
highly decreased complexity.

8.6 Convergence analysis

In this Section, we provide a thorough convergence analysis of the presented results with
respect to the relevant system parameters. Due to the memory limitations arising from
the intensive scaling of entanglement when describing two non-Markovian reservoirs si-
multaneously, we first verify numerical convergence with respect to the memory depth of
the continuous harmonic reservoir n., corresponding to the validity of the finite memory
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Figure 8.8: Convergence analysis of the calculations shown in Fig. 8.7 regarding (a) the continuous
reservoir memory depth n. and (b) the Schmidt value cutoff precision d.,; employed
during the singular value decomposition. In (a), the left and right inset show a zoom-
in on the dynamics and the resulting dimension of the link index connecting the two
tensor networks, respectively. The inset in (b) depicts a zoom-in on the long term
dynamics.

approximation for the considered setup. Fig. 8.8(a) shows the population dynamics cor-
responding to Fig. 8.7 at ¢ = 1.17, T = 4K and increasing memory depths n. of the
continuous reservoir. The left and right inset show a zoom-in on the population dynamics
and the resulting dimension of the link index connecting the two tensor networks, re-
spectively. The latter again highlights the occurring exponential growth of inter-reservoir
entanglement for increasing memory depths. At n. = 2 [dark blue line in Fig. 8.8(a)], the
results clearly do not converge, however, slightly increasing the memory depth to n, = 3
and n. = 4 (light blue and green lines) already leads to results in very good agreement
with each other. Further increasing the memory depth to n. = 5 (dashed orange line)
leads to no visible deviation from the case n. = 4 even at a close range (see left inset),
verifying the numerical convergence at n. = 4. In Fig. 8.8(b), we calculate the multiple
reservoir case for varying Schmidt value cutoffs d.; applied during the tensor truncation
procedure of the singular value decomposition [39]. Choosing cutoffs between de,,; = 108
(dark blue line) and de,; = 1074 (dashed orange line) leads to identical results even at a
close range (see inset), demonstrating the numerical convergence with respect to the cutoff
precision d.,; = 107'2 employed for all calculations (green line). Therefore, no relevant
entanglement information has been disregarded during the time propagation.

As a next step, we confirm numerical convergence of all presented results with respect to
the employed time evolution step size At to ensure the validity of the Trotter decomposi-
tion. In Fig. 8.9(a), we calculate the two-level emitter occupation dynamics when exposed
to the time-discrete reservoir at ¢ = 1.17 (see Fig. 8.6) and decreasing step sizes At. Aside
from small deviations during the initial steps of the time evolution, the results are in ex-
cellent agreement for all employed values of At, verifying the numerical convergence of the
time-discrete MPS feedback algorithm at the chosen time discretization At = 0.3 ps (light
blue line). Fig. 8.9(b) shows the polarization dynamics of a two-level emitter coupled to
a continuous reservoir, corresponding to the results shown in Fig. 8.2(b) and calculated
at T'= 4K and varying step sizes At. Once more, the unfolding time evolution dynamics
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Figure 8.9: Convergence analysis of all calculations with respect to the time evolution step size At
applied in (a) the time-discrete reservoir algorithm (see Fig. 8.6), (b) the coherence
time evolution dynamics for the continuous reservoir (see Fig. 8.2) and (c) the combined
scenario (see Fig. 8.7). (d) shows a convergence analysis of the multiple reservoir case
regarding the order of the series expansion applied to the time-discrete Liouvillian
operator, with the inset showing a zoom-in on the long term dynamics.

at time discretizations At = {0.3ps,0.15ps, 0.075ps} are in good agreement. Since the
two individual algorithms for the time-discrete and continuous structured reservoir cou-
pling both converge with respect to the time evolution step size, the combined setup in the
quasi-2D tensor network can be expected to converge as well, since the involved time scales
remain unchanged. In Fig. 8.9(c), we calculate the emitter occupation dynamics for the
twofold reservoir case and varying time discretizations At = {0.3 ps, 0.24 ps}, correspond-
ing to ng = {4, 5} time-discrete memory bins. Restricted by the accessible memory depths
of both reservoirs and therefore the size of the time discretization at a given feedback time
7, the convergence analysis with respect to the step size is limited to t = 10 ps, where good
qualitative agreement can be observed. Finally, Fig. 8.9(d) shows a convergence analysis
with respect to the series expansion order of the time-discrete Liouvillian operator [see
Eq. (8.13)]. A small deviation between the series expansion orders eight and nine can
be observed on a small scale (blue and green lines, see inset). However, comparing the
dynamics corresponding to ninth and tenth order expansions of the Liouvillian exhibits
excellent agreement, thus confirming the numerical convergence of the employed tenth
order series expansion.
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8.7 Conclusion

We have derived an MPS-based tensor network algorithm for the simulation of a time-
discrete quantum memory based in Liouville space. Combining this method with a tensor
network implementation of real-time path integrals for continuous structured reservoirs,
we have established a novel quasi-2D tensor network architecture to enable simulations
of quantum systems coupled to two non-Markovian environments with both diagonal and
off-diagonal system-reservoir interactions and maintaining relevant system-reservoir and
inter-reservoir entanglement. Arising correlations in between the structured reservoirs
result in an intensive scaling of correlations with respect to the single reservoir setups. As
a result, accessible memory depths are restricted to n. + ng < 20 in the here considered
scenario. However, we stress that numerical convergence can be achieved in a wide range
of conceivable setups, e.g., by tuning of the respective system and reservoir time scales. To
further improve numerical efficiency with respect to memory scaling, it may be practical
to trace out the time-discrete memory bins after their interaction with the system state
via the Liouvillian operator. This treatment would allow for increased feedback times 7
accompanied by smaller accessible time discretizations At without altering the qualitative
physics. The here established quasi-2D tensor network algorithm provides a numerically
exact tool to gain access to the as of yet mostly unexplored field of multiple interacting
non-Markovian environments.

As a first application, we have shown that the dynamical interaction and correlation
buildup in between a structured phonon reservoir and time-discrete coherent photon feed-
back can result in a dynamical protection against destructive interference effects via time-
delayed backflow of coherence, enabling the formation of dynamical population trapping.
The formation of inter-reservoir correlations can be tuned via the relevant time scales of
the non-Markovian system-reservoir interactions. The presented methods and results have
potential applications in the fields of nonequilibrium physics, quantum thermodynamics
and dynamical quantum phase transitions with ergodic, entropic or negentropic infor-
mation exchange, where considering dynamical dissipative structures may unravel new
phenomena. In future investigations, the presented quasi-2D network architecture may
be further advanced to a true 2D implementation using projected entangled pair states
with combined reservoir memory bins to enable simulations of multi-level systems and
improving numerical performance.



Part 111

Information compression in open
quantum systems via artificial
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9 Sampling asymmetric open quantum
systems for artificial neural networks

In this Chapter, we extend the capabilities of the restricted Boltzmann machine neural
network architecture using novel Hilbert space sampling techniques. Established artificial
neural network methods based on the restricted Boltzmann machine and Metropolis sam-
pling of configuration space have been shown to enable precise estimations of symmetric
open spin-1/2 quantum systems. However, for systems without symmetries of translational
invariance these techniques lead to systematic errors and poor scalability, independent of
network parameters such as the sample size. To resolve this representational limit, we first
propose a adjustment to the standard Metropolis algorithm, leading to enhanced conver-
gence of the neural network. Secondly, we introduce a novel hybrid sampling strategy
where asymmetric system properties are taken explicitly into account, resulting in high
scalability and fast convergence times for asymmetric open spin-1/2 systems. The Chap-
ter is closely based on the publication “Sampling asymmetric open quantum systems for
artificial neural networks” by O. Késtle and A. Carmele [72].

9.1 Introduction

In recent breakthroughs, artificial neural networks have been successfully employed for
the description of Markovian symmetric open spin-1/2 quantum systems [47-50, 52-54].
These network architectures offer a nearly limitless potential for numerical parallelization
and can be iteratively optimized by application of a variational principle, giving direct
access to the stationary state (see Ch. 5) [113, 114]. Combined with efficient compression
of Hilbert space by application of the Metropolis algorithm where possible system configu-
rations are sampled in a Markov chain Monte Carlo method, high-performing simulations
of large symmetric systems have been fathomed [46, 104-106]. In particular, the restricted
Boltzmann machine neural network architecture has emerged as a natural and highly ef-
ficient mapping of the density matrix of spin-1/2 quantum systems, since it allows for a
one-to-one mapping of individual spins to artificial neurons while drastically reducing the
required degrees of freedom [47, 51]. On its basis, simulations of large symmetric and pe-
riodic open spin-1/2 systems have been realized, including calculations for both stationary
states [56, 57] and real-time evolution dynamics (see Ch. 5) [58, 59].

In this Chapter, we demonstrate that established configuration space sampling procedures
are uneligible for the training of restricted Boltzmann machines constituting asymmetric
open spin-1/2 quantum systems, i.e., setups without symmetries of translational invari-
ance. As an example application, we investigate the stationary state of a boundary-driven
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isotropic Heisenberg spin chain with open boundary conditions, featuring asymmetric
properties [288, 289, 307-321]. As a first step, we provide converging neural network
results for a symmetric Heisenberg chain and propose an adjustment to the standard
Metropolis algorithm for the sampling of system configurations, further improving conver-
gence and computational efficiency. Afterwards, we demonstrate that common Metropolis
techniques for Hilbert space sampling result in a systematic overestimation of asymmetric
system properties, independent of neural network parameters such as sample size or learn-
ing rate. To overcome this representational limitation, we introduce a hybrid sampling
strategy to explicitly account for asymmetric system properties during Hilbert space com-
pression. To this end, we combine the accuracy of exact Hilbert space mapping for sites
with asymmetric properties with the performance advantage of regular sampling for the
remaining subsystem. The presented sampling methods establish a powerful new ansatz
for the optimization and training of artificial neural networks while maintaining a high
scalability potential and fast convergence times at decreased noise.

The incoherently driven isotropic Heisenberg chain is introduced in Sec. 9.2. In Sec. 9.3,
we discuss the implementation and training procedure of the employed neural network.
Afterwards, we present an adjustment to the regular Metropolis algorithm in Sec. 9.4 and
demonstrate resulting improvements in convergence using the example of a symmetric
Heisenberg chain setup. In Sec. 9.5, we demonstrate that regular sampling strategies are
unsuitable for the description of systems with asymmetric properties. As a solution, a
hybrid sampling method is presented in Sec. 9.6, enabling accurate neural network simu-
lations of large asymmetric systems. Lastly, we summarize our findings in Sec. 9.7.

9.2 Incoherently driven isotropic Heisenberg chain

To investigate the representational power of the restricted Boltzmann machine for sys-
tems without symmetries of translational invariance, we consider the incoherently driven
isotropic Heisenberg chain shown schematically in Fig. 9.1, featuring N spin-1/2 systems
with next-neighbor coupling at amplitude J and open boundary conditions. All sites ¢ of
the chain are subjected to incoherent driving at rates i, and dissipation at rates ..
The corresponding Hamiltonian reads [288, 289, 307-321]

N-1

J
Hih= "7 Y (oot +ololy, +0i0i,). ©.1)
=1

where o; denote Pauli spin matrices acting on individual sites i. To account for incoherent
excitation and decay, we introduce the Lindblad dissipators [1, 268]

z>[\/vg¢/2a;}fxt>::’f;t[2o;p<wof‘—-{aro;;p<w}}, (9.22)
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To incorporate asymmetric properties, a boundary-driven scenario with increased driving
on the first chain site, 7}, > 7}, (red shape in Fig. 9.1), increased decay on the right

p(t) = 12 [a07 p(t)o; — {07 07 0(0)}]. (9.2b)
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Figure 9.1: Schematic of a boundary-driven isotropic Heisenberg chain with increased driving on
the left boundary, v} > ~l, (red shape), increased decay on the right boundary,
AN, >N (dark blue shape), and equal driving and dissipation v}, =~¢,, in the bulk
(light blue shape).

boundary, 7Y, > v (dark blue shape), and equal driving and dissipation v}, = 7%, in
the bulk (light blue shape) is assumed. In total, the resulting time evolution dynamics in
Liouville space is prescribed by

§(t) = Lplt) = —ilH/h, p(t) Z{ V207 | + D | huf20t

and can be solved, e.g., in a common fourth order Runge Kutta approach where system
sizes of typically N < 14 can be accessed without requiring high-performing computational
resources. In the following investigations, we employ such brute force density matrix cal-
culations as a benchmark for the results obtained from the restricted Boltzmann machine
neural network.

bo, (03

9.3 Neural network implementation

For a neural network realization of open spin-1/2 quantum systems, the density matrix is
estimated by a probabilistic architecture, replacing 22V density matrix elements (| p |n) =
(01,.--,0n|p|m,-..,nn) of asetup consisting of N spin-1/2 systems by a set of variational
training parameters as degrees of freedom. The restricted Boltzmann machine architecture
has recently emerged as a natural mapping of the density matrix for symmetric open spin-
1/2 quantum systems, since it enables a straightforward mapping of spins to artificial
neurons [47, 51, 56-59, 78, 79, 115, 322]. It generates a model distribution called neural
density operator shown schematically in Fig. 9.2, featuring a visible layer of 2N sites o
and m for the representation of the left and right side of the density matrix, two auxiliary
hidden layers each consisting of M sites h? and h", respectively, and an ancillary mixing
layer of K sites h*. Tracing out the hidden and ancillary degrees of freedom, the neural
density operator elements are given by (see Ch. 5)

polo.m) =TT [ sexp (Z am> exp (Za m) cosh (b s Zwmm>

m=1k=1

x cosh (bfn + Z W;;”m> cosh (ck + i+ Z Uyioi + Z U,jmi> , (9.4)

i=1 i=1 =1
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Figure 9.2: Schematic of a restricted Boltzmann machine constituting the neural density operator
with variational parameters 9 = (a,b,c, W,U) as degrees of freedom, consisting of a
visible layer (blue), two auxiliary hidden layers (green) and an ancillary mixing layer
(red) connecting the left and right side.

depending on a set of complex training parameters ¥ = (a,b,c, W,U) divided into real
and imaginary parts, yielding a total of n, = 2N +2M + K + 2MN + 2K N elements
representing the neural network degrees of freedom. The training parameters consist of
biases a for visible neurons, b for auxiliary hidden sites and ¢ for the ancillary mixing
layer, respectively. The complex weights W connect visible neurons o and n to their
auxiliary hidden counterparts h° and h", whereas weights U couple visible units to the
ancillary mixing layer h* (see Fig. 9.2).

The training objective is to estimate the unknown density matrix p by the neural density
operator py via iterative variation of the parameter set 9. During each training iteration,
input data is generated by drawing N, samples of possible system configurations from
Hilbert space. Using the stochastic reconfiguration approach [117-119], occurrence proba-
bilities and system observables are approximated as statistical expectation values over all
drawn sample configurations. The normalized occurrence probability of the n-th drawn
sample (o,,m,) is obtained via the estimated neural density operator partition function
by summing over all Ny samples drawn during one iteration, resulting in the probability

|p19(0'm77n)|2
22721 ’pﬂ(o'na nn) |2

In the same fashion, expectation values of diagonal observables are approximated as sta-
tistical averages [57-59, 117-119]

pﬂ(anann) = (9'5)

N,
S X O'n,f pﬂ(saan
(X(o.0) ~ (X(@.0))y = 3 dolon) Y A ZmEPoEdn) =y
= : po(On, o)
where we have introduced a probability distribution for diagonal samples
~ _ p9(on, 0n)
Qﬁ(an) - N, : (97)

D ons1 P9 (On,on)
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Since only diagonal observables are figures of merit in the here considered setup, Gg(o)
is employed to calculate diagonal expectation values for further improved numerical effi-
ciency, while py(o,n) is used for the training of the network.

The training goal is to estimate the stationary state of the considered model system, pre-
scribed by the condition p(t) = Lp(t) = 0. For the variational optimization of the network,
we define a corresponding cost function C(9) = ||Lpy|l5 [57, 59]. During each training
iteration ¢ — t+1, the variational parameters 9 constituting the degrees of freedom of the
neural density operator are optimized and updated via the standard stochastic gradient
descent procedure, obeying the rule

9D =0l — uv,,0(00), (9.8)

with v the learning rate [46]. During the initialization of the network, the variational

parameters are first set to small nonzero random values, 191(0) € [-0.01,0.01]\{0}. The
corresponding cost function gradient is given by (see Ch. 5) [57]

Vi, C ()

N N
- 2R‘e D O-TL? n ZT Un7 n E O-TM n,o-mJ m MO a-m7 m
{n;pﬂ( )L (on,mn) Y L(on,n n )pa(an,nn) 9,(Tm, M)

m=1

Ns
lzpﬁ Umnn)Oﬁl On,Tn ]

n=1

Zpﬂ O'n,’l’]n (Unarln)ﬁ(‘fnﬂ?n)] }7 (9'9)

where we have defined logarithmic derivatives as diagonal matrices with elements

8[111 p'ﬂ(o.n7 Tln)]
oY

[Oﬁl]o'n'nn,o'n"]n = Oﬂz("ﬂn nn) - 3 (910)
corresponding to the gradients of the neural density operator with respect to all [ elements
of the variational parameter vector ¥ and for a given sample configuration (o, n,). Fur-
thermore, we have introduced the estimator of the Liouvillian, reading

A ‘C(o-mnmo'manm)Pﬁ(o'manm)
Loy, nn) = . (9.11)
U%ﬁz pﬂ(anann)

9.4 Symmetric systems: Improving sampling efficiency

To underline the representational capabilities of the neural network approach for sys-
tems with symmetries of translational invariance, we start with the symmetric isotropic
Heisenberg chain with open boundary conditions, featuring identical incoherent driving
and dissipation rates 7}, = 1.059%,, on all sites i. In recent studies, similar scenarios
with periodic boundary conditions, coherent driving and symmetric dissipation have been
successfully realized using the restricted Boltzmann machine architecture, rendering sim-
ulations of large systems with N > 15 feasible [57-59]. For these system sizes, an exact
mapping of the density matrix becomes increasingly expensive due to the exponential
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Figure 9.3: Neural network estimation for the stationary state of the symmetric Heisenberg chain
of length N = 10, calculated via regular Metropolis sampling (grey lines) and the
adjusted accept-only sampling method (colored lines). Orange and blue lines show the
stationary ground and excited state populations, which are identical on all sites in
the symmetric case. For improved visibility, ground and excited state populations are
averaged over all sites. Benchmark results are indicated by dashed black lines. The
inset shows the stationary state magnetization m.

growth of the Hilbert space dimension. In established approaches, the Metropolis algo-
rithm is employed for an efficient compression of configuration space (see Ch. 5) [104].
It constitutes a Markov chain Monte Carlo method where N, system configurations are
drawn as samples, corresponding to a random walk in Hilbert space [46, 105, 106]. A new
sample configuration is drawn based on a set of selection rules imposed on the current
sample and accepted or rejected at a certain acceptance probability. Here, we set the
selection rule to flip the spin of each site at a probability of 50%. Moreover, we employ a
linear acceptance probability (see Ch. 5)

ﬁﬂ<0n+17 77n+1)

A(n+1,n) = min |1, —
( ) P9 (o, M)

: (9.12)

with (o, M) and (041, M1) referring to the current and proposed sample, respectively.
In case the proposed sample is rejected by the acceptance function, the standard Metropolis
algorithm proceeds with the current sample. This strategy leads to convergent results for
the case of symmetric systems and which be further improved for increasing sample sizes
Ny, as demonstrated in the following.

As a first numerical test, the default Metropolis sampling method is employed. The re-
sulting neural network estimations are compared to benchmarks obtained from a common
Runge Kutta master equation implementation. Calculations are performed for system
parameters N = 10, v;, = 0.21, v = 0.20 and J = 2v;,. For the neural network,
we choose to draw Ny = 20000 samples per iteration and employ hidden layer densities
M/N = K/N =1 at a learning rate v = 0.1. Using these parameters, the restricted
Boltzmann machine compresses the system information onto n, = 450 variational param-
eters compared to the ~ 500000 density matrix elements which must be calculated in a
brute force approach. Grey lines in Fig. 9.3 depict neural network results for the mean
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stationary ground and excited state populations using the regular Metropolis sampling
algorithm. Since all sites of the chain take on the same steady state occupation in the
symmetric scenario, the depicted results are averaged over all N = 10 sites for improved
visibility. The inset shows the stationary state magnetization m, = (1/N) X, (¢7) of the
symmetric Heisenberg chain. Benchmark populations are indicated by dashed black lines
and exhibit good agreement with the results obtained from regular Metropolis sampling.
It is noted that the sample size Ng can be further increased to improve convergence and
reduce noise.

As a first improvement to the standard Metropolis approach, we propose an adjusted sam-
pling method breaking the detailed balance condition in the Markov chain and resulting
in a net stochastic flow and suppressed random walk behavior in Hilbert space [323]. In
consequence, we achieve a considerable improvement of convergence and noise. Rather
than proceeding with the current sample configuration in case of a rejection from the
acceptance function [Eq. (9.12)], we propose an accept-only strategy: The procedure of
drawing new sample configurations (7,41, Mn+1) is repeated until one of them is accepted
as the new current sample by the acceptance function. In consequence, no sample is used
more than once in a row unless it is chosen by the selection rule at a probability of 1/2V
strongly reducing autocorrelations in the Markov chain. Colored lines in Fig. 9.3 depict
corresponding neural network results for the symmetric Heisenberg chain obtained via the
accept-only sampling strategy. Again, the stationary ground and excited states of all sites
have been averaged over for improved visibility (orange and blue lines). The red line in
the inset shows the corresponding magnetization m,. Compared to the regular Metropolis
sampling method (grey lines), the adjusted approach results in smoother lineshapes with
fewer kinks and a considerably decreased standard deviation at the same sample size N,
even more so when considering increasing chain lengths N. After 100 iterations, the maxi-
mum relative deviation of the results obtained from regular sampling from the benchmark
is 3.35% compared to 0.99% for the accept-only strategy, corresponding to an improvement
ratio of 3.35/0.99 ~ 3.38.

9.5 Asymmetric systems: Systematic sampling errors

Next, we investigate the asymmetric Heisenberg chain at incoherent driving and decay
parameters 7., = 7%, = 0.20 on all bulk sites i, vi = 0.21, v}, = 0.20 on the left
boundary (red shape in Fig. 9.1) and v}Y = 0.20, 72, = 0.21 on the right boundary (dark
blue shape in Fig. 9.1), constituting a boundary-driven isotropic chain without symmetries
of translational invariance. All other parameters remain unchanged with respect to the
previously discussed symmetric setup. To investigate the representational power of the
restricted Boltzmann machine for asymmetric systems, we start at a chain length N =6
where an exact mapping of Hilbert space is straightforward: Instead of applying a selective
sampling method, the neural network takes all possible system configurations into account
to minimize the cost function. The resulting stationary state populations of the boundary
and bulk sites of the asymmetric Heisenberg chain are shown in Fig. 9.4 (colored lines),
perfectly matching their respective benchmark values (dashed grey lines). This proves that
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Figure 9.4: Stationary ground state populations for an asymmetric boundary-driven Heisenberg
chain of length N = 6, calculated via an exact Hilbert space mapping. Dashed grey
lines depict benchmark occupations. Orange and dark blue lines show the ground state
populations of the left and right boundary sites.

the restricted Boltzmann machine architecture is not inherently limited to the description
of symmetric setups and manages to accurately represent asymmetric systems in case of
an exact Hilbert space mapping.

However, the numerical performance is drastically decreased when regular sampling is ap-
plied, as shown in Fig. 9.5: For improved visibility, the unfolding stationary ground state
populations (grey lines) are averaged over 50 iterations (solid colored lines) and we have
taken the mean values of all bulk site populations as well (solid red line). Dashed grey
lines again depict the corresponding benchmark populations. While the populations of
all sites in the symmetric bulk match their respective Runge Kutta benchmark results,
the stationary state populations of the asymmetric boundary sites exhibit an overshooting
behavior (solid orange and blue lines in Fig. 9.5), occurring independently of neural net-
work parameters such as system and sample sizes N and N, learning rate v and hidden
layer densities M /N and K/N: Dashed colored lines in Fig. 9.5 show comparison results
obtained at Ny = 40000, v = 0.05, M/N = K/N = 2 and averaged over 50 iterations, ex-
hibiting the same overshooting behavior. Furthermore, this erroneous convergence emerges
for both the standard Metropolis and the previously introduced accept-only sampling al-
gorithm and occurs independently of the employed acceptance function and selection rules
for sampling: The same behavior is still observed when choosing, e.g., an exponential ac-
ceptance function of the form A(n + 1,n) = exp[—py(on, Mn)/Do(Tn+1, Mm+1)]. Given the
success of training for an exact Hilbert space mapping (see Fig. 9.4), this only leaves the
sampling procedure as the cause of error: Due to the asymmetric properties of the system,
Hilbert space elements with a low occurrence probability can still impose a large effect
on the steady state under certain conditions. In this case, the application of standard
sampling methods established for symmetric systems leads to a systematic error, since
Hilbert space configurations with a higher probability of occurrence are favored per se,
resulting in a selection bias [see Eq. (9.12)]. In conclusion, we have demonstrated that reg-
ular Metropolis sampling methods are unsuitable for the optimization of artificial neural
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Figure 9.5: Results for an asymmetric chain of length N = 6, using the accept-only sampling
strategy. Grey lines indicate raw results, with colored lines showing their averages over
50 iterations. Orange and blue lines depict the boundary site ground state populations.
Occupations of all bulk sites are also averaged over for improved visibility (red line).
Dashed colored lines depict averaged comparison results obtained at half the learning
rate and doubled hidden layer densities and samples per iteration.

networks describing systems with asymmetric properties. To resolve this representational
limitation, in the following we present a novel hybrid sampling approach to explicitly incor-
porate system asymmetries, allowing for an efficient and accurate compression of Hilbert
space for asymmetric open spin-1/2 quantum systems.

9.6 Hybrid sampling for asymmetric systems

To resolve the systematic error occurring during the sampling of asymmetric systems, we
introduce a hybrid sampling strategy, combining the precision of an exact configuration
space mapping (see Fig. 9.4) with selective sampling to facilitate computational access
to large systems. In the here considered boundary-driven isotropic Heisenberg chain, the
asymmetric system properties are located at the boundary sites. The core concept of
the proposed hybrid sampling method is to employ a regular Metropolis sampling ap-
proach to the symmetric bulk subsystem, while manually selecting the configurations of
the asymmetric boundary sites during the sampling procedure: In analogy to the standard
sampling algorithm, a new proposed sample (0, 11,7M,+1) is drawn first. To prevent the
acceptance function from making arbitrary choices, the occurrence probability of the bulk
site configuration, i.e., the symmetric subsystem of the chain, is calculated independently
of the asymmetric boundary sites. To this end, we determine the mean probability of a
given bulk configuration by averaging over all 16 possible boundary site configurations.
Afterwards, the edge sites of the new proposed sample are manually set to one of the
16 possible settings. Once 16 different accepted bulk configurations have been applied,
one cycle of all possible boundary configurations has been finished. It is noted that in the
case of sampling diagonal configurations (o, 6,), only four possible boundary settings are
varied over. This procedure is repeated for all Ny samples drawn during each iteration.
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Figure 9.6: Stationary ground state populations of the boundary-driven asymmetric Heisenberg
chain, calculated via the hybrid sampling approach for a chain of length N = 10.
Orange and blue lines show the left and right boundary site populations. For improved
visibility, ground state populations of all bulk sites are averaged over (red line, see
Fig. 9.7). Dashed grey lines show corresponding benchmark values. Grey lines show
comparison results obtained via regular Metropolis sampling.

This hybrid sampling approach combines the accuracy of exact Hilbert space mapping
for asymmetric system parts with the high performance of selective Metropolis sampling
for the remaining symmetric subsystem, counteracting the systematic overestimation of
asymmetric properties during Hilbert space compression. It is noted that the mapping of
the edge sites is still approximate, since we do not go through all 16 possible boundary
setting for a single bulk configuration. Doing so would result in severely decreased bulk
convergence, unless the sample size is drastically increased. The quality of convergence
resulting from the hybrid sampling approach is limited only by the choice of neural net-
work parameters. In Fig. 9.6, we show the stationary ground state populations of an
asymmetric Heisenberg chain of length N = 10, calculated using N, = 40000 samples
per iteration and at learning rate ¥ = 0.05. The remaining system and network param-
eters are unchanged with respect to Fig. 9.5. Strikingly, in difference to the calculations
obtained via regular Metropolis sampling (solid grey lines), the stationary boundary site
occupations (orange and blue lines) are in excellent agreement with their corresponding
benchmark results (dashed grey lines). The applied hybrid sampling strategy prohibits the
previously observed overshooting behavior by explicitly accounting for asymmetric system
properties. At the same time fluctuations and noise are drastically reduced, yielding a
maximum relative deviation of 0.45% between the boundary site occupations and their
respective benchmark values after 300 iterations.

Again, all bulk site occupations in Fig. 9.6 have been averaged over for improved visibil-
ity (red line), since they are located very closely to each other. As a result, the varying
neural network estimations of the bulk site populations overlap significantly, making a
visual distinction difficult. However, they do converge to their respective benchmark oc-
cupations within the margin of error: As an example to demonstrate the convergence of
the symmetric bulk subsystem, Fig. 9.7 shows all ground state occupations depicted in
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Figure 9.7: Unaveraged ground state occupations of all N = 10 sites in the asymmetric chain
scenario and using hybrid sampling corresponding to Fig. 9.6, explicitly including the
unaveraged stationary ground state occupations of all eight bulk sites.

Fig. 9.6 individually for each site (colored lines), including the unaveraged ground state
populations of all eight bulk sites, exhibiting excellent agreement with their corresponding
benchmarks (dashed grey lines). Again, the observed oscillations over iterations can be
further reduced by increasing the sample size N. Lastly, we demonstrate the high perfor-
mance and scalability potential of the presented hybrid sampling approach. Fig. 9.8 shows
the stationary ground state populations of an asymmetric Heisenberg chain with N = 16
sites at neural network parameters Ny = 40000, v = 0.05 (grey lines) and v = 0.025
(colored lines). Bulk site occupations are again averaged over for improved visibility (red
lines). As a guide for the eye, dashed grey lines indicate Runge Kutta benchmark results
for the case N = 10. As expected, due to decreasing asymmetric system properties at
unmodified incoherent driving and decay rates, for increasing chain lengths N the bound-
ary site occupations begin to strive towards the bulk occupation values. The boundary
site populations (orange and blue lines) are once more in excellent agreement with their
respective benchmark results after approximately 100 training iterations, underlining the
capabilities of the presented hybrid sampling approach.
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Figure 9.8: Stationary ground state populations of the boundary-driven asymmetric Heisenberg
chain, calculated via the hybrid sampling approach for a chain of length N = 16 and
network parameters Ny = 40000 and v = 0.025. Orange and blue lines show the left
and right boundary site populations, with the ground state populations of all bulk sites
averaged over for improved visibility (red line). Dashed grey lines depict benchmark
occupations. Grey lines show comparison results at a doubled learning rate v = 0.05.

9.7 Conclusion

We have investigated the representational limits of established neural network sampling
strategies. Based on the example of the boundary-driven isotropic Heisenberg chain with-
out symmetries of translational invariance, we have shown that regular Metropolis-based
compression approaches result in a systematic overestimation of asymmetric system prop-
erties during the selective Hilbert space sampling. To improve overall convergence and
efficiency in the limit of low sample sizes, we have first introduced an accept-only strategy
as an adjustment to the regular Metropolis algorithm, explicitly breaking the detailed
balance condition in the Markov chain and suppressing the random walk behavior in
configuration space during sampling. Afterwards, we have presented a hybrid sampling
algorithm to combine the precision of exact Hilbert space mapping for asymmetric proper-
ties with high performing information compression via selective sampling of the remaining
symmetric subsystem. As a result, we have achieved fast converging results with reduced
noise even for large asymmetric open spin-1/2 systems. These adaptive sampling strate-
gies represent a novel access point for the optimization and individual tailoring of artificial
neural networks for a wide variety of open quantum systems, further improving upon their
accuracy and performance. In conclusion, we have expanded the representational power of
the restricted Boltzmann machine architecture beyond purely symmetric open quantum
systems, further advancing its versatility and applicability in quantum simulations.



10 Efficient bit encoding of neural
networks for Fock states

In this Chapter, we derive a bit encoding approach for a highly scalable and accurate
representation of bosonic Fock number states in the restricted Boltzmann machine neu-
ral network architecture, for the first time expanding its representational power beyond
the description of pure spin-1/2 open quantum systems. In regular master equation im-
plementations of bosonic open systems, the number of degrees of freedom of the density
matrix scales with the predetermined maximum boson number. In contrast, the complex-
ity of the here presented neural network implementation rises only with the number of
bit-encoded neurons, resulting in a vast degree of information compression. In the high
boson number regime, the resulting compression efficiency is demonstrated to outperform
even maximally optimized density matrix implementations based on a projector method to
access the sparsest available representation of configuration space. The Chapter is closely
based on the publication “Efficient bit encoding of neural networks for Fock states” by O.
Késtle and A. Carmele [73].

10.1 Introduction

As discussed in previous Chapters, the restricted Boltzmann machine has emerged as a
default neural network architecture for the description of quantum states [47-50, 52-55]
and open spin-1/2 quantum systems with Markovian dynamics [56-59], since it facilitates
a direct and highly efficient mapping of spin-1/2 systems to artificial neurons. In the
last Chapter, we have extended the established representational limits of the restricted
Boltzmann machine beyond symmetric and periodic spin systems to asymmetric setups
by introducing adaptive strategies for the sampling of configuration space [72].

In this Chapter, the applicability of the restricted Boltzmann machine is further advanced
to enable simulations of hybrid quantum systems featuring bosonic degrees of freedom.
This is achieved by application of a bit encoding scheme to the visible neuron layer, allow-
ing for a direct mapping of Fock number states to the neural network degrees of freedom in
analogy to the established one-to-one assignment of spin-1/2 systems to artificial neurons
and without modification of the underlying restricted Boltzmann machine architecture it-
self. In the high boson number regime, the resulting bit-encoded neural network is shown
to accomplish vast degrees of information compression, surpassing even a maximally op-
timized density matrix implementation based on a fourth order Runge Kutta algorithm
where a projector method is employed to attain the sparsest representation of Hilbert space
available. We demonstrate both the accuracy and scalability potential of the proposed
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neural encoding of Fock states. To this end, we first present neural network calculations
of the stationary boson number statistics for a generic one-atom laser model [24, 324—
327] in comparison to benchmark results obtained in a common density matrix approach.
Afterwards, the method is benchmarked in the large boson number regime where the bit-
encoded neural network achieves supremely efficient information compression, underlining
the scalability potential of the approach. Applications of the presented technique include,
e.g., neural network implementations of boson sampling algorithms [328, 329] or of recent
efforts to measure quantum coherences via Fock state superposition [330].

The proposed bit encoding scheme for Fock states is introduced in Sec. 10.2, allowing
for a direct mapping of boson occupation numbers to the visible neuron layer of the
restricted Boltzmann machine. In Sec. 10.3, we briefly recapitulate the realization and
training of the bit-encoded neural network. Afterwards, we discuss the attainable degrees
of information compression compared to both a regular and a maximally optimized master
equation implementation with respect to the required dimension of the Fock state basis
in Sec. 10.4. As an example application, we specifically investigate the scaling of required
degrees of freedom in a one-atom laser model featuring a sparse Hilbert space in stationary
state. Using a Heisenberg projection method, the latter can be truncated for maximum
efficiency. In Sec. 10.5, the accuracy of the bit-encoded neural network is demonstrated
before confirming its scalability potential in Sec. 10.6. Lastly, we conclude our investigation
and summarize our findings in Sec. 10.7.

10.2 Neural encoding of Fock states

Artificial neural networks consist of binary neurons, i.e., each neuron is configured in
one of two possible settings +1 or —1. In case of the restricted Boltzmann machine
architecture, this allows for a straightforward mapping of spin-1/2 systems, enabling a
natural representation of the corresponding system density matrix [47, 51, 56-59, 72, 78,
79, 107, 115, 322]. When considering a system of N spins o,,7, = {—1,1}, the 22V
elements of the density matrix (o1,...,0n]|p|m,...,nn) are stated in terms of a model
distribution called neural density operator, which is trained to estimate the stationary
state by iterative variation of a set of neural network parameters (see Ch. 5). In order to
unleash the full potential of the restricted Boltzmann machine architecture as a universal
tool for the description of Markovian open quantum systems, in the following we develop a
supremely efficient and highly scalable mapping of Fock number states via a bit encoding
scheme [44, 45]:

Specifically, we derive a neural network representation of a quantum system comprising
N spin-1/2 systems and a single bosonic mode, corresponding to density matrix elements
(o1, .. ,JN;ng]pml, .. .,nN;ng) where o,,,n, = {—1,1} are the left and right spin con-
figurations and ng,ng € Ng denote the left and right Fock state occupation. The boson
number populations ng, nj are each encoded in Ng bits (67, .. . ,B%,) and By, ,5?\75)
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Figure 10.1: Restricted Boltzmann machine constituting the neural density operator, with a visi-
ble neuron layer comprising N spin-1/2 systems (orange) and the bit-encoded boson
number occupation via Ng neurons (blue). In addition, it features two hidden layers
(green) and an ancillary mixing layer (red). A set of variational training parameters
¥ = (a,b,c, W,U) represents the neural network degrees of freedom.

via the decomposition rule

Ng
ng =Y 271451, (10.1)
i=1
facilitating the representation of ng = {0,1,...,2"% — 1} indistinguishable bosons on each

side of the density matrix. This bit representation allows for a direct mapping of the Fock
state basis onto the visible neuron layer of the restricted Boltzmann machine, analogous
to the assignment of spin-1/2 systems and without further modifications to the underlying
neural network structure. Here, the maximum representable boson occupation number is
determined by the number of bits. When employing, e.g., a total of Ng = 4 artificial
neurons as bits, 2% possible Fock state configurations can be depicted by the resulting
network, with the bit-encoded Fock state number given by

ng = 20631,1 + 21552,1 + 225/3371 + 235,3471' (10.2)

Fig. 10.1 depicts the unfolding bit-encoded restricted Boltzmann machine, consisting of a
visible layer of 2(N + Np) sites o = (o1,...,0n, B7,..., B%,) and n = (1, . .. SN BT
BX,IB) storing the configuration of the left and right side of the density matrix and split up
into IV neurons each representing a spin-1/2 system (orange) and Ng neurons employed as
bits to encode the boson number occupation (blue). Moreover, the network includes two
auxiliary hidden layers, each featuring M neurons h? and h', respectively (green shapes),
and an ancillary mixing layer of K sites h* linking the left and right side of the density
matrix (red shapes). The hidden and ancillary neural network layers are once more traced
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out (see Ch. 5), resulting in neural density operator elements [57-59, 72, 78]

M K N N+Nj
po(o,m) =[] T 8exp [Z(amiJrafm)Jr > (aiﬂf—N+af f_N”

m=1k=1 i=1 i=N-+1

N N+NB N N+Nﬁ
x cosh (bm +> Wi+ > W3 N) cosh (b;“n > Wemi+ Y WiiBL N)

i=1 1=N+1 =1 i=N+1
N N+Nﬁ
x cosh |cp + Cz + Z (Ukidi + U];kim) + Z (Uklﬂf_N + Ul:i/@;lN) ] , (10.3)
i=1 i=N+1

with 9 = (a, b, c, W, U) denoting the set of complex training parameters which constitute
the neural network degrees of freedom. They are split up into real and imaginary parts,
resulting in a total of 2(N + Ng) +2M + K +2M (N + Ng) + 2K (N + Ng) elements, and
consist of biases a for visible neurons, b for hidden sites and ¢ for the mixing layer, and of
complex weights W and U linking the visible sites (o, 1) to the hidden neurons h?, h"
and the ancillary mixing layer h¥*, respectively [see Fig. 10.1].

10.3 Training procedure

In common master equation implementations of bosonic and hybrid quantum systems, the
exponential growth of the Hilbert space dimension for rising system sizes renders an exact
mapping of the density matrix increasingly expensive in the limit of large boson numbers.
As discussed in previous Chapters, the neural network ansatz for open quantum systems
solves this problem by estimating the density matrix p by the neural density operator pyg
[Eq. (10.3)] via iterative training of variational parameters 1. For the following imple-
mentation, we employ the standard Metropolis algorithm for the sampling of Ny elements

of configuration space, where a new sample (o,n) = (01,...,0n,5],... ,ﬁj‘\,ﬂ; M,y -5 1N,
By, ﬁX,B) is proposed based on the current system configuration and either accepted or

rejected at a certain acceptance probability (see Ch. 5) [104].

When considering a setup comprising a number of spin-1/2 quantum systems interacting
with a bosonic mode, the amount of nonzero density matrix elements is severely restricted
by the properties of the spin-boson interaction. As a result, in these scenarios the unfolding
steady state density matrix is often times highly sparse. Since we are only interested
in the stationary system state, we make use of this condition to improve the efficiency
and accuracy of the Hilbert space sampling by only drawing system configurations from
the subspace of nonzero stationary state density matrix elements. Hence, during the
proposition of a new sample configuration we employ a random selection rule where the
left and right setting of each spin o1,...,0n,71,...,nn is flipped at a probability of
50% each. Based on the new spin configuration, a new random and bit-encoded Fock
number configuration 57, ... ,ﬁj‘vﬁ,ﬁ?, e ,Bxfﬁ is drawn, only allowing for combinations
corresponding to nonzero elements of the stationary density matrix. To determine whether
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to accept or reject a newly proposed sample configuration, we employ the linear acceptance
function

ﬁﬁ(an-i-la 77n+1)

ﬁﬂ(o'nv nn)

where (o, 1) denotes the current and (6,41, Mn+1) the proposed Hilbert space sample.
Again, we employ the stochastic reconfiguration approach [117-119] to estimate the oc-
currence probability of a given sample configuration (o,,n,) with n = {1,..., Ng} and
system observables as statistical expectation values over the N, sample configurations
drawn during each training iteration. As a result, the normalized occurrence probability
is given by (see Ch. 5)

A(n+1,n) =min |1,

: (10.4)

’P0(0n777n)|2
22[21 ’pﬁ(ana nn) ’2

and diagonal observables are calculated as statistical averages (X (o, 0)) = ((X(0,0)))q [57-
59, 117-119] with

Po(0n, M) = (10.5)

& po(&, on)
(X(0,0))q= Go(0n)Y X(oy, &) >0 (10.6)
n=1 ¢ pﬂ(o'nvo'n)

Since only diagonal observables are figures of merit in the here considered scenario, the
normalized occurrence probability of diagonal system configurations

po(On, o)
27]:[;1 pﬁ(am o'n)

Go(on) = (10.7)
is used to improve numerical efficiency: During each training iteration, N diagonal system
configurations (o, 0,) are sampled for the calculation of diagonal observables and Ny
general samples (o7,,7,) are drawn to determine py(o,n) for the optimization of the
neural network.

The training objective is to estimate the stationary state of the considered system, given
by the condition p = Lp = 0, with £ denoting the Liouvillian superoperator [1, 268|. For
the optimization of the variational parameter set 9 towards this condition, we define a cost
function C'(9) = ||Lpgl|3 (see Ch. 5) [57, 59]. The variational parameters are initialized at

small nonzero random values, 19?0) € [-0.01,0.01]\{0} and updated during each iteration
t — t 4+ 1 using the standard stochastic gradient descent approach,

9 = 9 vy, cW), (10.8)

at learning rate v [46]. The gradient of the corresponding cost function is again determined
s (see Ch. 5) [57, 72]

Vy,C(9)

Ns Ns

~ ~ PI\Om;, NIm

= 2Re{ Zpg(an,nn)ET(an,nn) Z E(o’n,nn,am,nm)(( )> O, (0m, Mm)
n=1 m=1 P9 On; Tn

N
[Z anﬂ?n Oﬁl On, Nn ‘|

Zpﬂ Una'rln (o'nann)‘é(o-mnn)‘| }7 (109)
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with the estimator of the Liouvillian

A Pﬂ(amﬂ?m)
Loy, )= E L(On, My Oy M) ——————, 10.10
( " n) . Mim o m) pﬂ(amnn) ( )

and logarithmic derivatives written as diagonal matrices with elements

8[ln pﬁ(an7 nn)]
oY, ’

[Oﬁl]mmn,mmn - Oﬁl(o-ﬁn nn) = (1011>
representing the neural density operator gradients with respect to all [ elements of ¥ and
for a specific sample configuration (o, ).

10.4 Neural network efficiency gain

The core advantage behind the application of the restricted Boltzmann machine approach
to open quantum systems is its high degree of information compression: The 2(N +
Ng) +2M + K + 2M (N + Ng) + 2K (N + Ng) variational training parameters stored
in ¥ represent the neural network degrees of freedom and only depend on the number
of visible neurons N + Ng constituting the spin-1/2 systems and the employed bits to
encode the Fock state basis. In a common master equation implementation of a system
featuring d degrees of freedom, d(d+ 1)/2 density matrix elements must be determined to
solve the system of differential equations p(t) = Lp(t) until the steady state is attained.
To compare the neural network information compression to these common density matrix
approaches with respect to the efficiency scaling of the Fock state basis dimension, we
investigate the paradigmatic open Jaynes-Cummings model, consisting of a single spin-1/2
system interacting with a bosonic cavity mode, constituting a one-atom laser system [24].
Under the rotating wave and dipole approximation, the respective system Hamiltonian
reads [324-327]

H/h=wyo o™ 4+ wec'e+ go (O‘+C + O'_CT) , (10.12)

where ¢f, ¢ are bosonic creation and annihilation operators and o denote Pauli spin op-
erators. wgy and w, refer to the spin and cavity mode frequencies and gy corresponds to
the coupling strength between system and cavity mode. Moreover, the system is incoher-
ently excited at a driving rate I' and subjected to incoherent decay of the bosonic mode
occupation at rate x in a Markovian Lindblad description. As a result, the time evolution
dynamics for the density operator is given by

p(O) = Lp(t) = =i [H/h,p(t)) + D |fi/2e| plt) + D |\T/20% | o), (1013)

with Lindblad dissipators [1, 268]
D {\/%c] plt) = [2ep(t)c! — {cle, p(1)}] (10.14a)
D { r/zﬁ] p(t) = g (20" p(t)o™ — {0~ 0" p(1)}] . (10.14b)
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Figure 10.2: Required degrees of freedom to achieve numerical convergence with respect to the
average stationary state boson occupation number, depicted on a logarithmic scale.
The restricted Boltzmann machine implementation (solid light blue line) is compared
to both a regular unoptimized master equation approach (solid dark blue line) and a
maximally optimized approach with a truncated configuration space only comprising
nonzero stationary state density matrix elements (dashed dark blue line). The inset
shows a zoom-in on a linear scale, where the neural network implementation becomes
supremely efficient.

resulting in incoherent driving and decay of system and cavity mode, respectively. In the
following calculations, we employ the parameters go = 0.2ps™!, I' = 0.4ps~!, wy = we
and various bosonic dissipation rates k. Moreover, we only consider the stationary state
attained at time ts, where the condition p(ts) = Lp(ts) = 0 is fulfilled within numerical
precision.

This model is chosen due to the high sparsity of the resulting stationary state density ma-
trix, allowing for the application of a Heisenberg projector method to achieve a profound
grade of optimization for the regular density matrix implementation: Using a Heisenberg
operator, we project the full configuration space onto the relevant subspace consisting of
only 2(d — 1) nonzero steady state density matrix elements [1, 331]. In the here con-
sidered system, this corresponds to 2(2n7ﬂ"“5‘ — 1) elements with ng** denoting the cho-
sen upper numerical limit for the boson number occupation. While this corresponds to
2ng” (Qngwx + 1)/2 degrees of freedom in the unoptimized master equation approach,
the complexity of the neural network implementation increases with the number of bits
Npg representing the Fock state basis. Here, the maximum boson number occupation is
determined by njg'** = 2NV — 1. We note that regardless of the specific implementation
and parameter choices, convergence with respect to the numerical boson limit given by
ng* or Ng must always be ensured.

Fig. 10.2 shows the required degrees of freedom to achieve numerical convergence with
respect to the average steady state boson number occupation (ns(t)), which is varied
via tuning of the bosonic dissipation rate x. The resulting numerical complexity is de-
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picted on a logarithmic scale. In case of the neural network implementation, convergence
is achieved for a sufficiently large number of bits Ng. At this point, statistical noise
can be reduced by increasing the number of sample configurations Ny, further improving
convergence. For the master equation approach, we assume numerical convergence once
an incremental expansion of the Fock state basis yields a relative deviation of less than
0.1% in (ng(ts)). Moreover, common dynamical Runge Kutta implementations typically
demand increasingly small time steps for increasing system sizes to obtain numerically
convergent results. In addition, the number of density matrix elements for the solution
of Eq. (10.13) scales polynomially with the system size, leading to a polynomial increase
of complexity for increasing stationary Fock state occupations (solid dark blue line in
Fig. 10.2). For a maximally optimized density matrix implementation, we exploit the
sparsity of the stationary state configuration space, reducing its dimension via application
of a Heisenberg projector method. As a result, the increase in complexity is reduced to
scale linearly with the bosonic degrees of freedom (dashed dark blue line in Fig. 10.2). In
the neural network approach, the required degrees of freedom scale only with the number
of visible neurons Ng + 1. In our experience, it has proven more successful to increase the
number of bosonic bits Ng rather than the hidden layer densities to achieve improvements
in convergence. In consequence, the solid light blue line in Fig. 10.2 depicts the neural
network degrees of freedom to attain numerical convergence at fixed hidden layer densities
M/(Ng + 1) = K/(Ng + 1) = 1, exhibiting a slow linear increase for rising stationary
boson occupation numbers.

As illustrated in Fig. 10.2, the bit-encoded restricted Boltzmann machine architecture fa-
cilitates a much more efficient information compression for open hybrid systems compared
to the common unoptimized master equation approach. The inset shows a zoom-in on
the scaling of degrees of freedom depicted on a linear scale. In the neural network im-
plementation, the bit encoding of Fock states leads to a stepwise increase in complexity
(solid light blue line in inset). Comparable efficiency is only achieved via the maximally
optimized density matrix approach, whose efficiency even surpasses the restricted Boltz-
mann machine implementation in the limit of low boson number occupations. Crucially,
the degree of information compression in the neural network approach becomes even more
effective above Fock state occupations of (ng(ts)) ~ 160 (see inset). Considering the al-
ready outstanding degree of Hilbert space compression in the maximally optimized master
equation implementation, the here achieved neural network efficiency is remarkable. In
the following Sections, we verify the accuracy of the bit-encoded restricted Boltzmann
machine and its scalability potential with respect to large boson number regime.

10.5 Accuracy

As an example application to confirm the accuracy of the presented neural encoding of
Fock states, we consider the stationary boson number statistics P, (t5) for the model system
prescribed by Eq. (10.13), where

Put) = ey - > PR ) (10.15)
| P
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Figure 10.3: Demonstration of the accuracy of the bit-encoded restricted Boltzmann machine im-
plementation of bosonic number states. (a) Mean stationary boson occupation number
(ng) (ts) calculated using the neural network (solid blue line), compared to a calcu-
lation using fewer samples per iteration (solid grey line) and to the common density
matrix benchmark (dashed line). (b) Stationary boson number statistics obtained
from the restricted Boltzmann machine approach (light blue bars) and compared to
benchmark calculations (dark blue bars).

denotes the probability of detecting n bosons in the system at time ¢, calculated up to the
highest included correlation degree n™%* [21, 332]. We employ a low cavity dissipation
rate £ = 0.04ps™! and choose Ng = 5 bits and hidden layer densities M/(Ng + 1) =
K/(Ng+ 1) =1 to achieve numerical convergence in accordance to Fig. 10.2. Moreover,
the presented results are obtained using Ny = 5000 sample configurations per iteration at
a learning rate v = 0.01. In addition, as a benchmark we employ a regular master equation
approach to calculate the stationary state using the same set of parameters, ng =14
and a time discretization At = 0.02 ps.

Fig. 10.3(a) depicts the estimated mean steady state of the boson number occupation
(ng) (ts) over the number of neural network training iterations (solid blue line) and com-
pared to the density matrix implementation benchmark (ng(t)) ~ 4.56 (dashed blue line),
showing excellent agreement after approximately 4000 iterations. The light statistical fluc-
tuations exhibited in the restricted Boltzmann machine solution can be further suppressed
by increasing the number of training samples Ny: The solid grey line in Fig. 10.3(a) shows
a comparison calculation using five times fewer samples, resulting in increased oscillations.
Fig. 10.3(b) shows the stationary Fock state number statistics P, () [Eq. (10.15)] obtained
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Figure 10.4: Demonstration of the scalability potential of the bit-encoded restricted Boltzmann
machine in the limit of large boson number occupations. The solid blue line shows
the average Fock state occupation number (ng(ts)) over network training iterations.
The inset depicts the spin up and spin down populations of the single spin system
over iterations (green and orange lines). Dashed blue lines correspond to benchmark
results.

in the neural network approach (light blue bars) and compared to a benchmark density
matrix implementation (dark blue bars). The two unfolding statistics are in overall very
close qualitative agreement, with both their highest boson number probability located at
ng = 4. However, we note that the statistics resulting from the neural network implemen-
tation is prone to error accumulation in the boson number regime ng > 10: In consequence
of the stochastic reconfiguration method applied to the raw restricted Boltzmann machine
output to calculate occurrence probabilities, the latter are afflicted by statistical deviations
by design. During the evaluation of Eq. (10.15), the occurring statistical error multiplies
for each increasing correlation order of ng, leading to error propagation displayed in the
form of oscillating statistics in the large occupation regime. This limits the neural network
accuracy for the estimation of Fock state occupation statistics to the low boson number
regime within reasonable computation times.

10.6 Scalability

To access the large Fock state occupation regime, we calculate the stationary state of
the considered model system [Eq. (10.13)] once more using a small cavity dissipation
rate £ = 0.001ps™!, yielding an average steady state occupation (ng(ts)) ~ 199. In
this regime, the information compression efficiency of the neural network implementation
has been demonstrated to be superior even to a maximally optimized master equation
implementation, as shown in Fig. 10.2. For the training of the network, Ng = 13 bits,
hidden layer densities M/(Ng+1) = K/(Ng+1) = 1 and N, = 5000 samples per iteration
are employed at a learning rate v = 0.003. Even though the mean Fock state occupation
number (ng(ts)) is valued well below the maximum boson number n** = 2NVs 1, applying
fewer bits Ng in the network leads to non-converging results, highlighting the necessity for
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sufficient degrees of freedom to allow for accurate outcomes [112]. However, the supremely
efficient scaling of the neural network degrees of freedom for increasing system sizes still
enables high-performing calculations in this regime.

In Fig. 10.4, we show results for the average boson number occupation (ng(ts)) over
training iterations (solid blue line), obtained using the restricted Boltzmann machine ar-
chitecture. Strikingly, after approximately 400 iterations it already approaches the density
matrix benchmark result at (ng(ts)) ~ 199 (dashed blue line). The inset depicts the aver-
age stationary state spin up and spin down populations of the single spin system (green
and orange lines), exhibiting very good agreement with the corresponding benchmark re-
sults (dashed blue lines). We conclude that while the required bosonic degrees of freedom
by far exceed the average stationary boson occupation taken in the considered parameter
setup, the amount of training iterations to achieve numerical convergence is drastically
decreased for increasing visible neurons. This behavior is explained by the reduced asym-
metry of the employed spin-boson interaction [Eq. (10.12)] in the regime of large Fock state
occupations n > 1 where \/n &~ /n + 1, since the restricted Boltzmann machine has been
shown to excel with regard to performance and convergence for the simulation of sym-
metric systems [72]. Moreover, the bit-encoded neural network has been demonstrated
to achieve better degrees of information compression than even a maximally optimized
density matrix implementation where a Heisenberg projector method has been used for
optimal truncation of the corresponding Hilbert space, underlining the efficiency and per-
formance of the bit-encoded restricted Boltzmann machine implementation of Fock states
in the high boson number regime.

10.7 Conclusion

We have developed a neural encoding of Fock number states for the restricted Boltzmann
machine architecture, expanding its capabilities from high-performing approximate map-
pings for open spin-1/2 systems to hybrid systems featuring bosonic degrees of freedom.
Using the presented method, we have further advanced the paradigm of a universally appli-
cable neural network architecture for the simulation of open quantum systems. Strikingly,
in the limit of large boson number occupations the restricted Boltzmann machine imple-
mentation requires severely fewer degrees of freedom than regular master equation based
approaches and even outperforms the information compression efficiency of a maximally
optimized realization, where the corresponding configuration space has been truncated to
the sparsest possible subspace via a Heisenberg projector method. We have confirmed the
accuracy of the bit-encoded neural network approach for Fock states by estimating the
steady state boson number statistics of a model system, yielding good qualitative agree-
ment with comparison benchmark results. Moreover, to underline the scalability potential
and performance of the presented method, we have calculated the average stationary Fock
state occupation in the high boson number regime, where the information compression
of the neural network has been shown to become supremely efficient. Once numerical
convergence is attained by variation of the number of network degrees of freedom, it can
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be further enhanced, e.g., by increasing the number of training samples or by application
of adaptive sampling strategies [72].



11 Conclusion and outlook

In summary, in this thesis we have derived and further advanced multiple state-of-the-art
theoretical open system methods and applied them to a wide variety of physical scenarios.
After introducing all of the employed techniques in the first part of this thesis, the second
part has focused on the emergence of dissipation-induced non-Markovian phenomena in
open quantum systems:

In Chapter 6, we have predicted arising memory-critical Majorana edge correlation dy-
namics in a topological superconductor, facilitated by non-Markovian fermion-phonon
interactions and leading to a recovery of topological properties. Aside from the considered
solid-state scenarios, the observed non-Markovian information backflow is expected to also
occur in realizations of ultracold quantum gases coupled to a superfluid reservoir where
excitations result in the emergence of phonon interactions, or in experimental setups with
intentionally induced system-reservoir interactions with a structured bosonic reservoir, as
long as non-Markovian correlations can arise. We have shown that a tailored reservoir
coupling can improve the stability of topological properties and even lead to their full
recovery, giving rise to new prospects for the utilization and control of memory-dependent
topological phenomena.

In Chapter 7, we have investigated the emergence of a non-equilibrium steady state in an
optically driven V-type quantum emitter, exhibiting complete population inversion due to
phonon-induced non-Markovian system-reservoir interactions. The observed mechanism
can be exploited to create unidirectional quantum transport of carriers or excitation in
an array of quantum dots, depending on the considered bidirectional interdot coupling.
The reported population inversion has been shown to be robust against a wide range of
perturbations and may be applied to enable carrier or excitation transport in quantum
optical devices or in the context of light harvesting processes in biological systems.

In Chapter 8, we have developed an MPS-based tensor network approach for a time-
discrete quantum memory in Liouville space. In combination with a tensor network im-
plementation of real-time path integrals for continuous structured reserovirs, we have
created a quasi-2D tensor network architecture to facilitate numerically exact calculations
of quantum systems simultaneously coupled to two non-Markovian environments, support-
ing both diagonal and off-diagonal system-reservoir interactions and maintaining crucial
system-reservoir and inter-reservoir entanglement information. As an example application,
we have demonstrated that dynamical correlation buildup and non-Markovian interactions
in between a structured phonon reservoir and time-discrete coherent photon feedback can
counteract destructive interference, resulting in dynamical population trapping. The here
established quasi-2D tensor network provides a numerically exact tool to gain access to the
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mostly unexplored field of multiple interacting non-Markovian environments. Its perfor-
mance may be further enhanced by tracing out the time-discrete memory bins after their
interaction with the system, giving access to improved time discretizations. Furthermore,
in future works the quasi-2D network may be advanced to a true 2D architecture using
projected entangled pair states with combined reservoir memory bins to enable simulations
with further improved numerical performance.

In the third part of this thesis, novel artificial neural network techniques for efficient
information compression in open quantum systems have been developed and investigated.
In Chapter 9, we have expanded the representational limits of established neural network
implementations by deriving adaptive sampling strategies, enabling accurate and highly
efficient calculations of large open quantum spin-1/2 systems with asymmetric properties.
These hybrid sampling techniques open up new perspectives for the optimization and
customization of the restricted Boltzmann machine architecture in a wide variety of open
quantum systems, while further improving accuracy and performance.

Lastly, in Chapter 10 we have derived a neural bit encoding scheme for Fock number states
in the restricted Boltzmann machine architecture to facilitate high performing calculations
of hybrid systems featuring bosonic degrees of freedom. Using the presented approach, we
have further advanced the paradigm of a universally applicable neural network architec-
ture for open quantum systems beyond pure spin-1/2 setups. We have demonstrated the
accuracy and scalability of the approach by estimating both the stationary state boson
number statistics of a model system and the average stationary Fock state occupation in
the large boson number regime. Crucially, in the high occupation limit the bit-encoded
neural network requires severely fewer degrees of freedom than common density matrix
based approaches and even surpasses the information compression efficiency of a maxi-
mally optimized master equation implementation, where the corresponding configuration
space has been truncated to the sparsest possible subspace via a Heisenberg projector
method.
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A Calculations: Path integral formalism

A.1 Trace over coherent states

The trace over the reservoir is defined in terms of thermal phonon states |ng),

trp{...} = HZ (nq| [ JInq),

q ng=0

which can be written in terms of unnormalized coherent states,

d%a d%a o
Ing) = / . 1 lag) (aglng) :/ 1 |ag) Zoe oal?/2 2 \/TTTq! <mq‘”q>~
mg=
Using this representation, Eq. (A.1) takes the form
trp{.. }—H Z (ng| 1[.. .1 [ng)
q ng=0
d%a d?p,
ST [0 [ TP ) 0l Tla) (ol
q ng=0
2
_ H / d?aq /d Ba 1511 ] lag) 122180l 24035
=(aq|Bq)

=1/ 2 el o)

(A.2)

(A.3)
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A.2 Evaluation of Gaussian integrals

Starting from the density matrix element representation of Eq. (4.30),

2 2

fnlpst) ) =T [ 00 [ [l 52y

i1, ﬂN =14, =1

X M’LNlN 1" MZlZOM/ / . MZ/]\,_lllj\,(l - gqo) <ZO‘ pS( ) ‘7'0>
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—igq dr' {aqoe—iwqr’+a;k1Ne—iwq(t—7—’)} ( _gq/ dT/ dr' e —twg(T—T7") (T)j(’T/)
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+igq
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dr' {ﬁ;oeiqu,—Faneiwq(t )] gq/ d’T/ dr' e iwg(T—7") ; (T)j/(T/)},
(A.4)

we have yet to trace out the reservoir explicitly by carrying out the remaining three
integrals. For an easier notation, we abbreviate the time-dependent integrals via

2 1= —igy / L e (1), (A.5a)

zgq/ dr’ ea™ j (7, (A.5b)
Y= —igq/0 dr’ e alt=7") (), (A.5¢)
Y =gy /Ot dr’ e"w‘?(t*T/)j'(T/), (A.5d)

and extract all phonon contributions from Eq. (4.30), defining

d’a d’a d2s
A [Soar [S00 [EP0 exp (a7, e — gl ~ log* = 1Banl?

+ agyag e+ B g et + agr + ok y+ Bh a4 any’}. (A.6)

qNn

In the following calculations, we make use of Gaussian integrals,

/ Az e H=0)? _ \/j (A7)
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A.2.1 First integration

For the first integration, we define ag, =: a + b and extract all ag,-dependent terms from
Eq. (A.6), yielding

B ::/da/db exp [gqoﬁqo (a —ib) — a* — b* + (a + ib) (:U + aZNe_i“qt) }
= / da exp { —d’+a <€qoﬂqo + x4+ a:‘me_i“’qt) }
/db exp [ —b? +ib (—éqoﬁqo +x+ ozZNe_i“’qt) ] (A.8)

Extending the exponential arguments by a zero addition of the form

_(@—al..]) = — (a2 _ %a[...] + i[...}Z _ i[...]Q) _ (a— %[. . .]>2+jl[. 2 (A9)

and making use of the Gaussian identity in Eq. (A.7), the integrals are evaluated as
B =mexp [fqoﬂqo (x + azNe—iwqt) }’ (A.10)
and Eq. (A.6) takes the form
d’a d?g
A= [ $%y / ) _ 215 12
[ S0 [ SR exp [ gyl ~ |6l

+ BZOQQN e + gtIOBQOO‘;Ne_Mqt + g0 Bgo® + OJZNQJ + ,3:;0-%/ + Oéqu/} . (A.11)

A.2.2 Second integration

The second integral is carried out in the same fashion. We define 84, =: a + ib and
introduce a new expression containing all S4,-dependent terms of Eq. (A.11),

C ::/da/db exp [ —a? — b + (a—ib) (w’ + ane""""t) + (a + ib) (fqoa: + fqanNe_iwqt> }
= / da exp [ —d’+a (:c’ + agy e’ + &g + 5q0a;Ne—iwqt) }
/db exp { — 0% +ib (—x/ — g€t + Egm + §q0a:;Ne_int) } . (A.12)

The arguments of the exponential functions are once more expanded by a zero addition
[Eq. (A.9)]. Afterwards, the Gaussian identity is used, yielding

C = Texp [gqo (xx' +aal e 4+ zag, e + \an|2) }, (A.13)
and the updated expression for Eq. (A.11) reads
d’a .
A= /7;”\’ exp [ — logy > + af y + agyy’

+&q0 (a:a:’ + 2/l et 4 rag, et 4 agy \2) } (A.14)

aNn
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A.2.3 Third integration

For the last remaining integral, we define aq, =: a + ib and perform the same operations
as before, resulting in

(yy’ + fqox?/ei‘”qt + fqoﬂﬂ/y’e_i”qt + fgox:n'> } (A.15)

As a next step, &g, = Ngq,/(1 + ng,) and the definitions of Eq. (A.5) are reinserted into
Eq. (A.15). Together with all phonon-independent terms, the resulting expression for the
density matrix elements reads

2 2
(inlps)lin) = D Y Miyiyoy oo MiigMy . My, g

15t —1=1 3,00 =1
! i ] ") . iwg(T—7") .
X exp (Z{ —93/0 dT/O dr’ [e7 a7 j(r)j(r') + a0 (7)1 ()]
q
t t ‘ )
—l—gg/ dT/ dr’ ewa(T=7 )j<7')j/(7'/)
0 0

t t y ! . . . . . .
— gy} [ dr [ dr' e () = ()] (i) — () }) (ol ps(O) i)~ (A.16)
The argument of the exponential function is referred to as the influence functional Sy, s

and can be further simplified for the case g = g, and two carrier states. Inserting
1=1[0(r —7")+ ©(7" — 7)], the last two terms can be rewritten,

/Oth/Oth' O -7)+06(" —1)][..] :/Oth/OTdT' [...]—l—/OTIdT/Oth' [...].
(A.17)

Substituting 7 with 7/ in the second term of Eq. (A.17), the influence functional can be
written as

) _ 2 t . T - efiwq(‘rff’) ()il eiwq(‘l'f‘l'/) uesyuey
Smf(t)zq:{ gq/od /0 dr' | J()i(r') + J'(m)i' ()]
+gg /Ot dT/OT ar [eiwq(T—T’)j(T)j/(T/)+€—iwq(7—7”)j(7_/)j/(7_)}
s} [ ar [ ar! a0 [ - )] [507) ~ /)
g} [ ar [ art = [ = ) (i) - 7)) } (A1)

Defining the reservoir autocorrelation function

Wr =) im (g + 1) cos g(r = )] — isin (= 7]}, (A9
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we arrive at the final expression for the influence functional,

Sng®) == [ ar [" 4 [1) = 7] In(r =756~ e = ), (A20)

and

2 2
(inlps®) lin) = D Y Miiyy oo MiigMyir o My

15 iN—1=1 8,10 =1

exp [Sins (1) {iol ps(0) [if) (A21)






B Calculations: Polaronic Kitaev chain

B.1 Polaron transformation

To derive the polaron-transformed Kitaev Hamiltonian, we start from Egs. (6.1) and (6.2),
yielding the total dissipative Kitaev Hamiltonian Hy = Hy + Hp,

N-1

N
Hy/h = Z [(—JCZTCZH + AclclH) + H.c.} — ,ch}Lcl
=1 =1

N
+ /d3k [wkr,trk + ngczrcl(r;rC +7rE)| - (B.1)

=1

As a first step, we define collective bosonic operators Rf = [ &3k (gr/ wk)r,z and apply the
unitary polaron transformation Hy, = UpHoU,, 1 to the dissipative Kitaev Hamiltonian via

transformation matrices U, = exp[ i, cchl(RT — R)]. To carry out the transformation,
the Baker-Campbell-Hausdorff formula is applied,

eXYe X = i %[X, Y], [X,Y],=[X,[X,Y],_1], [X,Y]o=Y. (B.2)

n=0""

We start with the transformation of the first term of the dissipative Kitaev Hamiltonian,

1 00 1 N N-1
ﬁUpH07(i)U;1 - Z ~ [Z c;rcl(RJr — R), Z {(—Jc;/clurl + ACZ’CZ’-H) + Hc”
=1 =1

n=0 """ n

(B.3)
Evaluating the first four steps of the Baker-Campbell-Hausdorff formula yields

1 B N-1
ﬁupHO,(i)upl == Z J (CZTCHI +C;+1Cl)
=1
1 S g L 2/t o L4 4
_§AZ<CZCH_1+CH_1Cl> 52 (R —R) +I2 (R —R) 4+ ...

N
Il
—_

AY (cfely — ena) [11!(—2)(113* _R) + S (—2)3(RI = R + .. } . (B4

153
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At this point, a recurrent pattern of fermionic operators can be identified and expanded
into a representation of hyperbolic functions, resulting in the form

1 N-1
ﬁupHO( )y e Z { —J (C;Cl_i_l + clTHcl) — A (ccherrl + cl+1cl) cosh {Q(R — RT)}
=1

+A (czrc;+1 - cl+1cl) sinh [2(R — RT)} } (B.5)

The transformation of the second contribution of Eq. (B.1) yields

1 N
ﬁupHO (i) Uy Z [Z ca(R — i Z Cl/Cl/‘| =—u Z cchl. (B.6)
! 1=1

n= I'=1

For the evaluation of the third term, the first two steps of the Baker-Campbell-Hausdorff
formula are carried out explicitly. The transformation is prescribed by

1 1 [
ﬁupHO (i) U 1= E [Z/d?’k C;Cl%(r’i —Tk),/d3k’ wk/r};,rk/] , (B.7)
=0 """ Li=1

n

leading to

N

1 _ 2 i
fupHo (333) U 1 /dgk/ wk/TkIT‘k/ ch Clgk’ 7“;2/ + Tk’) - iC;ClC}L/Cl/ .
h =1 2! =1 “%

(B.8)

From the result of the second step, i.e., the last term in Eq. (B.8), it follows that [.. ] >3 =
0. The transformation of the fourth term is prescribed by

1
ﬁupHO,(iv) lZ/dgk Clc — — Tk Z /dgk/ gk/cl,cl/ Tk’ + Tk/)
n= 0

I'=1
(B.9)
Carrying out the first step of the Baker-Campbell-Hausdorff formula results in
1
hupHO (i)W /d3 lgk/c}/cl/ (7‘,];, + Tk/) 22 g—kcl Clc;/q/} (B.10)
'=1 = 1

Again, from the last term in Eq. (B.10) it follows that [...] 5, = 0.

With this, we have transformed all terms of Eq. (B.1). Adding up all partial results finally
yields H, = H, s + Hpy, + Hp 1 with

N-1

N
Hpﬁ/h* —J (CZClJrl +HC) —MZCQLC[, (B.ll)
=1 =1
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Hy1/h=A Z { (cl Clyq t Cl+1cl> cosh [ (R— RT)}
+ (cchlTH - cl+1cl> sinh [2(R — RT)} }, (B.12)

and Hyp/h = [ d3k wkr,irk. Here we have neglected the arising polaron energy shift

term
2

2 N
Hys h:/d3k Ik de . B.13
hift / o 12::1 e ( )

B.2 Franck-Condon renormalization

The polaron Hamiltonian is renormalized such that

trp{[Hy., p(t)]} = 0 V. (B.14)

This is achieved via a Franck-Condon renormalization, where a zero term is added to the
Hamiltonian. For the polaronic Kitaev chain, Eq. (B.14) can be fulfilled by adding the
term

N—1
> A( (cf Cz+1 +cp101) (B) (B.15)
=1

to the interaction Hamiltonian H,; with a newly introduced Franck-Condon renormaliza-
tion factor

(B) = tr {exp [~2(R — R)| } = exp[-0(0)/2]. (B.16)

In return, Eq. (B.15) is subtracted from the free contribution of the polaron Hamiltonian.
Hence, the total Hamiltonian H,, remains unaltered by this transformation. The Franck-
Condon renormalized polaron Hamiltonians read

N-1

Hys/h =~ Z [A (CZTCITH + Cl+1Cl> (B)+J (Cz Ci+1 + Cz+1cl)} Zcz Cl, (B.17)
=1

and

N-1

Hyi/h =AY [ = (cefy + apaa) (cosh (2(R — RT)) — (B))
=1

+ (elelyy = aie) sinh (2(R - BY))]. (B.18)
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B.3 Polaron master equation

The polaron master equation is derived using standard second-order perturbation theory.
The von Neumann equation is formally solved by integration and reinserted into itself.
The Born approximation and the first Markov approximation are applied,

p(t — 1) ~ ps(t) @ pp(0) (B.19)

where indices S and B denote the system and environmental part of the full system
density matrix p(t), respectively. Tracing out the phononic degrees of freedom results in
the non-Markovian Redfield master equation

Sps(t) = =i [Hps,ps () = [ drien{(Hyn (Hoa(=7).ps() @ pslly. (B.20)

We define collective operators

Xq(t) = AN 1 (cl €t cl+1cl) Xp(t) = A Zl (cl Clyr — cl+1cl)
=1 =1
= exp {2 |[R(t) - R'()]} +eXp{ 2 [R(t) - RY(1)]},
Bmzm@MUJNM—m{[m>MM} (B.21)

and the Franck-Condon renormalized fermion-phonon interaction term of the polaron-
transformed Hamiltonian takes the form

Hoa(t) = 5 Xalt) [Balt) — (Ba)] + 3 Xi(1) Bo(r). (B.22)

Next, the integrand of Eq. (B.20) is evaluated. For a simpler notation we denote X, ;(—7) =
Xop Bap(—=7) = By, resulting in

[Hp,1; [Hp,1(=T), p]]
1 1 (Ba)

= |Hp, 5 [XaBa ) + 5 [Xy By, p] = 257 [ X p)
o 3 U, [X034 )]+ 3 [, (X4 o]] — 22 (11,1, [, )
§ XaBo, (XL o)) + 7 (0B, (X0l p]] — 22 X, (X0 )
b2 KB [X3B) o)) + § X0y, (X084 ) — 22 X, (X1 ]
=B 1, x) — 2 ) + P, ). B29)
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The most complicated terms of Eq. (B.23) are of the form [XB,[X'B’,p]]. Taking the
trace over the reservoir yields

trp( [XB, [X'B',p]] )

= trp (XBX’B’p — XBpX'B' — X'B'pXB + ,oX’B’XB)

= XX'ps (BB') — XpsX'(B'B) — X'ps X (BB') + ps X'X (B'B)

— (BB (XX’pS - X/st) +(B'B) (pSX'X - XpSX’)

— (BB') [X, X'ps] — (B'B) [X, psX], (B.24)

with (...) = trp{p(t)...}. The other contributions read

trp( [X, [X'B',p]] )
tep( [XB, [X',p]])

s ([, (X', 0] )

(B") ([X, X'ps] — [X,psX']),
(B) ([X, X'ps] — [X,psX'])

([X, X'ps] = [X, ps X']) . (B.25)

It can be shown that (B,B}) = (ByBj,) = 0. (B, is calculated as

= 2trp (PB {1 + % { /d3 7“ eMRT r;rge_iw“)r + })
{1 + 21, { /d?’k 1291 /wr] (1 +2nk)] })
2trp <PB {1 + = {/dg’k 129k fwr|* (1 + 2”1@)} + .. }>

~ 2ex { /dk;|2gk/wk| (an—i—l)} (By), (B.26)

and Eq. (B.23) takes the form

trp [Hp,h [ﬁ]’),l,ps(t) ® pB”

= 1 (BuBL) [Xa, Xips(0)] —  (BuBa) [Xa, ps(0)X2] +  (BuBY) [Xo, Xips (1)
— BB (X0, ps(0XE] —  (Ba)? ([Xa Xaps(0)] — [Xaops(X)) . (B2D)
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B.3.1 Reservoir correlations

The reservoir correlations (B, B p(—7)), (Bap(—7)Bgp) are calculated next. We re-
quire

[2(R - RY),2(R(-7) - R*(—T»}

22 . .
_ /d3k/d3k/ 9k 9K’ Tk . T';;,Tklew’“”— B r,];/efzwk/r}

WEWE!
=2 / A3k |29k /wi|? sin (wpT) =: 2i¢s(T), (B.28)

and make use of the simplified Baker-Campbell-Hausdorff formula eXeY = eX+Yl/2X.Y]

which is valid if [X,[X,Y]] = 0 and [Y,[Y,X]] = 0. We start with the correlation
(BaBa(—=T)),

(BuBu(—7)) = trp { 0B [62<R—R*> + 6—2(R—RT>} [ez[R(—r)—R*(—T)l + 6_2[3(_T)_m(_7)q }

_ trB{ pi [ 2R HR(-T) =R (-] | o= 2(RR) =2R(=r)=R! (=7
4 R 2AR(=T)=RN (7)) | = 2(R=R) 2IR(=r) =R} ()] }

_ trB{pB [62[RT+RT(_7)1_2[R+R(_7)}61/2[2(R—RT),2(R(—T)—R*(—T))]

4 o 2R+ RE (=) 42[R+ R(=7)] 1/2[2(R— RN 2(R(—7)— R (~7))]

+ Q2[R =R (=7)]-2[R—R(~7)] ,1/2[2(R—R") 2(R(~7)—RT (=7))] (~1)

4 2R =R 2R R 122 R 2R ()= )] )] } (B.29)

. 1
with /2202 =RIC] — giéx(7). Using the identity cosh () = (e + ¢7) =

2t

1 + — + o + ..., Eq. (B.29) is rewritten as

(BgBo(—T)) = 2trppp

(1 + 21' {2[Rt+ RN (-7)| - 2[R+ R(—T)]}2

| —

+ {2 [RF + RI(- )]—2[R+R(—r)]}4+...)a’%(ﬂ

1+ o (2[R - Ri(-r)] 2[R~ R}

+ 5

/N B

=

+ - {2[R" = Rf(-7)] — 2[R - R(—r)]}4 +... ) ems(”] . (B.30)
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We define
[R+ R(—7)] = /d3k 097’;(1 £ T )y = /d3k Fo(k)r,
(R < Ri(-7)] = / B %(115@'%7)@ _. / &k Lk, (B.31)
and the first product in Eq. (B.30) takes the form

trp (pB {2|R"+ Ri(-7)| - 2[R+ R(—T)]}2>

— trp <p3 {2 [ @ [r1wrl - rom] }2>
=2 [ [ & twn {pn [~ £ 000 F (&)l — £ f3 (R ]}
_ —22/d3k 1F4 (k) 2(2n + 1), (B.32)
The next term is factorized using Wick’s theorem, yielding
trp <pB {2[R! + Ri(=7)] - 2[R+ R(—T)]}4>
~ 243/d3k:/d3k’ | ()21 (B2 (205 + 1) (200 + 1), (B.33)

Factorizing all terms in Eq. (B.30) in this fashion results in two exponential series, yield-
ing

(BuBu(=1)) =2exp |~ [ % 21 (k) F(2me + 1) + ()]
+2exp [—; /d3k 12f_(k)|*(2n, + 1) — mss(r)} , (B.34)

with [f(k)]> = |gk/wk|?[2 £ 2 cos (wpT)]. The phonon number ny is modeled as a Bose
distribution, resulting in (2n;+1) = coth [Awy /(2kpT)]. We define the phonon correlation
function

o(1) := /dgk ‘ig:‘z [coth (27]3;’}) cos (wgT) — isin(wkr)] , (B.35)

and arrive at the final form of the reservoir correlation
(BoBo(—7)) = 4exp [~¢(0)] cosh [¢(7)]. (B.36)

(BpBp(—7)) is calculated in the same fashion. The calculation of (B,(—7)B,) has already
been done up to a sign in ¢4(7). The resulting terms read

(Ba(=7)Ba) = 4exp [=¢(0)] cosh [¢*(7)] = (BaBa(-7))",
)

(ByBy(=7)) = —4exp[=¢(0)] sinh [¢(7)],
(By(—7)By) = —4exp [—¢(0)] sinh [¢*(7)] = (ByBy(—T))". (B.37)
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Finally, inserting the correlation functions into Eq. (B.27) yields

trp [Hyx, [Hpp ps(t) @ pi) | = {exp[~¢(0)] (cosh [¢(7)] — 1) [Xa, X;ps(2)]
— exp [—¢(0)] sinh [¢(7)] [Xp, Xpps(t)] + Hee.},  (B.38)

and the polaron master equation takes the form

Sps(t) = =i [Hys ps(0)] = O [“ar{(cosh ()] = 1) [Xa, Xa(-Tps(0)]

— sinh [¢(7)] [Xp, Xo(—=7)ps(t)] + H.c.}. (B.39)

B.4 Majorana edge correlation

To investigate the fate of topological properties in the polaronic Kitaev chain, the Majo-
rana edge correlation () (t) is calculated. In the case of an ideal Kitaev chain it is given
by [143, 144]

— i (vpvr) (1) = tr{p()(c1 + ] (e — en)}
=3 (o p() (e + ] (el — en) n)

{n}
- [_ 1y ] p)10, 1) 8y 10nx.0 — (0] p(E) 15+, 0) Gy 00ny 1

{n}

inN_ln

(nts -] p(1) |13 1) By 000 + (0] (1) [0, 0) By 10y 1|7 2= ™
=3[~ (g, 1,00 p(8) [0, s, . 1, 1)

{n}
—{(0,n9,...,nNn—_1,1] p(t) |1,n2,...,nn—_1,0)
+(0,n2,...,nn-1,0| p(t) |1, n2,...,nN—1,1)

. N-—1
+ (Lng, 1, 1] p(8) [0,ma, . iy, 0) [T 2= T, (B.40)

with n; = {0,1} and I = {1,...,N}. When assuming even parity conditions, i.e.,
Zl]\il n; = 2v, v € Ny, this yields

0) (1) =3 [(Lna, .m0, 00 p(#) 10,72, - 1, 1)
{n}

+(0,n2,...,nn-1,1] p(t)|1,ne,...,nNn_1,0)

+(0,n2,...,nn-1,0] p(t)|1,n9,...,nNn—-1,1)

+ (L ng, 1, 1] p(1) 0,7, a1, 0) ] (B.41)
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In the case of odd parity conditions, Zf\il n; =2v+ 1, v € Ng, the Jordan-Wigner phase

results in negative signs,

(0) (1) = =3 [ (L2, .1, 0] p(t) [0,ms, ..
{n}
+(0,n9,...,nn—1, 1] p(t) |1, n9, ...
+(0,n2,...,nn—1,0]| p(t) |1, n2,...
+(1,n9,...,nn-1,1] p(t) |0, na, ...

B.5 Equations of motion

The equations of motion are stated for the system density matrix elements

(mla"'7mN’pS‘n17"'7nN> (t) =

For a shorter notation we henceforth write pg(t)
from the first term of the polaron master equation read

<m|[ ps: P [1)

22#2 my — ny) (m| p(t) [n)
=1
N—-1

(m| ps n) (t).

s MIN—1, 1)

s MN—-1, 0>

s MIN—1, 1)

;nv-1,0) . (B.42)
(B.43)

= p(t). The equations of motion resulting

+iU Y [(@n = 1) (21 — 1) = 2 = 1) 2ruga — 1) | (m] p(t) )

=

N—-1
e O N my L mi 4 1 () 1) 000
=1
+ < <o, My — 17ml+1 - ]-7 . ’ p(t) ’n> 6ml716ml+171
- <m| p(t) | cn+ 17nl+1 + ]-) .- > 5nl705nl+170
_ <m’ p(t) ’ coong—1ng —1,.. > 5”1716711-4-171}
N-1
+id 30 [ Lmien = 1, p(t) [0 Sy 00mi 1
=1
+ < coomyp—=1,myp + 1, ’ ,O(t) ]n) 5ml715ml+170
— (m] p(t) ’ Lo+ 1,nl+1 — 1, .. > 5nl,05nl+1,1
— <m| p(t) | Lo,np— 1,7’Ll+1 +1,.. > 5“1,15”l+1,0} .

We define G4(7) := cosh [¢(7)] — 1, Gp(7) := —sinh [¢(7)], and

X(7) = Ga(7) [Xa, Xo(=T)ps

()] + Gy () [ X, Xp(—7)ps(t)] + H.c..

(B.44)

(B.45)
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The second term of the master equation then takes the form —exp[—¢(0)] fg drx (1),
with

(m| x(7) In)
=, [Gz(T) (m| XiXi(=7)p(t) In) — Gi(7) (m| Xi(=7)p(t) Xi [n)

i=a,b

+ G (7) (m| p(O) Xi(~7) X; [n) = G§(7) (m| Xip(t) Xa(~7) n) |

= 3 S [Gilr) (ml XiXa(=7) 1) (s] plt) In) — Gi(r) {am| Xs(=7)|s) (5] p(0) X; In)

i=a,b {s}
+ G () (m| p(t) |s) (s| Xi(=7)Xi |n) — Gi(7) (m| Xip(t) |s) (s| Xi(=T)[n) } (B.46)

Inserting the definitions of the system correlations X, ; yields

{m|x( AZZ{

{s} 1
[—Ga(7)<...,ml+1,ml+1+1,...|X( 7)15) Sy 00myr.0
Ga(r) (- oomu—1,mupn — 1, Xa(=7) [8) Gy 10m, 41
+Gb(7)< sy — Ly — 1o Xp(=7) [8) Oy, 10m,40 1
= Gy(r) (o L + 1| Xo(=7)15) Sy 00my 1.0]
+ (m| p(t) |s)
[ = Ga(m) (sl Xa(=) |-+ omu + 1mger + 1, ) G 08,0
— Go(T) (8| Xa(=7) [...omi = Linggr — 1,00) 0y 10y 1
+ Gy (7) (8] Xp(=7) |- --,nl+1,nl+1+17--->5m,05nl+1,o
— Gp(7) (8| Xp(=7) [ ymy = Lmgyr — 1, '>6nl,15nl+1,1]

+(slp(t) ...+ 1 +1,00) 0ny 00040 0
(Ga(r) (m| Xa(=7) [s) = Go(7) (m] Xp(—7) |s) ]
+ (sl p(t) |- - — L1 — 1,00 0y 160,41
(Ga(7) (m| X, < 7)[s) + Gy(r) {m]| Xp(=7) |s) |

+(..,m+1m+1,..p

|Gi(7) (8] Xa(=7) In) + Gi(7)
+(.,mp—1Lmy =1, p
(Ga(r) (sl Xa(=7) In) = G5 (7) (sl Xp(—7) In) | }. (B.47)

() [5) Omy.00mi1 0
(s Xp(=7) n) |
(
(

t)| > my, 15mz+171
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As described in Sec. 3.5, the time-dependent system correlations X, ,(—7) are expanded
via the time-evolution operator Uy(t,0) = exp (—iHp st/h), resulting in

(m| Xa(=7) ) = =AY [{s1,0-0,0,0, . sn pe(=7) 51, 1,1, )
U (s}

(st 1L s pe(=7) [ty -, 0,0, sw) (B.48)

(m| Xp(—7) |n) :+AZZ{(sl,...,O,O,...,sN\pc(—T) |s1,..., 1, 1,...,8N)
L {s}

—<51,...,1,1,...,sNypc(—T)|51,...,o,0,...,sN>], (B.49)

with p. the conditional density matrix.






C Calculations: Chain of V-type emitters

C.1 Parameters

Table C.1 shows the parameters employed for all numerical calculations in Ch. 7.

Parameter Single emitter Chain (single) Chain (all-to-all)

de —1.0meV —1.0meV —1.0meV
hQ 0.0658 meV 0.0658 meV 0.3291 meV
T 4K 4K 4K

hf — 0.0658 meV 0.0658 meV

Table C.1: Parameters employed for numerical calculations of the V-type emitter model, including
the single emitter case and the quantum dot chain with single Dexter- and Foérster-type
interdot couplings, as well as Dexter-type coupling between all excited states of adjacent
emitters.

C.2 Heisenberg picture: Equations of motion

The full set of Heisenberg equations of motion up to second order in phonon contributions
for a single V-type emitter read

d
dt
+ Q ((o1n) Om2 + (02n) Om1 — (Om2) On
+ Q ({01n) Om3 + (03n) Om1 — (Om3) On

(Omn) = i[ A2 ((030) s = (0m2) n2) + Az (030) s — (0m3) Grs)

<Um1> 5712)
<0m1> 5113)

+ /dsk gk( <<72n7”11> Oma2 + <U3n?" ) Om3 — <Um27“,t,) On2 — <0m37“,t,) On3

+ <0'2nrk> 6m2 + <O'3nrkz> 6m3 - <O'm2rk> 5712 - <O'm3rk> 5713)}7 (Cl)

165
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d
dt (Umnrk> [AZ ((UQnT]t) Om2 — (UmQr]];> 5712) + Aj (<U3nrl];> Om3z — <0m3T]];> 6n3)

+ 9 ({o1r]) Oz + (@anrL) St — (Gmarl) 1 — (Gmarh) On2)

+ 9 ((o1a7]) s + (O3n7L) St — (Omarh) ot — (@marh) 6u3)

+ wg, <amnr,t>

+ g (k) + 1) (020) Oz + (730) Im3) — gk (1hrk) (O} 6z + (o) Buz) |, (C:2)
d
3 (omark) = 8|82 ((0207k) Sz — (Omark) Suz) + A3 ((0307k) 63 — (Fmare) Su3)

+Q (<Ulnrk> 6m2 + <02nrk> 5m1 - <Jm2rk> 5n1 - <Um1rk> 6n2)
(<0-1nrk> m3 + <0-3n7"k> Om1 — <O-m3rk> On1 — <Umlrk> 6n3)

— Wk <Umnrk>

+ g1 () ((020) Gz + (030) Gm) = gk (ki) +1) ((Om2) 6nz + (0ms) Gns) | (C.3)

C.3 Polaron master equation: Derivation

Since the single V-type emitter is a special case of the chain of N emitters, we only derive
the polaron master equation for the elaborate case. In difference to the derivation of the
polaron master equation for the polaronic Kitaev chain (see Appendix B), here we assume
separate baths for each emitter.

C.3.1 Polaron transformation

As a first step, the open system Hamiltonian is transformed into a polaronic frame. We
apply the unitary polaron transformation H, = UyHU, I with

N-1
1
_ 37, l l T
U, = exp [; /d k on (gklam +gk1033) (rk Tk)] ) (C.4)
and define collective bosonic operators
Ri= [ dh S, (C.5)
Wk,
resulting in
N-1
U, = exp [ o, Rl)]. (C.6)
1=0 i=2,3

The transformation is performed via multiple applications of the Baker-Campbell-Hausdorff
formula

_ =1
et =3 XY, (C.7)
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with [X, Y], = [X,[X,Y]n-1], [X,Y]o =Y. We start with the free electronic contribu-
tion

He o = hAgohy + hAz0ls. (C.8)
The transformation reads
1 o 1 [N-1 N-1 / )
FUpHa Uy = nzo - [g {oha(R] = R)) + oby (R - )}, l;) (o0 + A3aég>]
(C.9)

Since UpJéQUp_ L= ol,, Upcré;sUp_ 1 = oL, the shape of the Hamiltonian does not change.
Next, we transform the electron-light interaction Hamiltonian H; with

1 S ) R = e
ﬁUleUgl = Z [Z {UIZQ(R; — Rl) + Ué3(R2r — Rl)} s Z Q (O’iz + Ul21 + Ul13 + Uél>‘|

n!
n=0"" L1=0 I'=0 n

(C.10)

We calculate the first three terms of the sum and identify an exponential factorization of
the entire expression, resulting in

1

N-1
ﬁUleUp_1 = Z Z Q [(alli + i) cosh(R; —R) + () —at)) sinh(R}L - RZ)} . (C.11)

1=0 i=2,3
The homogeneous phonon contribution yields
1 N f L 9y 4
ﬁUpthvOUP_ = Z /d3]{jl Why T, Ty — Z gklaii(rkl —I—T‘kl) + Z w—lo'ii , (0.12)
1=0 i=2,3 i=2,3 ki
and the transformed electron-phonon interaction Hamiltonian is given by

1

N-1 2
_ g
U Hap U = Y ) / By lgklafi(r,tl +rg,) — QT;kl ggi] . (C.13)

1=0 i=2,3 Ky
Lastly, the transformation of the Dexter interdot coupling Hamiltonian yields
—2

UHpU, ' = 3 { [F(1)oks + *(t)oks] cosh |R],; — Riys — (R - Ri)]
1=

1
h

+ [F*(B)oky — F(t)oks| sinh [R],, — Rt — (R] = R))| }. - (C1)

We define H, = Hp, o+ Hp  and get the full polaron-transformed open system Hamiltonian
with

N-1

pro/h: Z ( Aldﬁz +/d3]€l (.dklr;il’l“kl) R (015)
i—2.3

=0
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and

N-1
H,1/h= Z Z Q [ Ulz—i—all)cosh(RT R) + (4 o'h)smh(RJr RZ)}
1=0 i=2,3

+ Z { { Joss + [ (t )053} cosh [RlJrl — Ri1 — (RZT - Rl)]

+ [ f*(t)aé;; — f(t)oks| sinh [R],, — Ripa — (Rl = R))| }, (C.16)

where we have introduced the polaron-shifted detuning

gQ
Al— A, — /d% i (C.17)
W,

C.3.2 Franck-Condon renormalization

To simplify the evaluation of the upcoming polaron master equation, we renormalize the
polaron interaction Hamiltonian such that

trp{[Hp,1, p(t)]} = 0. (C.18)
We define
Xﬂi = (Ullz' + 021) , XE},Z' = (051 - Jlli) ; (C.19a)
Xﬂf — ( iet/hgl 4 ¢ z5et/h0é3)7 Xﬂf — (6454/50%3 _ eiaet/hgé5) 7 (C.19D)
Bg[f] = exp {RZT — Rl}, BLZI] = exp {— (RZT — Rlﬂ, (C.19c¢)
and

Q= Qtr {B[l]} =0 <€RI—RZ>
J? — fotr{B[l+1]Bl]} fo (e Rl —Rij1— (RI—R1)>‘ (C.20)

The condition in Eq. (C.18) is fulfilled by subtracting Zf\ial >iz23 QlX[l +va 02 fo lX
from H, ; and in turn adding it to Hp,o. The Franck-Condon renormalized Hamlltomans
read

pro/h — Nz_:l Z (A o+ QX+ z) + fOlX+f [1 — (N-1)| T+ /dgk‘l wklr;rclrkl] ,
1=0 |i=2,3
(C.21)
and
Hy/h= Nf {Xﬂi [Q cosh (R,T - Rl) - Ql} —ix" sinh (R} - Rl>}
=0 i=2,3
. N-2 (XE],f {fo cosh {RLI — Rjy1 — (R;r — Rl)} - fol}

~

=0
—ifoX" sinh [R],, — Ry — (R] - R)]). (C.22)
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C.3.3 Polaron master equation

For the derivation of the polaron master equation we start from the Redfield equation,

G050 = —1 (Hpop5(0) = 3 [ drtrn{{Hy, (Hpa(—7),ps() @ pslly,  (C23)

and first evaluate the integrand [Hp, 1, [Hp,1(—7), p]]. We define new collective bath oper-
ators in the interaction picture,

BY (1) = exp [Ru(t) = Bj(1)| + exp {— [Ri(t) - B](1)] } (C.24a)
BU(t) = exp [Ru(t) — R (1)| — exp {~ [Ri(t) - B]()] }, (C.24b)
and
e = exp { [ R (1) - B, (0] - [Ru() - R[] }
+exp{— [Rina(t) = Bl (1) + [Ru(t) — B](1)] } (C.25)
Cl(t) = exp { [ R (1) = B, ()] - [Ru()) - R[] }
—exp{= [Rua(t) = RL 0] + [Ri) = RI(0)] } (C.25D)

b 2 x (1) BY Qo gl — G xl
Hy.1(8)/7 = {2X+7i(t)B+ (8) + i X (OB (1) — X ,(1)
=0 +=2,3
N=2rp [l 1 Jo 1] ] "
+ 2 [2X+,f(7f)0+ (t) +i5 X2 (CZ () — fO,XH(t)] : (C.26)

For a simpler notation, we denote X;(—7) = X/, B(—7) = B’, C(—7) = C’. The integrand
is evaluated as

Q

- |:Hp,l7 5

!
Xﬂ,p

&

X[HBL}’p

+ 12 l:XE}i/B[_l/y, /):| — Ql/

|

+ {Hp, ,fo [X[” ',

n/ /
il [ ] - oy [x
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N-1 2 2
Q / 14 Q nt n!
-y ( x g, [Xm L}jp}ﬂél [XE]JB[—”,{XK,LBKWH
1,I'=01,j=2,3
Qs [yl [y pey 2Tyl gl [ Q!
_EQ X | XL By —|—ZI X By, | X2, B2 p
_W[XULBM XU, H_Z-QQI X0 [x1 Bt H
I 2
Q5 u_pll )’ s [y Bl [ x0
*29 X B [XJF,L,]] Ql’{ X+l,p:|
_ _ nt
+ 20 [x1 Xﬂ}i,pD
- Qfo W A0 [0 Bl Sfo T4l Al 51 glt]
+Z Zl—él(N 1)] X fC 7X+,iB+ ,p:|+ 4 [X fC |:X + ,p:|
1,I'=01=2,3
o [ [ BT ] 12 0,00, x5,
Qf’ [X[” ct X“’L'B”’V,pH —i%fm xPy, XE:{-/B”’]/?/)”
fog, [x 0[50V Jos [+ AW [+
— EQl +fC' {XJM- ,p” —’LEQl/ {X_’fC'_ Xiiap }
_ nt
gt <2 (311
NS 2o X1 pl [x Lo [ gl [x01/clV
"‘”z: 22:3[ — o ,(N-1)] 1 +of PIL i [ X of P
7l:Oj:
nro gt Q
—%Ql [Xﬁ]j, x!, Cﬁ],p}—i- Lo x|\ x1 ct ,p”
Qo [l pl [0’ v Jog ]
A [, 50, [x0 o7, ]| - o [, [x) 0t ]
Q= / /
—*fol/ l] B[l] E]f ,,0” —lffol/ { H] [l] E,]f ,/J'H
/
+ 1 for +]], X[l,] ”)
n/ nl n/ n!
> ( el [ ot ] 28 [xt e, [t et ]
L=
! 2 ! !
—@f o |x e, ]—l—i{f xW el XE,]/CE]/,/)H
—%0 {Xﬂfcﬁ], XE'}f'CE']',p” fof x| xm e ,0”
fo [ 50’ Jo z el z
_*f or +fC ) 7f7p:|:| —Z?fOZ {X C- ”
— 1 1 /
+ foufor [X7, XL}f,p]D. (c.27)
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The most complicated terms in Eq. (C.27) are of the form [X;B,[X/C’,p]] for i,j =
{2,3, f}. Taking the trace over the bath yields
tra{[X; B, [X;C", p]]}
= trp{X;BX/C'p — X;BpX,C' — X/C'pX;B + pX,C'X,;B}
= X;X/ps (BC") — X;ps X} (C'B) — X|psX; (BC") + ps X, X; (C'B)
= (BC") <XjX{PS - Xst‘) +(C'B) (/OSX{XJ‘ - XjPSX{)
= (BC") [X;, X.ps] — (C'B) [X;, psX;] . (C.28)
Moreover, we have
trp{[X;B, [X/B',p
trB{[ [X1B£7
trB{[X Bja [
trp{[X}, [Xz/

(BB') [X;, Xips] — (B'B) [Xj, psX;] .
= (Bj) ([X;, Xips] — [Xj,psX(]) ,
(B)) (X5, Xips] — [Xj, psXi]),
= ([X;, Xips] — [X;,psXi]) - (C.29)

It can be shown that (BL”B[_”,> = (B[_”BL”'> = 0 VI,I'. Since (BB = (¢ (B=RN) we

have +
(B = 2 (eB=2ly (Bl = 0. (C-30)

In the same fashion, we obtain (C’_[i]C'[_ly> = <C’E] C_[i]/> =0 VI,l' and
() = 2 (=Rl =Ryl — o, (C31)

Lastly, this also yields <B££]CEV> = (B[_Z]CE]/) =0Vl,l" and (CEB[_Z]/> = <C’E]B£lry> =0Vl
Next, we calculate (BK],%

s pt 5 _ 5t
(BY) =t {PB [eRl‘Rl + e (it )]}
1 /- 2
_2trB{pB [1+2!(RZ—RZT) +]}
2
—2trB( {1—|— /d?’kl & 7“ e’wle—TLlefiwle) —i—})

W,
—9 LY e 2(9 1| = (BY C.32
exp | =5 1 gk /wrl*(2ng, +1)| = (BY) . (C.32)

/
<C£ﬁ ) is calculated analogously, resulting in

CE]/>=trB{PB[ (ioa=Fty) - ~ZT)+e_(Rl“_RZT“H(RFR’T)}}

—~

= 2tr {pB[l—l- (Rl—‘rl R}LJrl—Rl—i-Rzr)Qﬂ-...}}

= 2trp{ps [1+0+...]}:2: «clly. (C.33)
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However, [Rj1 — R}L 1 R, + ]:2;)]2 = 0, and therefore all terms depending on phonon
operators vanish in the expectation value. With this and Egs. (C.30) and (C.31) we have
also evaluated

2
<6(RZ_RZT)) = exp l—l/d3kl ‘& (2ng, + 1)1, (C.34)
2 Wk,
and (eFr1— Rly1)- (R’_RD) = 1. Moreover, it follows fo, = fo.
trg{[Hp.1, [Hp,1(—T), p]]} now takes the form
Z 3 { (B[l]BH> Xﬁ]yX[l’]’p] BBl [x1 Xﬂ/>
1L,I'=01,5=2,3
Q5 gl U4 1] G
-5 (B ><X+J’X+,i }— XiopsXii )
QQ nt nt nt
- ((B[_”B[”> x" x! S] —(B" gl [XE],j»stE}iD
Q5 gl UGk Pl 1/
—§Ql’<B ) X5 Xyips Xy g ps Xy
nt
+QlQl/<[XJ[£]j,X[” } X psxll] )}
= Qfo (AR [yl ) 1 ALy [ 5l )’
+ X S = dweyly o (OB (XU x| - BTl [ xU psx!Y] )
1,l'=01=2,3

- %foz <B££/y> ( XE],vaK/,]i/P ] XE},f’PSXK:}i/ )

-2 (G [, X1 ] - (B [, o))
oy qclty ([ ] - [0 p5x1])
e ([ ] - [ pxt1])

SR {Qfo (el

1,I'=035=2,3

1 l// l/
XL]J’XEL}J“'O} (' Bl

[l} '’
SR

— n/ n/
- @Qz (e ) ( XE]J,X% ps] - X[”j,stK}f )
Q ’ ’ ’ ’
f (B0 [ X ps| B [ psx) )
Q - 1 ! v ! Lk
= Fou (B ([0 XY s | = XU psx])
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- — n/ n/
+  for QXEJ’XE} Ps] - |:X<[|l»},J7pSX_[il_]f D }

+Z{ (0“0[”>[XKB«,X[” ]—<OL"]’0¥]>
Ll

n/
g ( x5 psx])

nt n! nt
J} (<Cu oy {X@ X, ps] (e [Xﬂf,st@fD

U '/
)

] (i’
X+ o XJr,f pS:|

_@fo (© >([ n yfp] Xilf’pSX[l]’>
+ forfor < XJ[r]f,XJ[f/]f/ Xﬁlf,st[l/] D } (C.35)
From QO = Q (e~ (Ri=FD) it follows
Bl = 2 (.30

Together with fo, = fo and <CJ[£]> = 2 this results in

trB{[ pIa[HpI(— ), pll}
Z 5 { (B[IJBH>
1,I'=01,j=2,3

o <<BmBH>{X[z1 X ]_<B[l’]’B[l]> {X[zy pSXWD
— — _7‘]7 —

X —[i],j’ stEL,]-

ll/
(2

i nt
x5 o] - BV BY)

4 g

— QlQl/ <[X£r]j,X[l]/ } - [XE]J?F’SXK’L/]) }

Qf / "/ Y

+ Z > 1 —dn- 1){ 2 (< l]B[l]> X_[|l_]f7X[l] ]—<BK]C££]> X-[i]fv X[ﬂ >

1,I'=01=2,3

Q n! nt n!
=20 (B [ X2 s | — 8 X psxY] )

— / /!

s ( X X, ] ng,psxﬁ}i])}

= Qfo ([ all A0 [l 1) AN W)’
+ > [0 =0 v-p)]q = ((BRCLT) | X5 Xy ps| — (CLVBY) | X4 ps X0

1,I'=035=2,3

Qfo<BmC { X1, ] "' by [X“],j,stTf/D

4
U N
X psx! )}

- fo (

[l] [l]
] -




174 C Calculations: Chain of V-type emitters

)

[0 [ x
Xep XipPsXyy

X s = (el
_<C[_z’1’0g1>[ X pex!V D

) } (C.37)

N—-2 2 ,
. {fo (<OM]'>

Bath correlations

In the upcoming calculations of the bath correlations, we require
{Rl - R;,Rl/(—r) - R},(—T)} = 2i/d3kl (gzl/w,%l) sin (wg, 7) =: 2i¢(7), (C.38)

and apply the simplified Baker-Campbell-Hausdorff formula eXe¥ = eX+Yel/215Y] which
is valid if [X,[X,Y]] = 0 and [Y,[Y, X]] = 0. The first reservoir correlation is evaluated
as

<BK]B£ZF/}(—T)> = tl"B{pB [E(RZ_RZT) + e_(Rl_RlT)] [ (Ry—Rj,) +e (Rl’_R;’)H

—trg { o5 [em; +RY))~(Bi+-Ry)) o 1/2[(Ri=R}).(Ry~R]))]

~(R[+R})+(Ri+Ry)) 1/2[(Ri=R),(Ru=R))] | (BRI =R})~(Ri=Ri)) 1/2[(Ri= R, (Ry~R))] (-1)

+e
4 o (RI=RD)+(Ri=Ry)) 1/2[(Ri=R]),(Ru—R l,)]H)]}, (C.39)
with 61/2[(R1_RD’(R”_RIT’)] = ¢¢s(7) leading to

(B BY (—r))
= 2terB({1 = [(RT + B - (Ri+ ”)}2 +% (Rl + &) - (B +Rl/)}4 + . fett

{145 (B - R;,) (R )]+ (BB (R )] o),

with
Ry Ru(— /d3k:l gklr i/dSk’ T Ty,

3 gk 3 gk/ — ;T
Rl + Rl (—7 / a3k, wkll rl, / Ak e iyl (C.41)

wl,
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Hence, we arrive at
. _ 12
tep{pp [(R] + R)) — (R + Ro)| "}
3 gk'l Zwk —iWg, T
d 2nkl 1) + g, €907 + (ng, + 1)k }

W

/d3 2 anu +1) +ng, e v’ 4 (nk, +1e Wiy }
Wi,

/ &k gkl {2+ 1) 2+ 2005 (o) (C.42)

In the last step we have assumed identical baths. Since all that remains are complex
numbers and the sums over k; and ky contain the same elements, they can be summarized
in a single sum. We factorize the next term using Wick’s theorem and arrive at

e (R + 1) ()]}

( /d3k gk’ { (2ng, + 1)[1 + cos (wk, )] — sin (wg,7) }

/d3kl ’;z' 2nkl, + 1)[1 + cos (wg,, 7)] + sin (wkl/T)}>
kl/

( /dg 12 {(2ng,, + 1)[1 + cos (wk,,7)] — sin (wg,,7)}

kz2

9 / .
/d?’km ks 2”’%2/ + 1)[1 + cos (wg,,, 7)] + sin (wku,T)} )

kl2’

g gk/
_3/d3 /dBk’ ’” . (2 ky + 1)[2 4 2 cos (wy, 7)] (21, + 1)[2 + 2 cos (wy,, 7)]

l

+ (2ng, +1)[2 4+ 2cos (wle)] sin (wg, 7) — (21, + 1)[2 4+ 2cos (wkl/T)] sin (wle)}.

(C.43)
In total, we get
BB (=) = 2exp | =5 [ @17 i+ 1) +i0u()]
+2exp {—; /d3k P @+ 1) — ¢¢S(T)] , (C.44)
with
72 = %8 12 4 2 cos ()] (C.45)

wkl
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Moreover, we have assumed the reservoir in a thermal equilibrium state, allowing for its

description in terms of a Bose distribution, ng, =1/ (eh’“"’“l/ kel _ 1), resulting in
hawy,
(2ng, + 1) = coth (2 kﬁ)‘ (C.46)

Inserting Egs. (C.45) and (C.46) into Eq. (C.44) and making use of the definition ¢4(7)
[Eq. (C.38)] yields the final expression for the bath correlation

. o 3 gk’z < hwkl >
(Bs ;B T)>—4exp[ /d b 25 coth ( 5%

k;
x cosh /dsk: —l [cos Wk, T )coth( Loy ) - isin(wkﬂ')} . (C.A47)
2kpT
We define the reservoir correlation function
3 gk, hwy, o
/d K { <2kBT> cos (W, T) zsm(wkﬂ')] , (C.48)

and finally arrive at
(BYBY) (7)) = dexp [~6(0)] cosh [6(7)]. (C.49)

<B[,”B[,l/](—7')) is calculated in the same fashion. The calculation of <B££/}(—T)B£§> has
already been done up to a sign in ¢s(7). The resulting terms read
(B (=7)BY) = 4exp[~9(0)] cosh [¢* ()] = (B BY) ()"
(BYBY) (7)) = —4.exp [~(0)] sinh [6(7)],
(BY(—r)BUYYy = —4exp [~ ¢(0)] sinh [¢*(r)] = (BYUBY (—r)) " (C.50)
We still have to calculate correlations including C. In the upcoming calculations, we
require
(Reor = By ) = (Bi— R]), (Re = Bly) - (B - R =0, (C.51)
and . .
(R — Bl ) — (Bi— ), (Re = B])] =0. (C.52)
Again we make use of the simplified Baker-Campbell-Hausdorff formula eXe¥ = X+ l/2[X.Y]

which is valid if [X, [X,Y]] = 0 and [Y, [Y, X]] = 0. The next reservoir correlation is eval-
uated as

<CJ[£] CE’] (—7)) = tFB{PB {6(31+1+Rz/+1)*(R;+1+R;/+1)+(RZT+Rj/)*(Rz+éz/)
4 o Frn1— Ry )= (Rl =R )+H(RI =) —(Fi—Ry)

—(Rip1—Ry )+ (Rl =Rl )= (R[=Rl)+(Ri—Ry)

+e

4o~ (Rt Ry )+ (B +RY )= (RZ+RL)+(R1+R1/>H (C.53)
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Once again the series expansion of the cosh function is used, resulting in
e { o[ (Bios + Rt ) — (Bl + By + (Bl + B - (Ri+2)])

/d3 gkl 2”1@ + 1) +nk: ezwkl + (nkl + 1)6_1'“”%7}

/dskﬁl kl/ anl, )+nkl,67iwkl,‘r+(nkl/ +1)eiwkl,7]

2
k
2 .
/d3 anl + 1) + g, R + (g, + 1)6_“‘)’“17—}
g , . .
+ / &K, ’g (201, + 1) + g7 4 (g, + 1) 7] = 0. (C.54)
4

Analogous to before, we find

[(RlJrl + Rl’—H) - (Rl+1 + Rl’+l) + (R;r + R}L,) — (Rl + Rl/)}Q =0, (C.55)

resulting in

(el =y = (=Y = ip{pp(2+2)} = 4. (C.56)
Applying the same treatment to (CE] CE/](—T» results in
(e (—r)) = (" (—rcty =, (C.57)

Due to the structure of the reservoir correlations, we once again find (CLC_) = (C_C4) =
0.

We still have to calculate the mixed bath contributions (CB) and (BC):

(B (=)

— trB{PB |:6(Rl+1_R;+1)+(R;+R;/)_(Rl+él’) + e(R,H—RLJ-ﬁ-(RI—RZ,)—(R,—Rl,)

+ 6_(Rl+1 Rl+1) (RI_RZ/)‘F(RZ_RZ’) + e_(Rl—H Rl+1) (R +R )+(Rl+él’):| } (058)
Using the series expansion of the cosh function yields

sl (R = ) (8] 1) () )

/d3kl+1 kl+1 { 'kal+l7’+(nkl+l +1)67iwkl+17—}

/ﬂ+1

gkzl/

/d?’k‘l T Zwle + (nkl + 1 flwkl /d?’kl anl, + 1)

kl/

/ d% 2% +1). (C.59)
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In a completely analogous calculation, we obtain

trp {ﬁB [(RHl - R;r+1) + (RlT - R;r/) - (Rl - Rl’ } /d3 2nkl +1). (C.60)
Following the same steps as before, this results in
1] plt’ 4 1 1
@B (=) = (B (-el) = tep |- 3000)|. (C.61)

The other mixed reservoir contribution is evaluated as

l/
) —rBl
— trp { pB[ (R oy =R R +BD =Ryt Bo) (R =] )+(R) = R]) = (Ry —Ra)
4 o~ R =Rl =Rl =RD+(Ry—R) | ~(Ryaa =R}, )= (RL+RI>+(R1/+RZ>H (C.62)

Again, we employ the series expansion of the cosh function, resulting in

trp {ﬁB [(Rl’—&-l — R}L,_H) + (R}L, + R;) — (Rl/ + Rl } /d3kl anl + 1)

(C.63)
and
tei { i [(Ros = Bl ) + (B = R) = (Ro - )"} == [ 22 2% +1).
(C.64)
Following the same steps as before, this leads to
4 ! 0 Al 1
=By = (B (-n) = 4exp | —50(0)]. (€.65)
The remaining contributions are given by
(Bl (=) = (B (=) =0,
" —n B = (BYc"(—r)) =0, (C.66)

and all mixed contributions of the form (B;C_), (B_C.) are once again zero.
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Resulting master equation

Making use of Q = Qexp(—¢(0)/2), fo = fo, and inserting the correlation functions into
Eq. (B.27) yields the final result

trp{[Hp.1, [Hp1(—7), pl]}

N-1 nt n!
=> X QQe-¢<°>{<cosh[¢<r>1—1> X, X o] tcostlor(n)] - 1) | XU, px!
1,I'=014,j=2,3

]/

+ sinh[$(7)] [X“{j, x" ps} — sinh[¢*(7)] {X[”,j, psx“ﬂ-'} }

N-1 /! nt
+> > P'_&(N—U}{Qﬁﬁ;¢wv2<{xﬂijﬁip4‘_-XEJJwXﬁi >
1,I/=0i=2,3

nt
a0 [ 58 x]  [2)

N—-1 "/ !
Y Y [1 B 51,7(N_1)] {Q Foe—(0)/2 ({Xﬂj, x", pg} — Xﬂj,psxﬁﬂ)

1,I'=0;=2,3

nt n
— Qfpe 02 <[Xﬂj, xV ps] - {Xﬂj, ps X!V

N-2 nt n!
o 3 L ([t o] - [ ))

11'=0

2 ] (i’ ] '’
_f(] <[X+7f’X+7f pS:| - X+’f7pSX+7f:|> }
—1

N nt!
=3 3 92e—¢<°>{ (coshlg(r)] — 1) | X, x1F) ps]
1,I'=01,j=2,3
n'
~ (cosh[g"(7)] = 1) | XL, ps X
+ sinh[g(r)] [X“{j,x“l-’ps} — sinh[¢*(7)] [X“{j,psx“l’} } (C.67)
and the master equation takes the form
d i 02 =
&Ps(t) =77 [Hpo,ps(t)] — W Z Z
LI'=01,j=2,3

t nt nt
X / dr {G+(T) [XJ[?J,XE’]Z- ,05} +G_(7) {X[l]’j,X[l’]i pg] + H.c.}, (C.68)
0
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with
G4 (1) = cosh [¢(7)] — 1,
G_(7) = sinh[¢(7)],
921 hwk?l ..
o(r) = /d3k 2 [coth (2k3T> cos(wg, T) — ZSIH(%T)] ,
and

I
where 0., = O(m31)(n+31)-

C.4 Polaron master equation: Equations of motion

C.4.1 Single V-type emitter

The polaron master equation for a single V-type emitter reads

i) = = (Hy0, ps(0)]

e i 3G (7) X Xoa—hps(0)] + Hoe,

4,j=2,3

dt

with

(1) = lo1i(7) + o (7)]
X_i(r) =ilon(r) — ou(7)],
Q= Qexp [-¢(0)/2].

We calculate the equations of motion for all density matrix elements p,, =

(C.69a)
(C.69b)

(C.69c¢)

(C.70a)
(C.70b)

(C.71)

(C.72a)
(C.72Db)
(C.72¢)

(m| ps |n).

For a shorter notation, we denote (m|X;;(—7)[n) =: X[}"(—7). The resulting equations

of motion read

d _

&pmn = Z [ZAi (sz5m - pméml) + Z'Q(pml(sm' + pmi5n1 - Pin5m1 - Plnémi)}

1=2,3

/dT m|x T) |n),
4,j=2,3

(C.73)
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where
(ml ' ( i(pqn{[ XY (=) =G ()X (=) Gy
[G”() (- T)+¢G?<T)Xi%j(—7)} Omi §
+ pmg{ |G ()X (=) —iG7 (1) X2 (=) b
+ |G (DXL (=7) +iGT (1) X (=7)] 6 |
G +J< ™) +iGY (1) X" 7) 6
—7) —iGY () X"4(=7) |61
G (7 an( ™) = G (N X (=)

+ Pql

+ p1q

-
+poi| — G
-
-G

+ pig| = G (D) XD (=7) +iGT(1) X (=7) |6 ). (C.74)

C.4.2 Chain of V-type emitters

The equations of motion resulting from Eq. (C.68) are given by

pmn = Z > { {Pm i+31) On, (i+31) — P(i+31)n0m, (i+31)
—0 i=2.3

+ i€ [pm(1+3Z)5n (i431) T Pm(i+30)On,(1431) — P(i+30)nOm,(1+31) — p(1+3l)n6m,(i+3l)}

N—2
/ dr (m| x}’( \TL)} iy {f (t) [pm(5+3l)5n,(3+3l) - p(3+3l)n6m,(5+3l)}
=0
+ f*(1) {pm(3+3l)5n,(5+3l) - p(5+3l)n6m,(3+3l)} }> (C.75)
where
N—-1 3
(m] X[ Z Z (Pqn
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x { [Gm) (i+3l L( ™) la+381) = iG_(7) (i + 31 X" (=) |g + 31)] O 131

+ G (r) (1431 X (=) g + 31) +iG(7) (14 31 X_}].(—T) 0+ 3] O i)

+ pma{ [G2H(7) a + 31 XU (=7) (14 30) —iG2(7) (g + 31 XL (=) 11+ 30)] 8, i
+ [GL(r) (a+ 81 XU (=) i+ 30 +iG= (7) (a + 31 XU (=) [i + 3D)] 6 1430 |

+ par[ = G(7) (ml X (=7) g+ 31) +iG—(7) (m| X" (=) g + 31) | 000

+ pgi | = G (7) (m| XL (=) g + 31) — G (7) (m| X (=) g + 81) |80 1m0
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+ p1q| = GL() {a + 31 X (=7) In) =G (7) (g + 31 XU (=7) [n) |G 10
+ pia| = GL(0) (a+ 31 X LS (=) In) +4G2(7) (a + 31 XL (=) ) 6 100 ) - (C-76)

For the solution of the resulting integro-differential equation, we employ the time-evolution
operator Up(t,0) = exp(—iH,ot/h) to calculate the time-dependent system correlations,

yielding
o 3N
(ml XUL(=7) [n) = 3 [(al pe(=7) i +3) 8 1430 + {al pe(=7) [1+31) 8, i)
qg=1
= (1+ 3| pe(—=7) i + 3U') + (i + 3U'| pe(—7) |1 + 31') (C.77)
and

3N
(m| XU (=7) In) =03 [(al pel =) [i + 81) 8y 00 = (gl pe(—=7) [1+ 81 8y i)
q=1

= i(((143U] pe(—=7) i +81) = (i + 81| pe(—7) |1+ 3I') ), (C.78)

with p. the conditional density matrix.
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