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Abstract

The interaction of time-dependent electromagnetic fields with electrons in quantum
materials can give rise to many both fundamentally interesting as well as technologi-
cally relevant phenomena like transient band structure manipulations or the emergence
of prethermal states of matter, which are not a result of heating. This thesis con-
tributes theoretical insights to both these topics: We model the interference of Floquet
and Volkov side bands, which are a result of the dressing of electron states by light,
in a time-resolved angle-resolved photoemission spectroscopy (ARPES) experiment.
Furthermore, we analyze the emergence of a band-like feature in the non-equilibrium
spectral function of a one-dimensional charge-density wave insulator upon periodic driv-
ing. Secondly, we use the fermionic truncated Wigner approximation (fTWA), a phase
space method for the time evolution of interacting fermions, to study the light-induced
order parameter dynamics in SU(/N)-symmetric fermionic lattice models. By compar-
ison with exact analytical results for an interaction quench in the Hubbard model,
we find that dephasing-induced prethermalization is correctly described by fTWA. We
discuss photoinduced prethermal transitions between competing phases of matter in
the large- N Hubbard-Heisenberg model and find a pronounced frequency-dependence
of the transition. This work contributes to a better understanding of photoinduced
order parameter dynamics from a microscopic perspective.
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Chapter 1

Introduction

Since the advent of quantum physics and quantum mechanics — almost 100 years ago
[6]) — scientists have been fascinated with this powerful yet very counterintuitive the-
ory, which so accurately describes the behavior of elementary particles at the nanoscale.
Nowadays, the theory of “hard”! condensed matter is a major field of application of
quantum physics. Many properties of materials, e.g. their electrical conductivity, can
only consistently be explained within a quantum mechanical description [7]. Remark-
able successes of the theory of condensed matter include the BCS theory of supercon-
ductivity [8] as well as the establishment of Fermi liquid theory [J] as a theoretical
paradigm that allows to describe the properties of various, even strongly, interacting
materials. A source of many interesting and technologically relevant physical phe-

nomena like high-temperature superconductivity [10, 11] or the colossal magnetore-
sistance [10] are strong electronic correlations [12, 13], which are typically realized in
materials with partially filled f and d electron shells [11]. Many transition metals like

manganese fall in this category. A strong focus in condensed matter theory tradition-
ally lies on the exploration and modeling of equilibrium properties of such strongly
correlated materials. However, many of their characteristic effects, e.g., the formation
of interaction-induced Mott insulators [15], cannot be explained within a simple band
picture of electronic states, which successfully describes the electrical resistivity for
many materials [7]. This led to the design and the analysis of strongly interacting
lattice models like the Hubbard or the ¢-J model. The Hubbard lattice model [16,

, 18] is often considered as the “drosophila” of strong correlation research [19]. Tts
Hamiltonian reads

Hya, = —tn Y (i + Hel) + U sty (1.1)

where cg) denote electronic annihilation and creation operators on sites ¢ of a lattice
and (i,j) denotes nearest neighbors. Remarkably, exact analytical solutions exist for
the one-[20] and the infinite-dimensional [21] model. One great success is the obser-
vation of an interaction-induced Mott insulator phase in the Hubbard model at large
interaction strength U [22, 23]. Nowadays, the phase diagram of the square lattice
model is at the forefront of theoretical research [21]. Many major theoretical insights

lie. glued together by quantum effects, in contrast to “soft” matter for which thermal fluctuations
dominate



Introduction

on phase transitions in materials were due to the renormalization group machinery,
pioneered by Kadanoff and Wilson [25]. Its modern children like the density matrix
renormalization group [26, 27] and the functional renormalization group [28] are partic-
ularly well suited to analyze strongly correlated systems. Another important step was
the development of dynamical mean-field theory [14]. Of particular interest in current
research are layered two-dimensional strongly correlated materials like the transition
metal dichalcogenides [29]. It turned out that stacking monolayer materials onto each
other, possibly twisted by a “magic angle”, can give rise to superconducting states [30]
or novel quantum Hall phases [31]. The exploration of stacked 2D materials is only at
its beginning.

Next to many remaining open questions in equilibrium physics, quantum systems
out-of-equilibrium have emerged as a very active field of research [32, 33, 34] that
offers a lot of open fundamental questions as well as many perspectives for technolog-
ical applications. One important driving force behind this interest in non-equilibrium
physics are the better and better possibilities to realize quantum mechanical model
systems with ultracold gas experiments [35]. Atoms or ions can be trapped in lattices
created by laser light and serve as quantum simulators [36, 37] that allow to prepare
quantum states and monitor their dynamics in real time. Likewise, time-resolved ex-
perimental techniques in solid state physics [33] have advanced and enable researchers
to observe the dynamics of excited electrons in solids on the femtosecond scale. The
interaction of quantum matter with light is one of the most active and most inno-
vative research directions in contemporary condensed matter physics [34, 39, 40, 11].
While correlated quantum materials in equilibrium already allow for a great wealth
of physically interesting and technologically relevant states of matter, light-matter in-
teraction hosts the potential to even actively manipulate properties of such materials
out-of-equilibrium. This can be used, for example, to design ultrafast switches and

novel opto-electronic components [12]. In time-resolved angle-resolved photoemission
spectroscopy (trARPES), one of the main experimental techniques to unravel the elec-
tronic structure of materials [11, 43, 44], one measures the electronic response to the

application of a strong laser pulse. Among the many fascinating applications of this
technique are a direct measurement of the collapse of long-range order in solids [15],
the direct observation of quantum states dressed by light [10, 17] and the ultrafast
manipulation of magnetic order [18]. A developing paradigm in the field of out-of-
equilibrium quantum materials is the creation of non-thermal pathways [34] to control
the properties of quantum materials. Light-induced superconductivity [19, 50] is one
of the most prominent research directions in this spirit.

The great wealth of experimental techniques and research directions requires reli-
able theoretical simulations of such setups in order to link the experimental observa-
tions with microscopic models [51, 52]. However, theoretical simulations of the light-
induced quantum dynamics in correlated systems are very challenging due to the lack
of a numerical or analytical method that is valid both for a broad range of systems
and over long time periods [53]. Therefore, experimental observations are often mod-
eled in terms of coarse-grained descriptions using free energy landscapes (cf., e.g., [71,

, 0]). Microscopic modeling of non-equilibrium correlated states is often based on
non-equilibrium dynamical mean-field theory [57], which is a very powerful technique
that goes beyond a simple mean-field description. However, its limited ability to in-
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clude the effect of spatial correlations is currently one of its main restrictions. For
one-dimensional strongly correlated electron models in- and out-of-equilibrium, matrix
product state (MPS) techniques are the most versatile and powerful [27, 58]. Unfor-
tunately, they are less efficient in the two-dimensional situation. MPS methods work
reasonably well for ground state calculations of medium-sized two-dimensional lattice
models (e.g. Heisenberg models on cylinders with 16 x 8 sites [59]). Time evolution in
such system is more severely restricted due to the rapid growth of entanglement [60].

In the following, a few perspectives on current research topics, to which this thesis
can contribute new insights, are presented before we close with an overview of the
chapters.

1.1 Non-Equilibrium Quantum Many-Body
Systems

A quote, commonly attributed to John von Neumann, states that a theory of non-
equilibrium would be like a theory of non-elephants. This is to say that non-equilibrium
states might have as much in common as all animals different from elephants. Indeed,
the great success of the concept of thermal equilibrium is based on the observation
that within statistical mechanics and in the thermodynamic limit equilibrium states
are characterized by only a few macroscopic variables like temperature or magneti-
zation. Generic non-equilibrium states can differ from this emergent simplicity in an
overwhelmingly large number of ways. Nevertheless, theoretical physicists continue to
identify sub-classes of non-equilibrium states that share at least some properties, e.g.
the way they are prepared. A challenge for research is to identify new categories of
problems that allow for a systematic treatment as well as to develop new computational
methods. In the following, we give a brief overview over classes of non-equilibrium sys-
tems that are also touched upon in this thesis. More detailed summaries can be found
in specialized reviews and overview articles [32, 61, 62].

Parameter Quenches While the concept of “quenching” originally refers to a sud-
den change of temperature, it is now used as well as a name for instantaneous modifica-
tions of model parameters like, for instance, the interaction strength. Model parameter
quenches can be implemented directly in experiments with ultracold atoms in optical
lattices [63, 64, 65, 66, 67]. The relevance of quench scenarios in solid state systems is a
bit less obvious. Nevertheless, they can be useful as approximate descriptions of tran-
sient modifications of material properties, e.g. via renormalized phonon modes [(3].
Quenched systems are particularly convenient for theoretical studies because time prop-
agation with only one single time-independent Hamiltonian is required. Therefore, the
analysis can be focused on the two relevant Hamiltonians before and after the quench.
A good overview was given by Kollar et al. [69]. One can roughly distinguish three
classes of systems with distinct dynamical properties: integrable Hamiltonians, near-
integrable and non-integrable ones. Integrability can be defined in multiple ways [70],
usually it refers to Hamiltonians with a large number of mutually commuting conserved
charges (not the energy eigenstate projectors, which are trivially conserved). The most
prominent analytical technique is Bethe ansatz [20]. Quenches from integrable to in-
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tegrable Hamiltonians allow for a lot of exact mathematical results [01], which we do
not want to review here. The great amount of additional conservation laws prohibits
a relaxation to thermal states of local observables in position or momentum space; in-
stead, they often reach non-thermal steady states [71, 72], whose expectation values are
usually well described by generalized Gibbs ensembles [69]. A variation of the topic are
quenches to near-integrable models, i.e. to Hamiltonians of the form Ho+eH 1, where
H, is integrable, H, is non-integrable and ¢ < 1 is small. Such a situation typically
leads to a separation of time scales: the early-time dynamics is still influenced by the
conservation laws [73, 71], while at a later stage thermalization is possible [75]. We
consider such a scenario in Chapter 4. Quenches to non-integrable models are generally
expected to ultimately lead to thermal expectation values of local observables [76] ex-
cept for situations in which, for instance, strong disorder can delay or even completely
prohibit thermalization [77]. An interesting effect that can be observed in quenches
to non-integrable models is confinement [78]. A major success in the field of quantum
quenches was achieved by Calabrese and Cardy [79, 80, 81] who connected the dynam-
ics of correlation functions after a quench to conformal field theories in a higher spatial
dimension.

Periodically Driven Systems Another subclass of non-equilibrium systems with
a rich existing theory are periodically driven ones. Usually, this refers to explicitly
time-dependent systems with a Hamiltonian H (t) that is time-periodic with period
T: H(t+T) = H(t). A treatment of such Hamiltonian is usually carried out within
Floquet theory [32], which one can understand as an analogue to Bloch wave theory
in time. Floquet theory is based on a separation of time scales argument, where the
dynamics within a period (called micromotion in this context) is split off from the
“stroboscopic” time evolution over periods. If properties of a periodically driven sys-
tem are measured over a sufficiently long time span that encompasses a number of
periods, they can be associated with properties of a time-independent Floquet Hamil-
tonian. An interesting application of this machinery is presented by the field of Floquet
engineering [33, 84, 85], in which periodic driving protocols are designed such that
the effective Floquet Hamiltonian corresponds to a Hamiltonian with desirable equi-
librium properties. Floquet theory predicts a number of phenomena like a transient
manipulation of material properties [$0] during the periodic driving, which have been
confirmed in experiments [$7, 88, 89]. A challenge both to theory and experiments are
periodically driven strongly interacting systems, which absorb energy during the driv-
ing and will eventually heat up (theoretically) to infinite temperature [90]. One can,
however, identify regimes like high-frequency driving [91] that leads to slow heating
and the formation of prethermal states on experimentally accessible time scales [92,
].

Variations of these topics like, for instance, systems, which are periodically driven
only over a limited period of time as in experiments with ultrashort laser pulses or
quenches in systems with complicated competing ordering tendencies possess less gen-
eral theoretical descriptions and a precise microscopic modeling of the excitations is
required. We consider a periodically driven interacting model system in Chapter 3 as
well as driving with a finite pulse in Chapter 5.
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1.2 Ordered Phases of Matter In- and
Out-of-Equilibrium

1.2.1 General Concepts In Equilibrium

The equilibrium properties of materials are typically classified into ordered phases of
matter. In this thesis, we mostly consider order in the “Landau sense”, which is
based on the idea of spontaneous symmetry breaking (SSB) and the existence of a local
order parameter O; that is non-zero in the symmetry-broken phase [91]. If a phase of
matter is completely homogeneous, one can as well speak of a global order parameter
O = >, 0;. One can show that SSB implies the formation of long-range order [97],
which is present if the order parameter correlation functions remain non-zero at large
spatial separations:

lim lim (OQ,;0;) #0 (LRO) (1.2)

|i—j|—00 V—r00
The most common example is magnetism, where a non-vanishing value of the magne-
tization M ~ <S’Z> # 0 indicates ferromagnetic order. The orientation of the mag-
netization spontaneously selects a direction and thereby breaks a symmetry (Z; in
the Ising case, O(3) in the Heisenberg case). This spontaneous selection of a direc-
tion of the order parameter hints at the conceptual difficulty that symmetry-broken
states are realized in different ergodic components. The question, in which direction the
magnetization vector in a ferromagnetic phase points, is ultimately determined by the
dynamics of the phase transition and cannot be answered with equilibrium tools alone.
To circumvent this problem, one often add a weak symmetry-breaking field to the
Hamiltonian, for instance, a weak magnetic field in the case of the ferromagnet. This
approach is generically only valid if the thermodynamic limit V' — oo (for constant
particle density) is performed first [94]. If h is the infinitesimal symmetry-breaking
field, one can define

h—o00 V—00

O = lim lim <%Z(9i> (1.3)

In the case of Bose condensates, a variation of the long-range order concept was in-
troduced by Yang [96] and is called off-diagonal long-range order, which occurs if
off-diagonal elements of a one-particle reduced density matrix remain finite at large
separation of the indices. We add, for completeness, that a class of order, which
does not belong to the Landau category is topological order [97]. It is characterized
by additional global (quantum) numbers like, for instance, the Chern number which
determines the quantum Hall conductance although it is not related to any kind of
symmetry breaking.
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1.2.2 Order parameters in interacting electron systems

In interacting electron systems there is typically not only one type of order, which can
be present or not, but a number of different ordering tendencies [98]. Prominent exam-
ples include anti-ferromagnetism (AFM), superconductivity (SC) and charge-density
wave order (CDW) [99]. We do not aim to give a full overview here, instead, we
highlight some principles. Often ordered phases lead to translational invariance of the
system only with respect to unit cells that encompass more than one lattice site, i.e.
spontaneous breaking of the full lattice translational symmetry. Such a situation im-
plies a reduction of the electronic Brillouin zone with a new reciprocal lattice vector
Cj. Electronic order parameters may often conveniently be expressed in k-space, using
this vector Cj CDW order requires a unit cell size of at least two sites with a real space
order parameter Ocpw = »_; ((n:4) — (nip)), where A and B label the atoms in a unit

—

cell. On a hypercubic lattice one obtains ) = (7,7, ...) and a transformation rule
1 - s
T — —ik-Tia i _Z(k+Q)'Tia T
‘o = > (e c.+e CE+Q)' (1.4)
kerBZ
Here, rBZ refers to the reduced Brillouin zone. The order parameter transformed to
momentum space reads

OCDW =2 Z ((C]E‘GCE+Q',0> + C.C.). (15)

ko

Hence, charge-density waves correspond to a coupling of the modes k and k + Cj in
momentum space and therefore Cj is also often called the ordering vector. A simpler al-
ternative order parameter definition would be Ocpw ~ <C;%UCE +@7a>, which can be more
convenient in mean-field calculations. In the same spirit there is anti-ferromagnetic or-
der. Superconducting order is typically understood as Cooper pairing Ogc = (cLTcT_ k ¢>'
In the Hubbard model one may view Cooper pairing also as one realization of a more
general pairing scheme called n-pairing [100]. Cooper pairs have zero center-of-mass
momentum () = 0, while () = 7 pairing is possible as well. The latter, with order

parameter O, = <C;£»TCT_ is often just referred to as “the” n-pairing. While 7-

(E+Q)¢>’
pairing is of interest out-of-equilibrium [101, ], it is impossible as a ground state
of the Hubbard model [100] with a finite interaction strength U, unless pair hopping
terms are added to the Hamiltonian [103]. These types of orders are only the most
prominent, in addition there are more complex variants of spin order, nematic phases,
spin liquid states [104], etc.

In real materials, order will rarely occur in pure form but in one of many, possi-
bly inhomogeneous, variations and combinations [105]. In particular, certain types of
order may be seen as composites of fundamental “primary orders” [100] like supercon-
ductivity and CDW. An important aspect of ordering tendencies in solids is that they
will in general be coupled. One possibility — despite criticism [106] — is a competition
between orders, i.e. not both order parameters can be non-zero at the same time.
The more general situation, in which a coexistence of multiple orders is as well possi-
ble, is referred to as intertwined order [106]. A typical phenomenological approach to
model such scenarios is based on Ginzburg-Landau functionals. They can be obtained
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from an expansion of the thermodynamic free energy in the order parameters under
consideration.

For microscopic studies of interacting electron systems, (Hartree-Fock) mean-field
theory is the most important approach, which is based on a neglect of quantum cor-
relations. However, if combined with other analytical approaches like Fermi liquid
theory [107] or effective Hamiltonians [108], mean-field theories can also be quite pre-
dictive.

1.2.3 Order parameters out-of-equilibrium

The experimental advances in time-resolved laser spectroscopy have opened up the
(transient) manipulation of order by light as a very active research topic [34]. While
the description of order in strongly correlated systems is already very challenging in
equilibrium, non-equilibrium setups may in general require even more advanced nu-
merical and analytical techniques. Nevertheless, one feasible and successful approach
is based on mean-field descriptions and Ginzburg-Landau free energies [109, 55, 54].
In these coarse-grained theories one assumes the existence of order parameters Oy (7),
O, (1) and formally writes down a free energy functional like [109]

FlOL, O, 1] = /dDF (fl[(’)l,t] + fi[00, 1] + £.]01, 0] + .. ) (1.6)

for suitable functions f; with possibly time-dependent coefficients. The order param-

eters evolve according to an equation of motion of the form %@Oi(ﬁ t) = —#f;t).
Such theories can be used for qualitative comparison to experiments [1 10, 56] and for

the development of fit functions for experimental data. However, Ginzburg-Landau
models can only take a very limited amount of microscopic details of a material into
account. In addition, excitation protocols like photoexcitations are incorporated on
the level of time-dependent parameters in the free energy functionals, which is not
a very precise modeling of the excitation process. Hence, connecting the macroscopic
Ginzburg-Landau dynamics to microscopic theories of order parameter dynamics is one
of the important challenges for theory.

Microscopic modeling of light-induced order parameters is, in contrast, generically
complicated because of the high computational complexity. Often, microscopic mean-
field approaches are used. A nice example is a study by Sentef et al. [111], in which
CDW, SC and n-pairing order parameters in a two-dimensional Hubbard system under
periodic driving are simulated using time-dependent Hartree-Fock theory. The order
parameters are coupled due to an intrinsic SO(4) symmetry in the model. While in
equilibrium CDW and SC are degenerate, the coupling to a time-dependent field can
be used to lift this degeneracy and enhance SC, which contributes to the understanding
of a mechanism behind light-induced superconductivity. The study shows that mean-
field theories can already yield valuable physical insights. However, there are also clear
limitations: the theory lacks intrinsic relaxation mechanisms like dephasing beyond
coherent order parameter oscillations. The development of a beyond mean-field scheme
for the dynamics of competing order parameters, which incorporates some interaction-
induced effects like dephasing, is the topic of Chapter 5.



Introduction

1.3 Outline of the Thesis

The main part of this thesis in Chapters 4 and 5 is concerned with the development
and benchmarking of a new approach to simulate the dynamics of competing order
parameters in correlated materials based on a semiclassical time evolution technique
called fermionic truncated Wigner approzimation [112]. It is based on time-dependent
Hartree-Fock theory but allows to include in addition the effect of quantum fluctuations
via the generation of random initial conditions to these equations of motion, sampled
from a probability distribution, which is known as the Wigner function. In Chapter 4
we apply this scheme to the well-understood problem of the interaction quench in the
two-dimensional Hubbard model [73, 75] and assess carefully the range of its valid-
ity. We conclude that dephasing-induced quasiparticle formation is indeed correctly
described by the theory, while its long-time dynamics can become unphysical. In order
to work in a well-controlled theoretical environment, we consider SU(N)-symmetric
generalizations of lattice models with @ = 1,..., N degenerate fermion states instead
of two spin states o =T, |.

In a second step in Chapter 5, we apply the method to a two-dimensional SU(N)-
symmetric model with two competing order parameters, which are a bond density
wave phase and a so-called staggered flux phase. We model a photoexcitation with a
finite duration and study the formation of order subsequent to the pulse. The fTWA
dynamics allows for qualitative insights how the transition between the two phases
depends on the driving frequency of the pulse. We find a frequency regime for which
the transition occurs with a very low amount of absorbed energy, i.e. without much
additional heating. An advantage of the semiclassical method is that we can simulate
comparably large 2D systems with more than 240 lattice sites. We give an outlook on
how the scheme can be used to study spatially local excitations with inhomogeneous
ordering dynamics.

In addition to these method development-related aspects, we present results related
to spectral properties of driven electron systems in Chapter 3. The first project in the
chapter is a direct collaboration with the experimental group of Stefan Mathias [3]
and concerns the modeling of so-called Floquet and Volkov side bands in time-resolved
ARPES experiments. We derive analytical formulas for the side band intensities of
electron states with parabolic bands in the presence of a pump laser field. The second
project summarizes contributions to a collaboration [!] with Constantin Meyer and
Salvatore Manmana on the formation of an in-gap band in a one-dimensional charge-
density wave insulator, which is periodically driven. Finally, we summarize the main
results and give an outlook on possible future research directions.



Chapter 2

Theoretical Background and
Methods

2.1 Non-Equilibrium Green’s Functions

Green’s functions (GF's) are mathematical objects that contain information about spec-
tral and dynamical properties of many-body systems. A good reference for the follow-
ing definitions is the text book by Stefanucci and van Leeuwen [113]. Single-particle
GF's are expectation values of a combination of two ¢;(t) operators at different or equal
times. Let us denote the time evolution operator of a generic explicitly time-dependent
Hamiltonian H(t) by U(t,t). In general,

Ut ty.) = Te o T, (2.1)

A density matrix p(t) evolves as follows:

A~ A

p(t) = U(t, to)p(to)U (to, t)

_ (7~'e+%ff0 g(t;)dt;>ﬁ(t0)<7-e—%ft% ﬁ(t’f)dt’f)i (2.2)
One can read this expression as a time propagation on two copies of the real time axis,
one with forward propagation direction (chronological time ordering 7°) and one with
backward propagation direction (antichronological time ordering 7') This is known as
the real-time Keldysh contour or “roundtrip”. The most fundamental Green’s function,
which contains all real-time spectral information, is the contour-ordered (or causal)
single-particle Green’s function

Gop(z,7') = —i<7'cca(z)cg(z’)>, (2.3)

where (A) = tr(pA) denotes the expectation value with respect to the density matrix
p. T¢ is ordering on the real-time Keldysh contour (forward branch before backward
branch). Here, the time parameters z, 2’ live on the real Keldysh contour, i.e. they
can lie on the forward (z = ¢;) or on the backward branch (z = ¢t_). The contour-
ordered GF can be written in a 2 x 2 matrix form, where the time arguments are on the
forward and backward branches, respectively. The lesser and greater Green’s functions

9
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are defined as follows:
Goa(t,t) = i(ch(t, )ea(t)), (2.4)
G2yt 1) = —i(calty)ch(t)). (2.5)

In the following we leave out the +/— indices and need to remember that ¢ and ¢’ can
be freely chosen for all GFs. One can define a Hermitian conjugate of the lesser and
greater Green’s functions

(G (1) = — (G (1) (2.6)

such that G< and G™ are Hermitian symmetric, i.e. [G<>]' = G<> . The retarded
Green’s function is defined as follows:

Grs(t, 1) = 0(t —t') <G> (t, ") — G=(t, t’))
= —if(t —t')({ca(t), ci(t)}).

It is instructive to evaluate these definitions in equilibrium p = e BH and for a very
simple Hamiltonian H =), ekchk. One obtains ¢ (t) = e “kc;, and

(2.7)

n(t 1) = de ) (o) = e s ) (ny),

t,t
t,t') = —ie I epel) = —idge T (1 = (ny)), (2.8)
t,t

The GFs only depend on diagonal ks and on the difference between the two time
arguments, which is expected from the spatial translational invariance of the system and
from the time translational invariance in equilibrium, respectively. This motivates a
Fourier transform (FT) with respect to the time difference. Unfortunately, conventions
regarding the normalization and signs of the transform in this context vary a lot in
the literature. The most commonly used convention (e.g. [ 11]) seems to be to set
7 :=t—t" and to define G(w) = [*_¢“7"G(7)dr, i.e. using a non-unitary FT. For now,
we stick to this convention: Using F[6(7)](w) = 1/(iw) + md(w), one obtains

Gy (w) = 276 (w — ;) (ny),
Gr(w) = —2m8(w — &) (1 — (na)),
Gt (w) = —i / dr O(7)e HrmeT (2.9)

[e.o]

= —i(1/(iw) + To(w)) = -

—imd(w — €).
pp— imd(w — €x)

The imaginary part of the retarded Green’s function is known as the spectral function
1

Ap(w) = —=Im G (w) (2.10)
7r

and in our simple equilibrium example it is given by d(ex — w).
The calculation highlights the following interpretation of the physical content of the
Green’s functions, which carries over to the non-equilibrium case [115]: The retarded
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Green’s function, via the spectral function, contains information on the k-resolved
density of states (like d(e, —w)), while the lesser and greater Green’s functions contain
spectral information, which is weighted with the occupation numbers. To be precise,
the lesser Green’s function contains the occupied part of the spectrum, while the greater
contains the unoccupied part.

2.1.1 Time-plane coordinates

One would like to formulate similar Fourier space quantities out-of-equilibrium to get
access to instantaneous spectral information. w continues to be defined with respect
to the relative time 7 = t — t’. In the presence of two time arguments, however,
there is an ambiguity, which time to choose as the “base time” that one associates
the spectral content to. Two choices are the most commonly used ones: Firstly, the
average time tawe = %, which, together with 7 = t—t' defines a set of so-called Wigner
coordinates [113]. A second option is to simply choose the time ¢. In the two-time
plane this gives rise to a set of “horizontal coordinates”. In a nice study by Kalthoff et
al. [111], both definitions are compared in the case of driven non-interacting fermions.
Both definitions display reasonable physical properties and one can show that in the
case of periodic driving both definitions imply the same period-averaged density of
states [1 14, ], which agrees with the Floquet theory expectation.

The main application of the formalism in this thesis is the calculation of non-
equilibrium spectral functions from the retarded Green’s function. For wave function
based numerical methods (like MPS-based time-evolution schemes [58]) it is more con-
venient to consider the horizontal time coordinates because a single time propagation
calculation along t" already fixes one of the times. The definition of the non-equilibrium

retarded Green’s function with horizontal coordinates reads as follows,

G™ (thor, 7) = —i0(7) ({ca(tnor + 7). h(thor) } ), (2.11)

where 1., corresponds to the original ¢’ variable. The non-equilibrium spectral function
at time ty,, is in turn defined as (keeping the Fourier transform conventions from above)

1
A(thoraw) = _;Im Gg%ﬁt(thoraw)- (212>

For the evaluation of the Fourier transform 7 — w for numerical data that is only
calculated up to a time 7.y, it is often useful to introduce a small complex shift
w — w +1n for an 7 > 0 that leads to a broadening of the spectral signal and prevents
noise in the frequency space data due to the unphysical time cutoff at ...

In order to compute the non-equilibrium spectral function numerically, one needs
to calculate expectation values of the form

(calt + T)C};(t)> and <cg(t)ca(t + 7)) (2.13)

for 7 > 0 if one is only interested in the retarded GF because of the (7). The Hermitian
symmetry of the full G<(tnor, 7) and G~ (tper, 7) is not helpful in this case because it
would connect times (thor, —7) t0 (thor — 7, 7).
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2.2 External Fields and Pump-Probe
Spectroscopy

2.2.1 Coupling to electromagnetic fields

Let us consider electric and magnetic fields E(7,t) and B(7,t) with the respective
potentials ®(7,t) and A(7,t). They are connected by the following relations

E(F,t) = —VO(7,t) — B,A(F,t),  B(Ft) =V x A(F,1). (2.14)

The most general coupling of the fields to a single-particle electron (¢ = —e) Hamil-

tonian h = % + V(7), where V (r) is a potential term from the Coulomb interaction
of electrons and nuclei, proceeds as follows [117]:

~
—

A - 2 .
(F— A1) +a@1) + guus B 1) - S (2.15)

Bem _ 1
2

e

where S is the electron spin, pp is the Bohr magneton and gs ~ 2 is called Landé
factor. The whole last term is called Zeeman term and describes the coupling of the
magnetic field to the spin magnetic moment. We will neglect this effect in this thesis.
The shift g — p'+ eff(t) is known as the minimal coupling.

Typical many-body Hamiltonians consist of one-particle and two-particle terms,
where the latter is mostly of pair-interaction form (e.g. Coulomb interaction vpay ~
|7, — 7|71 with or without screening):

N

a 7 2 1 2 2

Hl—p = E hs, H2—p = 5 E Upair(ri - Tj) (2.16)
i=1 i£]

Usually we prefer to work with Hamiltonians formulated in the language of second
quantization. It is therefore desirable to reformulate the minimal coupling in terms
of the second quantized matrix element. The resulting approach, which we review in
the following, goes back to Peierls [118] and was later simplified by Luttinger [119]. A
more recent overview can be found in [120].

We start from the definition of the matrix elements in terms of Wannier wave
functions ¢, (7, t), where a = (n, R, o) is a block quantum number of band index n,
location R and electron spin o. The hopping and interaction matrix elements can be
written as follows (some authors only define the hopping matrix elements with respect
to the deviation AU(7) from the local atomic potentials; in order to keep the notation
simple, we also include the atomic part):

/
= / & [ i, (2.17)
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Consequently, the many-body Hamiltonian has the structure
Hpp, = Ztagc e+ = Z UaBrysCY chvc(; (2.18)
aﬁy&

However, the one-particle Hamiltonian (2.15) with electromagnetic fields is not
directly expressible in terms of these matrix elements due to the presence of additional
terms like p'- A. Nevertheless, this problem can be solved by a formal redefinition of
the Wannier orbitals

Ga(ft)  —  pa(F = Rit) = N0, (7 — R), (2.19)
where -
Ma(Tit) = [ A(F,t) - dF (2.20)
Ra
is defined such that —iﬁ)\a — eA. One obtains
% = (vl H05)
_Z(/dsngpa z_ﬁa)'
1 /4 _— 2 ., . H
g (B eAG ) + V()] wali - Rﬁ))
_ &7 5l — R —ie (A (Ft)—Aa(Fint) )
Z/ Ti Ga(r e (2.21)

.[ﬁg
2me

where

A1) = /S A4 - A7 1) (2.22)

and S is the closed path R, = 7 — ﬁg — R,. Now the usual approximation is
to neglect the A-exponential. This can be justified under the assumption of slow
spatial variance of the vector potential on the scale of a lattice constant because of the
strong localization of the Wannier orbitals ¢, (7" — éa) at the atomic positions. The
phase factor A(7,t) does only contribute to a non-zero integral for arguments 7 in the
immediate vicinity of R, or ﬁg. Since without loss of generality we may assume the
path R, — Rﬁ in the integral to be a straight line, the integral over the full path S
proceeds effectively back and forth along this line for the relevant 7 if ff(f') does not
vary. Using the definition (2.20), one obtains a modified phase factor

Rg
of = exp (ie[ A1) - df") tos- (2.23)
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In non-equilibrium condensed matter applications, one often assumes a spatially ho-
mogeneous vector potential A(t) such that

Rg . ~ ~ ~
[ A0 a5 = (B~ Ra) - At) = adiey - Alt) (224)

R,

where we denote the unit vector in the direction of the nearest neighbor bond between
site ¢ and j by € ;. If we choose units such that the lattice constant a as well as
the electric charge are unity, we obtain the common way to include a time-dependent
vector potential into an electronic kinetic Hamiltonian), which is known as the Peierls
substitution

Hkin = —th Z (CICJ‘ + HC>
(:)
— ﬁ{dn = —tp Z (e_i5<i’j>'A(t)cch + Hc)
(:)

(2.25)

A pictorial way to understand the general modification (2.23) is presented in Fig. 2.1.
Depending on the spatial structure of the vector potential, it can induce a non-vanishing
magnetic flux ®(¢), which the electrons feel while hopping around a lattice plaquette.
Such a scenario is used frequently in ultracold atoms experiments to prepare phases
with additional gauge fields [121]. In any case, a time-dependent vector potential will
give rise to a non-vanishing electric field E(t) in the model. Finally, it is important to

tel [3 da Au(Fit

° ° ® °
foei Ji @ AYES (D(L) el i W AV
° ® ® °

thel [ da Ag(Fit

[ 4 { ] o
Figure 2.1: Sketch of Peierls substitution in a 2d lattice. In addition to an electric
field, the phase factors of the hopping amplitudes may also give rise to a non-vanishing
magnetic flux around the plaquettes.

keep in mind that electromagnetic fields are only defined up to gauge transformations
(¢, ff) — (¢ — Oyx, A+ V) for an arbitrary function x(7,¢). A gauge transformation
like this gives rise to a unitary transformation U of the Hamiltonian

A A =

a - ot (t)IfIU(t)—z'UT(atﬁ), = cem (i), (2.26)
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2.2.2 Description of time-resolved ARPES experiments

In a typical pump-probe time-resolved ARPES experiment two ultrashort (femtosec-
ond scale) laser pulses shine on a sample at a time delay At, a pump pulse with photon
energies typically in the infrared and a second, narrower probe pulse with high photon
frequencies, e.g. in the (extreme) ultraviolet ((E)UV). The photon energy of the pump
pulse is comparable to the energies of electronic transitions and excitation energies
of the material. It induces energy absorption and the (transient) creation of excited
electronic states. The high photon energy of the probe pulse allows to create tran-
sitions into the vacuum and, ultimately, the detector. In order to model interaction
effects and real-time changes in the observed ARPES spectra resulting from scattering
processes, a full many-body formulation involving two-time Green’s functions is neces-
sary. However, some effects of the driving with a laser pulse can be captured already
on a single-particle level, in particular photon dressing effects that give rise to band
structure replicas in the trARPES spectra. We will study such effects more in detail
in Chapter 3. In the following we first introduce a simplified wave function model
for photoemission processes in the presence of time-dependent electromagnetic fields
before we introduce the more common many-body formalism.

2.2.2.1 Single-particle picture

In this section we follow mainly the presentation given by Madsen [122, ] and
Park [1241]. The pump and the probe pulse are modeled on the level of vector potentials
/Y(F, t). The pump pulse ffpump, which we assume to be linearly polarized, can be
thought of as a Gaussian-modulated cosine

—

Apump = Agumpspump (t) cos(wpumpt), (2.27)
where Spump(t) is the envelope function. Typical experimental values for hwpymp would
be in the range of one to two electron volts [125]. In addition, usually the dipole
approximation X(F, t) = g(t) is applied [122], which is based on a neglect of spatial
variations of the vector potential on the scale of a lattice constant. One may write
down a similar potential for the probe pulse

— —

Aprobe(T 1) = Agmbespmbe(t) c0S(Wprobet ) (2.28)

The experimental values for wpyohe vary a lot, the Gottingen setup [125] uses Awprobe ~
26 eV. In addition to the dipole approximation, one usually assumes the rotating wave
approximation for the probe pulse [122]:

10
Aprone(t) = @eiwwobet (RWA) (2.29)
probe 9 .

The photoionization process itself can be modeled within first order time-dependent
perturbation theory (“Born approximation”) if one treats the probe pulse as a linear
perturbation [122, |: The kinetic Hamiltonian, in the presence of the probe pulse,
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is modified via minimal coupling (here we set ¢ = —e)
P S oA 2
— robe
2m, 2me (p + €Lprob )
=2 2
D e > Lo et o
= om Im.c <Aprobe "pt+p- Aprobe> + %("4probe)2 (230)
_Q
P e - |
= —A robe *
2m, 2m, * be " P
where flgmbe is assumed so small that the quadratic terms can be neglected. Further-

more, P /Tprobe ~V- ggmbe — 0, which is always true in the Coulomb gauge V- A = 0
if surface effects are neglected.

Let us first consider, for simplicity, the situation without a pump pulse. If one
neglects many-body effects in the material, one can model (static) photoemission as a
scattering process from a single-particle initial wave function 1;(7) to a single-particle
final state wave function. In the Born approximation, the scattering matrix element
(with respect to the perturbation ~ A,ope) reads

(5% = g = =3 [ dt (0] palt) B 1)

o0

[t A (®) - Pl () e (231

o
27

= == M6 (wy = wi = Wprone)
where 1, (7, t) = 14 (r)e™=! for @ = i, f denote the inital and final states, respectively,
with energies E, = hwa. My = (1h(F)| Aprobe(t) - 7|thi(7)) is the time-independent
transition matrix element. The transition rate (which is proportional to the measured
photocurrent) between initial and final state is equivalent to Fermi’s golden rule:
2m 9

Wiy = f‘MM (5(wf —w; — wprobe). (2.32)
The Dirac-0 expresses energy conservation as one of the important principles of pho-
toemission. The second important principle is the conservation of momentum parallel
to the surface lzﬁ = l;”, where k|| and kl’l are the initial and final state momenta parallel
to the surface plane, respectively. The conservation law follows from the translational
invariance in directions along this plane, which remains intact during the photoemis-
sion process. The z-component of the electron, in contrast, is not conserved and acts
as measure for the kinetic energy.

This leads over to the most complicated part of the modeling: the wave functions.
While in the single-particle picture one can simply assume the initial state to be a
Bloch wave, the final state is more complicated. The classical reference for a detailed
discussion is the book by Hiifner [126]. In modern “one-step” models of photoemission,
the final state corresponds to a “time-inverted LEED state”, i.e. a high lying Bloch
state in the solid, which is matched to free electron states far away from the surface.
These incorporate diffraction effects at the surface but are not so easy to describe
analytically. A simpler, more pragmatic, model [127] is to assume the final state as
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a free electron state according to the vacuum free electron Hamiltonian Hj* = 2”—71.
Using such a model, one needs to introduce an artificial energy barrier ;) to at least
phenomenologically incorporate contributions to the energy balance like work functions
etc. The advantage of such a model is that it allows one to determine the k,-component
of the photoelectron explicitly.

In such a single-particle theory of photoemission, the main role of a pump field is
the electromagnetic dressing of the wave functions. In particular, the final free electron
states turn into so-called Volkov wave functions, which we discuss in more detail in the

introduction to Chapter 3.

2.2.2.2 Many-body picture

If interaction effects in the material become important, one needs to apply the many-
body formalism, in which the initial state |¥;(IV)) as well as the final state |¥¢(N))
after photoemission are many-body states with N particles. We again consider a setup
without pump pulse. A common assumption for theoretical calculations is the sudden
approximation, which assumes that the photoelectron decouples immediately from the
electron states in the solid and relaxation effects due to the probe pulse impact are
neglected. A pedagogical introduction was written by Michael Sing in [127] and we
only summarize the results. A generalization of the single-particle scattering theory to
many-body states using the sudden approximation and the assumption of constant ma-
trix elements yields a photocurrent I (k; E) at final momentum k and energy E, which
is proportional to the spectral function Ax(w) (cf. (2.10)) of the material, weighted
by the equilibrium mode occupations of the initial state. The latter is generically a
Fermi-Dirac distribution. In summary;,

[(E: E) ~ Ag(w)(ng) = Af (w), (2.33)

where Aj(w) = —2ImGj(w). This shows the ability of photoemission to directly
obtain information about the spectral function of a correlated material.

An adaptation of the many-body formalism to the pump-probe situation is more
challenging and was first achieved by Freericks et al. [51]. Later, corrections [52, 128]
of the theory to ensure gauge-invariance have been developed. The main result is that
the time-resolved photocurrent I(t, lg, E) is proportional to the Fourier transform of
the lesser Green’s function (which might need to be constructed in a gauge-invariant

way) [52]:

It,k,E) ~ —— dtl / dty spe(t)spe(ts)e™1=12) G5 (t1,t2). (2.34)

Here, s, (t) is a shape function of the probe pulse. Although the relation between the
Green’s function out-of-equilibrium is more complicated than in equilibrium, one may
stick to the picture that time-resolved photoelectron spectroscopy measures the non-
equilibrium spectral function, weighted by the information how these non-equilibrium
states are “occupied”.
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2.3 Mean-Field Theory and Classical Limits

2.3.1 Overview

Mean-field theory is the starting point for various approximative treatments of inter-
acting many-particle systems like self-energy based diagrammatic expansions. There
are a number of different viewpoints on mean-field theory. One perspective is a re-
placement of quantum, or statistical, operators by their expectation values, O~ (O},
0105 =~ (0:)(0,), etc. One can formalize this approach by introducing a fluctuation
operator 40 such that O = <O> + 60. The mean-field approximation on the operator
level corresponds to neglecting quadratic fluctuation contributions:

010, = ({01) +30:1) ({09) + 502)
= (01)(02) + (01)80; + (O >5O1 + 60100,
(O1)(02) + (01)60; + (02)50, (2.35)
= (O1)(0s) + (O }(0s = (03)) +(0) (01 = (01))
= (01)0s + (02)01 = (01)(0)

One can immediately see that (O,0,) = (O1)(O;) within the approximation. In many-
body applications, fluctuations typically occur in more than one channel, like particle-
hole and exchange in the Hartree-Fock approximation, which gives rise to more terms
in equations like (2.35). It can be introduced in various ways: one is based on the
properties of Slater determinant wave functions in the language of first quantization.
The more straightforward way in second-quantized language is based on Wick’s theo-

rem [129]: One introduces a Wick contraction
A1A2 = AlAQ — AlAQ . (236)

of two operators A; and A,, where : A; A, : denotes the normal ordering of the operators
with respect to some state (e.g., the ground state of the many-body system). One
can show that the contraction is a number instead of an operator, which implies that
[

A1 Ay = (A1 Ay). Wick’s theorem formulates a rule how to express products of operators
Aq... A, in terms of contractions and normal ordered operators. We only need the
expression for four operators [130] (upper signs: bosons, lower signs: fermions):

A1A2A3A4 == A1A2A3A4 : +<A1A2> . A3A4 : i<A1A3> . A2A4 :
+ <A1A4> . AQAg . +<A2A3> . A1A4 . ZE<A2A4> . A1A3 .

2.37
+ <A3A4> . AlAQ . ( )
+ (A1 A2) (A3 Ay) £ (A1 A3) (A2 Ay) + (A1 Ay) (A As)
The mean-field approximation is equivalent to a neglect of : A;A3AsA4 ;. As an

example we consider the Hubbard interaction term in position space, CITCZ'TCZLCLL =

CZTTCLCZ- 1Cit- Its mean-field decoupling derived from Wick’s theorem yields three types
of contributions

<CZTUC,-U> : cl:}ci(—, : —<cj~aci(—,> : c}c_,cig : (cZTUCI&) D CigCio - (2.38)
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These are the Hartree, Fock and Bogoliubov terms, respectively. The third “pairing”
channel needs to be included in a mean-field theory if superconducting fluctuations are
relevant, otherwise it is often neglected.

A second perspective on mean-field theory is motivated from the field-theoretical
approach to interacting many-body systems. One starts from a partition function Z
and rewrites it in terms of a path integral over some coarse-grained field, e.g. an order
parameter. Let us consider the Ising Hamiltonian (without transverse field, equivalent
to the classical Ising model) for illustration:

Higng = —J Z 6767 —hy 67 (2.39)
The partition function reads (sum over all classical spin configurations o = {071, ...0n})

ZISng — t/r’,l-[ ﬁHIslng Z e BHlsmg(U (240)

Usually, one is interested in the equilibrium value of the magnetization M = % > 07
Formally, one can introduce a “coarse-grained” partition function in terms of the mag-
netization as follows,

Zising(M Z S(M — = Z 2)eBHuing(e) (2.41)

If one is able to rewrite the Hamiltonian as a function of the magnetization (it is
possible in the fully connected case), one has directly performed a coarse-graining step.
The probability to measure the magnetization value M is Ziging(M )/ Zising and the free
energy F'(M) is defined as Z(M) = exp(—SF(M))). However, often this procedure
is not possible directly. Alternatively, one can view Z(M) and F(M) as fundamental
objects: This leads to the field theory formalism, in which one considers an abstract
order parameter field M (7) with a partition function of the form

T = [ DM e PR 242

Here, DM (7) denotes the functional integration over all field configurations. It is the
analogue to the restricted partition sum (2.41). The mean-field approximation is equiv-
alent to a saddle point approximation of the integral, i.e. finding the order parameter
configuration for which the free energy obeys 0y, F[M] = 0. In the applications in this
thesis, we usually implement the mean-field approximation directly for the Hamiltonian
and derive a mean-field free energy. We then search for its saddle points to determine
the self-consistent solution for the mean-fields.

2.3.2 Mean-field as a classical limit

An important class of interacting many-particle models are so-called mean-field models,
which possess a parameter heg that controls the strength of quantum fluctuations in
the theory. Usually, h.gs — 0 corresponds to a complete suppression of fluctuations,
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such that mean-field theory becomes exact. Values h.g > 0 allow to include the effect
of fluctuations in a controlled way. That is one reason why mean-field models are also a
very popular test bed for new theoretical methods. If quantum fluctuations are absent,
one natural expectation is that the physics of the model should be describable in terms
of a classical Hamiltonian. The limit A.s — 0 is therefore also called a classical limit.

A prototypical mean-field quantum model is the fully connected transverse-field
Ising model

N N

& 1 G257 AT

HFC—TFIM = ——N z_: i hz_;az (243)
with N spins and transverse field A. In nuclear physics it is also known under the
name Lipkin-Meshkov-Glick (LMG) model [131]. In the model, e = & and one can

indeed formulate an effective classical Hamiltonian in the limit N — oco. One way to
construct the classical Hamiltonian is to introduce the operator m = %ZZ G, where
S = N/2, which allows to rewrite

) 1 Az x
HFC-TFIM = —N(i(m )2 — hm ) (244)

If one evaluates the m-operators on coherent wave packets, one can introduce [132, ,
| classical conjugate variables () and P to express the expectation values m* = @,

m* = /1 — Q?cos(2P), such that
- 1
Heloss = —§Q2 — hy/1 — Q?cos(2P). (2.45)

Models on fully connected lattices are a very convenient setup for semiclassical
analysis. However, in applications one usually prefers to work on lattices with only
nearest neighbor hopping. Therefore, it is desirable to explore mean-field limits that
do not rely on that assumption. A related limit is the limit of high spatial dimensions d,
which reproduces the aspect of a high lattice coordination number (despite the short-
ranged hopping), which is also a core feature of the fully connected lattice. A famous
example is presented by the Ising model on a d-dimensional cubic lattice, for which
mean-field theory becomes exact in the limit d — oo [135].

Similar results can be obtained for interacting electron models on cubic lattices. For
most types of interactions, like nearest neighbor density-density, Hartree-Fock mean-
field theory becomes exact in the limit d — oo [I36]. An important exception is
presented by the Hubbard model with its site-local 747, interaction, for which Hartree-
Fock is not the correct theory in high spatial dimensions [21]. Instead, one obtains
dynamical mean-field theory (DMFT) [137].

Yet another category of mean-field theories is presented by bosonic Hamiltonians in
the limit of high mode occupation numbers [1358, 139]. A way to see this is to consider
coherent state expectation values of the annihilation and creation operators <l;> ~ VN
and rescale b — b/v/N. For the rescaled variables, [b, bf] ~ + = heg such that their
quantum nature becomes negligible in the limit N — oo. Hence, one may formally
introduce classical variables ¥ ~ (b)/v/N, which become non-fluctuating in the limit
N — oco. Let us look at the Bose-Hubbard Hamiltonian as a prototypical example of



2.3. Mean-Field Theory and Classical Limits

21

an interacting many-boson Hamiltonian on a (cubic) lattice,

A U
_ T 5 (o
(i.4) g
In the limit of large mode occupations N;, the dynamics of the classical variables 1); is

described by the classical Gross-Pitaevskii Hamiltonian [139]

Hep=—) (wg‘wj + H.c.) + % Z il (2.47)

(:)
where A = UN/t,.

2.3.3 Fermionic Large-N Models

The Gross-Pitaevskii limit of interacting bosons presents a very useful mean-field sce-
nario that is able to capture many experimentally observable phenomena, even at strong
coupling. (Spin—%—)Fermions lack this limit of high mode occupancy due to their in-
trinsic two-dimensional state space. However, one can artificially increase the number
of fermion species (i.e. their degeneracy) by going from two spin species o =T, to
N species a = 1,..., N. Such large-N models, also known as SU(N)-symmetric mod-
els can provide, on the one side, an analytical handle to interacting models beyond
perturbation theory in the interaction strength. On the other hand, they also provide
advantages for some numerical methods like quantum Monte Carlo (QMC), where a
large value of N systematically suppresses the fermionic sign problem [1410].

The large-N generalization of the Hubbard model (at half filling) reads as follows:

N N 2

; 1

Hppn = —t E E (C;racja +H.c.) + % E ( E <cjacm - 5)) (2.48)
(i,g) a=1 1

7 o=

For N = 2 the interaction term reads (using 1% = n;,)

73 ((e5) + (e —3))
_U Z ( (= 2) (g = ) 2+ 8% = (i + ) + %) (2.49)
= Uzi: (ﬁw — 5) (ﬁiT — %) + const.

which coincides with the conventional fermionic Hubbard model. A very natural rep-
resentation of SU(V)-symmetric models can be obtained in terms of the following
flavor-averaged one-particle reduced density matrix operators,

1 & 1
Pij = N Z (Cjacjoz — 5%’)- (2.50)
a=1
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The Fermi-Hubbard model then reads
HFHM—Hkm—i—HU——Nch pi; + H.c.) +UNZPu (2.51)
(3,9)

The global prefactor N is a direct consequence of the semiclassical nature of the theory.
Calculating the commutator of two p-operators yields

- 1 < . L. .
[pij: pmn = _2 Z pza,jou pmﬂ,nﬁ} = N ((Sjmpzn - 6inpmj)7 (252)
a,f=

which shows that the effective A in the large- N models is given by heg = % As N — oo,
the commutator vanishes and one can treat the p-operators like complex numbers (akin
to the condensate wave function in Bose-Einstein condensates).

2.3.3.1 Equilibrium Phases in Large-N Models

In the case of the SU(N) Hubbard model the Hartree approximation (particle-hole
channel) becomes exact as N — oo. We can also see this explicitly from a cluster
decoupling of the interaction term:

R 1
<P?¢> - N2 Z <C;‘raciacj,6’ciﬂ> +
a,B

> (<czacia><czﬁcnﬂ> ~(lieadlebea) +

o (2.53)

= <pu Z <cmcz[3> ﬂcm>
<p“ Nz Z <Czacm><czacm>

In the last step we have assumed a flavor-diagonal state (which we consider in this
thesis): the second “flavor-exchange” term is suppressed ~ ~. Hence, in the SU(N)-
Hubbard model at N — oo, only the Hartree term contributes. However, effectively,
it only gives rise to a self-consistent shift of the chemical potential and therefore it
cannot contribute to interesting real space order within mean-field theory. To obtain
order already on the mean-field level, one needs to add additional SU(NV)-symmetric
terms to the Hamiltonian that stabilize certain types of order. Omne example is a
density-density interaction term in the spirit of the extended Hubbard model

Hy =NV piipj; (2.54)
(4.5)
For a unit cell composed of at least two sites this model allows for charge-density wave
order at N — oo and even at N = 2.
A very important interaction term, which we will investigate later in this thesis, is
given by the following Heisenberg-like Hamiltonian

. NJ A A
Hy=-— (Pisbii + biibi) (2.55)
(i.5)
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It is related to the conventional Heisenberg model: If we set N = 2, we can rewrite the
Hamiltonian in terms of spin operators

51
5125 Z c}aﬁa[gcw, (256)
a,B="1,)

and obtain (using that always i # j in this case)

N, . . 1 . .
E(pijpji + pjipij) 5N Z (c;[acjacj'ﬁciﬂ + (1 ¢ J))
a,f=11 (2.57)

=255 - i(nz —1)(n; — 1) + const.

The difference to the conventional Heisenberg model is a nearest-neighbor density-
density interaction term. The composite SU(N)-symmetric model Hyy + Hy + Hy
was first solved using field-theoretical methods by Affleck and Marston [111, ]
The explicit inclusion of the Hubbard interaction term allows to consider the limit
U/ty, — oo, which implies a complete suppression of charge fluctuations and would
render the density-density interaction term irrelevant. The Hubbard-Heisenberg model
has a rich phase diagram already for N — oo and we give a more comprehensive
overview of it and in general of research on SU(N) models in the Introduction to
Sec. 5.

2.3.4 Numerical determination of self-consistent mean-field
solutions

Hartree-Fock mean-field theory usually proceeds in three steps: Firstly, one needs to
decouple all interaction terms such that the remaining Hamiltonian is only quadratic
in the annihilation and creation operators. Secondly, one diagonalizes this mean-field
Hamiltonian in order to obtain a set of mean-field modes and a set of self-consistency
conditions. Thirdly, one needs to find a self-consistent solution for all mean-fields,
which also agrees with the desired particle number and temperature.

For carrying out the third step, more than one method exists. In this thesis we
view mean-field solutions as minima (more generally, saddle points) of a free energy
function F', which at zero temperature coincides with the total energy (H). The free
energy needs to be written in terms of all the mean-fields. A very flexible method
to search for minima of such generically complicated functions is simulated annealing,
which is based on an artificial thermal random walk in the free energy landscape. It
is also suggested in Marston’s and Affleck’s paper [112] as a method to determine the
mean-field solution of the Hubbard-Heisenberg model. The basic idea is as follows:
One defines an artificial initial temperature 7, > 0 and chooses a random initial state
Zy - In each iteration of the procedure a new random state z;,; is generated from the
old and one compares their free energies.

e If the free energy of the new state is lower than in the old state, the algorithm
discards the old state and continues with the new.

o If the free energy of the new state is not lower than in the old state, one discards
the old state with a Boltzmann probability exp ( — (F(z,,,) — F(z;))/T}).
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The temperature T; is lowered during each iteration at a predefined rate. The algorithm
stops after a predetermined number of iterations and yields the state with the lowest
free energy of all the iterations. An advantage of the algorithm is that it is able to
escape from local minima, which are no global minima. After some experiments with a
self-written code, we mostly used the dual _annealing routine of the scipy numerical
library [143] for Python. It implements the idea described above but adds a few more
tricks to speed up convergence. Usually, 3000 iterations yield good convergence. If
self-consistent solutions with specific symmetry properties are desired, we reduced the
number of mean-fields to a minimal amount. The self-consistency conditions are always
used as a check to validate the correctness of the minimum.

2.3.5 Mean-field theory out-of-equilibrium

In order to apply mean-field theory for time evolution, one starts with a deriva-
tion of a mean-field Hamiltonian H" obtained within time-independent Hartree-
Fock theory. The entries of the one-particle reduced density matrix p;, jr = (cjacﬁ)
will usually occur as mean-fields, which are self-consistently determined in equilib-
rium. If one derives the equation of motion for the creation and annihilation oper-
ators —idyci, = [H"F[p(t)], ¢is], while keeping the mean-fields as numbers, one ob-
tains time-dependent Hartree-Fock theory [141]. Another, equivalent, perspective is
to start from the equation of motion for p;,;r and to decouple the right hand side.
This yields, in general, a non-linear equation of motion for the one-particle reduced
density matrix that one needs to solve numerically. From the time-diagonal quan-
tities pjo;r(t) one can also calculate, in a second iteration, Green’s functions like
Gioir(thor, T) = i{c! (thor + T)¢jr(thor)) by deriving their equations of motion and us-
ing the previously obtained time-diagonal data. Such equations of motion for the
Green’s functions generically have the following structure (for general time arguments

t,t') [113]:

_ith;j‘q— (t, t/) = Z (hio,m,u(t) + Zgl,:‘mu [p(t>]) G;ij’r(t7 t/)7 (258)

my

This is the Hartree-Fock level of the Kadanoff-Baym equations of motion for the Green’s
function [113]. XY, ., is the Hartree-Fock self-energy, which depends on the time-
diagonal G<(t,t), i.e. on p(t).

Time-dependent Hartree-Fock is the lowest order of a whole dynamical hierarchy
called the Bogoliubov—Born-Green—Kirkwood—Yvon (BBGKY) hierarchy [115]. The
next order of the hierarchy would include the two-particle reduced density matrix
(clel ene;) (or its connected analogue) into the equations of motion and decouple three-

particle terms into sums and products of one- and two-particle terms.
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2.4 Phase Space Methods

The concept of phase space appears very naturally in classical mechanics as the space
of all possible position-momentum pairs (¢, p). A classical Hamiltonian gives rise to an
incompressible (Liouville’s theorem) flow on phase space via Hamilton’s equations of
motion. In a classical many-particle system one can easily define distribution functions
p(q,p,t) that encode the number of particles found in a unit volume element d"qd"p
at time ¢. A famous example is provided by the Boltzmann distribution. -

In quantum mechanics, due to the non-vanishing commutator [(j, ]3] = 1h, it is not
possible to straightforwardly carry over the phase space concept. Most importantly, it
is not possible to fix both the position and the momentum of a particle at the same
time. The mathematical connections of quantum and classical mechanics, in particular
the question how to systematically “quantize” a classical system, remains an active
topic of research [116]. Nevertheless, it is possible to construct classical analogies to
quantum systems in a systematic way. These allow for semi-classical approximations
like the truncated Wigner approximation (TWA).

2.4.1 Phase Space Formulation of Quantum Dynamics

A deceptive analogy between classical and quantum mechanics is based on the apparent
similarity of Poisson brackets and commutators. Both occur in equations of motion
with the same algebraic structure, namely the Hamiltonian flow % f= { fHH } +0,f ofa

phase space function f(g, p,t) and Heisenberg’s equation of motion 9,0 = —% [O, H} +

até of an observable O (where 8,50 refers to the time derivative in the Schrodinger
picture).

However, it was noticed already early in the history of quantum mechanics that the
quantization recipe to “replace Poisson brackets by commutators {e, e} — —%[e e]" is
incomplete. The Groenewold-van Hove theorem [117, 118] states that one cannot con-
sistently quantize the Poisson algebra P of all polynomials in ¢; and p;. Quantization in
the sense of the theorem refers to a map Q from (a subalgebra of) the Poisson algebra
P to the space of Hermitian operators, which obeys a number of rules (see e.g. [119])
like Q({f,g9}) = —£[Q(f), Q(g)]. The proof of the theorem is based on contradiction:
One can, for example, start from the classical equality {q3, pS} = 3{q2p, qu} and show
that the application of Q leads to different results on the two sides of the equation.
Nevertheless, a quantization in the original sense is possible on certain subalgebras
of P like the algebra of all polynomials of degree at most two, {1, q, . 9%, qp, pg} or
the “coordinate algebra” C = {31 f'(¢)p; + g(q)} for polynomials f* and g [119].
However, in applications beyond the harmonic oscillator, Hamiltonians (with quar-
tic interaction terms) do usually not live in such closed subalgebras. Luckily, despite
this famous Groenewold-van Hove no-go theorem, constructive ways to assign classical
phase space functions to quantum operators exist. The most common approach is to
relax the Poisson bracket/commutator correspondence and introduce Moyal brackets
instead of Poisson brackets. Mathematically speaking, Moyal brackets are deformations
of Poisson brackets that agree with them to leading order in .

There are many different possible choices how to construct Moyal brackets and
classical phase space analogies to quantum operators. Usually, one associates a classical
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phase space function to a specific ordering of quantum operators. The most important
scheme is Wigner-Weyl quantization, which corresponds to symmetric ordering of
operators. Nevertheless, other ordering prescriptions are possible and give rise to the
Husimi or Glauber-Sudarshan formalism, for instance. In the following, we will only
discuss the Wigner-Weyl formalism in more detail.

The phase space function associated to the operators is called Weyl symbol. Let
us look at the example of single-particle quantum mechanics with the operators ¢
and p. For now, we denote Weyl symbols with a lattice subscript W. We associate
T — xw, p — pw and %(iﬁ + ﬁﬁ) — rwpw. In case one wants to calculate Weyl
symbols of generic — not necessarily symmetrically ordered — operators, the following
transformation formula exists (some authors exchange £ <> —¢):

Qw(g.p) = /d§eép-q (a-¢/2|0a@.D) |a+¢/2) (2.59)
Here |g) are position eigenstates. For example (d = 1),
@w= [ deeiq-g2lala+e)
> i 2.60
=/ dfeﬁpg(q—g)fq—f/quJré/?)/:q (200

5(8)

(P = /_Oo A et (g +€/2|p|q - £/2)

[e.9]

- / ag o7 (g — /2] / ap' 1) ) 9la + €/2)

[e.9]

= / h d¢ e Pt / - dp’ ei?' T8 e=i? (=5)p/ Iy (2.61)

hé(p—p')

(@) = / A o7 (x 1 £/2| ip|x — £/2)
= /oo dp/ p//h /Oo d¢ (z + g>eé(lf—l’)§

—00 —00

1 & e aow;

=aptop [ A p’/ dg e =Pe (2.62)
1 &0 &0 i (!

=ap+ o dp’ p'(ihd,) / d¢ en® =P

o 1 ih

= rp+ %(zhap)(ph) =xp+ 5}

The last identity demonstrates that the non-symmetric operator ordering leads to h-
corrections. One obtains (p¢)w = gp —ih/2 and hence ([Q,ﬁ])w = ¢h and (%{q,ﬁ})w =
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qp, as expected. The last identity (2.62) can also be obtained by using Moyal products.
In the Wigner-Weyl formalism, the Moyal product of two Weyl symbols €21, {25 can be
written as follows [150],

90 00
) (2.63)

ih
0.0 p) = Qwe 220y,  wh A= ( _
(1822) (0 2) = iwe™ > g, where Z Opi 0q; O Ip;
The arrows indicate the direction, in which the derivative needs to be executed. The
Moyal bracket {€21,Qs}y, which is the Weyl transform of —%[Ql, ()], can be written
in the following way:
2 h

{Ql, QQ}M = —7—191\7\/ sin (§A) QQW (264)
Insertion of the power series of the sine function precisely recovers the Poisson bracket
to leading order. The Weyl symbol of the density matrix p(t) is called the Wigner
function W(q,p,t). A central property of the Weyl transform is that it translates

traces of operator products into phase space integrals over their Weyl symbols,

tr (QlQQ) - /ddﬂ/ddﬂ Qiw(g, p)Qaw(q, p) (2.65)

A direct consequence of this is the following important formula for the evaluation of
quantum mechanical expectation values:

A

<Q(d,]§, t)> =tr (ﬁfl) = /ddg/dd]_? Wi(q,p,t)w(q,p,t) (2.66)

Hence, if the full Wigner function at time t is known, one can evaluate expectation
values of all quantum observables for which the Weyl symbols are known.

The Wigner-Weyl quantization scheme for positions ¢; and momenta p; can be
carried over to bosonic mode operators 1&, with [1@,@] = ;5. Instead of position
eigenstates, bosonic coherent states are used in the definition of the transformation rule.
We write [1hy) = exp(—3|1o|?) 32, ¥i/V/nl |n) for a normalized coherent state (Caveat:
Polkovnikov [150] uses non-normalized coherent states). The adapted transformation
rule reads

Ow (1, 0) = / A(£.6) o

[SIE

Cv-cd) (y —¢2| (0,0 | 0 +¢/2) (2.67)

In order to write down the classical phase space representation of the dynamics in
the model, we need to calculate the Weyl symbol of the Hamiltonian. The hopping
term transforms straightforwardly, the interaction term has to be symmetrized before.

2.4.2 Truncated Wigner Approximation

We have seen that eqn. (2.66) allows to calculate arbitrary time-dependent expectation
values of observables if the full time-evolved Wigner function is known. The evolution
equation for the Wigner function can be obtained from the von Neumann equation
ihoyp = [ﬁ , p] upon Weyl transform:

OW (Y, 1, t) = {Hw (¥, 9, 1), W(, 9, 1)}, (2.68)
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As we have seen, one can expand the Moyal bracket (2.64) in A and we can truncate
this expansion at the leading order, which gives rise to

OW (i, b, t) = {Hw(, v, t), W (¥, 9, 1) }. (2.69)

Here, the curly brackets refer to regular Poisson brackets. The dynamical scheme so
obtained is called truncated Wigner approximation (TWA). An important as-
pect about eqn. (2.69) is its formal analogy to the classical Liouville equation, which
describes the propagation of a classical distribution function on phase space. In clas-
sical mechanics, the Liouville equation is usually derived from Hamilton’s equations
of motion. In the TWA context, one can argue the other way around via the method
of characteristics [150]. The latter is a technique commonly used for the analysis of
partial differential equations. It is based on the conservation of W (4, 1,t) along the
trajectories generated by Hyw. Those trajectories are precisely governed by Hamilton’s
equations of motion for the classical Hamiltonian,

 OHy

W (W), &(t),t) = W(¥(to), d(to) o), ¥(t) = o0 (2.70)

This relation allows us to reformulate eqn. (2.66) for expectation values at time ¢ in
terms of propagated classical variables with initial conditions (¢t = 0) = 1) at time
t() =0:

We have implicitly used the fact that the volume element d? (@, @) does not change
under the Hamiltonian time propagation (Liouville’s theorem). Eqn. (2.71) now offers
a natural interpretation in terms of Monte Carlo sampling. The Wigner distribution at
initial time ¢y plays the role of a statistical weight for the initial values of the classical
variables, which are propagated using the classical equations of motion.

The derivation of TWA from the von Neumann equation is the most transparent
but it is not very useful when it comes to a calculation of corrections to the mean-field
dynamics beyond TWA. In fact, the next order in A in the expansion of the Moyal
bracket gives rise to a very complicated partial differential equation, which is not solv-
able any more using the method of characteristics. However, another route — pioneered
by Anatoli Polkovnikov [151, 150] — proceeds via the path integral representation of the
Keldysh formalism. Here, TWA is the leading order result of an expansion in quantum
fluctuations. Besides this reassuring fact, the path integral formalism also enables one
to derive a scheme for corrections to TWA based on the concept of quantum jumps.
Although one can indeed show for simple examples that quantum jump corrections
lead to more accurate results, their implementation remains tedious and inefficient.
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2.4.3 Variations on a Theme by Wigner

The original TWA method describes the dynamics of bosons in the regime of high
occupation numbers. However, it turns out that the idea at the heart of TWA, i.e. av-
eraging over mean-field trajectories with fluctuating initial conditions, can be applied
as well to many other quantum systems. A very efficient tool to transfer the bosonic
formalism to other setups is the Schwinger boson representation [152, ]. If generic
operators X, obey commutation relations [Xa, X 5] = i27 foé/hf(7 for structure con-
stants f,, one needs to find a d x d matrix form (X, );; of these operators. The matrix
allows to construct a bosonic representation (“Jordan map” [112]) X, — af(X.)ija;
of X,, for bosonic annihilation and creation operators a;, i = 1,...,d, which obeys
the original commutation relations by design. For TWA schemes, the advantage of
such a representation is the possibility to straightforwardly define the Weyl symbols

X = (aj (Xa)ija;) - The equation of motion follows automatically and reads [152]
OH
c W
9,X° § hmaxd (2.72)

The most straightforward extension of this type is TWA for spins. Let us consider
a collection of spin operators {S¢ }, which obey the spin algebra [S¢, Sf | = i6;5€a,5] .
a = z,9, z labels the spin component and i is the site index. One can introduce two
families of bosonic operators {a;} and {b;} as follows:

~

S = 5 (ajbi + blas), 3:%(a}bi—bjai), SF =< (bTb ala;) (2.73)

(2

l\D|H

If the bosons obey the canonical commutation relations, the spin operators obey the
spin algebra. To be consistent, the Schwinger bosons need to satisfy the following
constraint:

ala; + bib; = 28, (2.74)

where S is the total spin. Constraints of this kind are not problematic within TWA
because ala; 4 bib; commutes with all spin Hamiltonians and this conservation law is
respected by the Hamiltonian dynamics [150]. This representation allows one to carry
over the bosonic TWA formalism to spin systems. In the context of this “traditional”
TWA method, one way to systematically improve the validity of the method is to artifi-
cially enlarge the classical phase space via the introduction of additional variables. One
remarkable demonstration of this technique is due to Davidson and Polkovnikov [152],
1

who embedded an interacting spin-5 system into a larger algebra of SU(3) spins al-

lowing them to express certain operators like 5'22, which are quadratic in the SU(2)
language, as linear operators in the SU(3) formulation. Because the dynamics of linear
operators is exact within TWA, this increases the validity of the method. However, it
is not so easy any more to determine exact Wigner functions for these extended sets
of variables. Therefore, one would usually construct approximate (Gaussian) Wigner
functions that correctly reproduce the lowest moments of the initial state. Another
variation of the topic is the cluster truncated Wigner approximation (CTWA) scheme
for spin systems [153]. It is based on the formation of real-space clusters of spins, which



30

Theoretical Background and Methods

are represented as linear operators in TWA. The method has been used to study trans-
port in spin chains [1541]. However, the breaking of the spatial translational invariance
due to the definition of the clusters is a downside of the method.

These extensions of the original TWA are usually based on smooth probability
distribution models for the Wigner function (mostly Gaussians). However, modern
variants of the TWA use a more fine tuned sampling scheme, which gives rise to the
so-called discrete TWA [155] and provides another improvement of the TWA method.

2.5 Fermionic TWA (aka stochastic mean-field
approach)

The “traditional” TWA described above is a theory for interacting bosonic (and spin)
systems. Fermions, in contrast, do not allow for a classical limit of Gross-Pitaevskii
type, their internal state space is usually two-dimensional (¢ =1, ). Nevertheless, one
can formulate a TWA scheme for fermionic degrees of freedom [112], which is based on
a Schwinger boson representation of fermionic bilinears

1 1
Pap = 5(6205 —cpcl) = cleg — §5a5 and  Tag = caCs. (2.75)

These bilinears define a set of phase space coordinates by means of their closed so(2n)
commutator structure

[ﬁaﬁ»ﬁvé] = "/Bﬁazi - 5045[’7,8
[ﬁaﬁa 7A—'y(5] = 5047726,3 - 5&6%7,3 (276)
[%lgv 18] = —0asPss + OarPss — OpsPas + 0psPar

The p-operators obey, in particular, ﬁlﬂ = pPpa- It is important to note that they
already form a closed algebra such that one can also set up consistent TWA schemes
without explicit inclusion of the 7-variables. These commutation relations can formally
be implemented via the Schwinger boson scheme introduced in the last section. The
operators p,p and 7,g are replaced by their associated classical phase space variables
pap and 7,5. However, the classical representation of the Hamiltonian is non-unique
as we discuss further below. The semiclassical scheme so obtained is called fermionic
TWA (fTWA) and has not seen many applications so far. fTWA was used to study
the thermalization and echo dynamics in SYK models [112, ] as well as the non-
equilibrium dynamics in disordered Hubbard models [157, , 159].

A natural index set of fermionic lattice models is o = io for lattice site ¢ and spin
index 0. As indices « for the Hubbard model we consider site index i and spin index
o: a =10. For a lattice with L sites, the classical p-variables give rise to a Hermitian

matrix
Poc,0r --- Poo,Lt
o) =1 .. .. |, (p= ((pﬁ) (pﬂ)) (2.77)

PLoo0r --- PLo0T (pif) (pl,i)

of size 2L x 2L with in general 2L% + L independent complex entries. Similarly, the 7
operators constitute an anti-Hermitian matrix.
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2.5.1 Equations of motion

The classical representation of a fermionic Hamiltonian is in general not unique (it is
if flavor-averaged variables are used, which is the case for most of this thesis). Choices
of classical Hamiltonians correspond to mean-field decouplings of interaction terms.
Given a choice of a decoupling, the classical equations of motion coincide with the
time-dependent Hartree-Fock equations for the respective decoupling. Equivalently,
one can derive the equations of motion in purely classical terms using (for compactness
only written for the p;q ;)

10¢Pivjr = {Piojrs Hw} (2.78)
with the Poisson bracket
0, G T H - o MPicks — K,JT* .
{p ! W} ; apjT,/mp g P apk/@,ia Pher; (2 79)

These equations are precisely Hamilton’s equations of motion for the classical Hamil-
tonian. As an example we consider the Hubbard interaction term

Hy =U Z CITCZ'TCLCQ (2.80)

A decoupling in the Hartree (“direct”) channel

. 1 1
Hy = UZCZTTCiTCZT¢Cz¢ —  Hwy = UZ(PZ‘T,@'T +5)Pia +3) (2.81)
yields the following equations of motion for the ps:
iatpia,jo = U(pj&,j& - pic‘r,i&)pia,ja (2 82)
10ipivjz = U (ij,jU - Piﬁ,iﬁ)ﬂia,jﬁ
In the classical formalism, these equations follow from
0H U 15,15 e 5 =]
W5, JUlPaats), i = (2.83)
Opio,jr 0, else.

Note that the dynamics of the spin-diagonal p-variables is determined by the other spin-
diagonal variables alone. In contrast, a decoupling in the Fock (“exchange”) channel

H;y — Hw= —UZpiT,uPu,n (2.84)

gives rise to a different set of equations of motion
iatpia,jr = _U<)0j7‘—,j7—pio,jf - pio,i&pi&,jﬂ')- (2-85)

One cannot say in general, which decoupling or which combination of decouplings
gives rise to the most precise semiclassical description, this has to be figured out for each
individual problem. A particularly curious case is presented by the SYK model, whose
relaxation dynamics from an initial product state can be described very accurately
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within fTWA [112] but only for a pure 7-representation of the interaction term. It is
not at all obvious why this is the case.

Instead of a solution in real space, one can as well solve the mean-field equations
of motion in momentum space. The transformation of the c-operators for periodic
boundary conditions,

1 o
I —ik-7; t
o, = e i 2.86
L= e 250

gives rise to a transformation of the p-operators yielding the following equation of
motion

| L U
Z@tpkffalff - <€(k) - 6(l)> pl;a,fo+v Z |:p(ﬁ+§—f)6,176pl;a,§a - p(ﬁ+l;—§')c7,;3‘&p§a,ra : (287)
g?ﬁ

Both representations are equivalent, the real space equations of motion are easier to
solve numerically because the sum needs to be carried out only over nearest-neighbor
sites in contrast to a sum over all momenta.

We close this subsection with a general remark on (f)TWA and symmetries. Al-
though, e.g., the Hubbard model hosts many symmetries like translational invariance
or spin-flip symmetry, not all of them can be used to reduce the computational com-
plexity of fTWA. The guiding question is whether a reduced set of operators generates
a closed Poisson algebra with the Hamiltonian. The spin-diagonal p-operators, for in-
stance, do so for the Hubbard model and one can restrict the dynamics to this subset
(unless non-diagonal are explicitly required, for example in the case of a decoupling
in the Fock channel). In contrast, one cannot make use of translational invariance
in the same way. This symmetry is only restored as a result of the Wigner function
averaging and one can use the deviation from the perfect symmetry as a measure for
the convergence of the calculation.

2.5.2 Model for the Wigner function

Within fTWA, the Wigner function W (p) is usually modeled in terms of a multivariate
Caussian distribution [112] with means and connected covariances determined from
the respective values of the quantum mechanical initial state. Since already the spin-
diagonal ps form a closed algebra, we focus on them:

<pia',jo>W ; <ﬁia,ja‘>QM7
. ce | 1 . . c.c.
<pig7jo-pk7',l7>W = 5 <{,01Tg,jg,,0kr,lr}>QM.

A multivariate Gaussian distribution has the following form

W ~ew {3 (-t (6 ) (E24) 0 e

Z-p

(2.88)

where z € z = z+1iy is a complex random variable, which models the variables p.s (and
Top) at initial time. The distribution function is determined by the location parameter
p = {(z)w, the (Hermitian) covariance matriz

Lap = (20 = pa) (28 — fig))yy » (2.90)
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and the (symmetric) pseudo-covariance matriz

Cap = ((2a = ta) (25 = p18))yy - (2.91)

Mean and (connected) correlations of the Gaussian are fixed from the quantum me-
chanical expectation values of the operators and their (connected) correlations: (only
the variables p are shown)

[N
Kpio o = <pia,jo>W = <Pia,ja>QMa (2.92)
F(pio,jcru ka,lT) = <p;<o-,ja-pk7,lq—>;.;' = /dg W(E) [pja,jgka,lT] - up?a,joupkﬂlr

(2.93)

! 1 < . . ny A c.c.

2 pia,jaka,lT ka,lTpio'yjo' QM
O(pio-’jo-’ ka’lT) = <pi0,j0ka,ZT>(\:)i;. - /dE W(E) [pio’,jUka,lT] - /’Lpia,jauka,lT ( )
2.94

1, . . .
= 5 <,0ia,j0',0k7',lf + ka,l‘rpia,ja>E£\/[

If one wishes to include the 7-variables, one can make use of the fact that they are
statistically uncorrelated from the p-operators (at least for states with fixed particle
number since an equal number of annihilation and creation operators is necessary for

non-zero expectation values)

Wip,z) = Wo(p)W=(1)- (2.95)

For the practical implementation of the initial time sampling it is easier to work
with multivariate real Gaussian distributions

1 1 Tv—1
Wi(z) = WGXP (—5@ —p) 5 (z— E)) ; (2.96)

where the real covariance matrix ¥ is defined as follows (z,y € x):

Yoy = (7 — pa2)(y — py))

= (2y) — Hapty. 297

The (pseudo)covariance matrices I', C' of the complex Gaussian are related to the real
covariance matrices X, and X, of the real and imaginary parts in the following way:

1 1
Yoo = ~Re{lT+C}, %, =-Im{-T+C},

: 2 (2.98)
Sy =5 m{T+C}, T, = SRefl —C},

where z = Re(z) and y = Im(z). The mean values are determined from the first
moments of the distribution

fla = /dz W(z)x (2.99)

and the covariances from the second moments.
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2.5.3 Product initial states

In this thesis, we mostly work with product states as initial state. In this case, all means
and covariances of the initial state are real-valued. This implies that the real probability
distribution factorizes into two independent distributions for the real and imaginary
parts (X,, = 0). Hence, real and imaginary parts can be drawn independently from
each other. For product states in position and momentum space, one can explicitly
determine all initial data via Wick’s theorem:

(chebeses) = (ches)(ehe,) — (ehey) (ches) (2.100)

The symmetrized connected correlations of the p-operators can thus be computed
in terms of the following formulae:

Ly . L 1
5 (Pl + hunihs) = 5 (Fanlehen) + dauleliad) = (ehen)(chca)
L, . . 1
5 $Basun + Puag), = 5 (Banlehen) + davlchea) = {chen)iches)

(2.101)

For a many-body state described by a diagonal single-particle density matrix pog =
dapna (like the Fermi sea), the formulas simplify as follows,

(os) = (ko = s (1m0 = 3 )

<ﬁlﬁﬁw>c = Oaulpy (ng — na”ﬁ) )

o (2.102)
@wm = audpy (Na — Nanp)
</3a6/3;W>C = o Opp (Mo — nang)
(PrasPag) = OarOpu (N — NaTis)
such that the symmetrized connected correlation functions are given by
L/ . ! 1
Coppw = = < P + pw,paﬁ> = —0au0py (N +ng — 2n4np) ,
2 o2 (2.103)
Caﬁ,,uy = 5 <)5a,8ﬁp,1/ + ﬁyyﬁaﬁ>c - 55(11/(55H (na + ng — 2nan6) .

It follows from these expressions that only connected correlations of the form (paspga).
(covariance I' 3 5) are non-zero. Pseudo-covariances of the form C,3 .4 are zero. Only
in the case @ = [ both the covariance and the pseudo-covariance are non-zero (and
equal). In the following tables we summarize the initial data for a product state in the
diagonal basis (for the Fermi sea state at zero temperature we only need n, = 0,1 but
for illustration we also list n, = 0.5.

If « = 3, one has

Na || Hpag Faa,aa Caa,aa ng,aa Eggz,aa
0 —0.5 0 0 0 0
0.5 0 0.25 0.25 0.25 0
1 0.5 0 0 0 0
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If a # 8,

Na | 18 || fpas | Papas | Capas | Xobas | Cabas
0 0 0 0 0 0 0

0 105 0 0.25 0 0.125 0.125
0 1 0 0.5 0 0.25 0.25
0.51]0.5 0 0.25 0 0.125 0.125
051] 1 0 0.25 0 0.125 0.125
1 1 0 0 0 0 0

2.5.4 Stochastic mean-field approach

fTWA is an example of a method that has been independently developed more than
once.! In 2008, Sakir Ayik proposed a method called “stochastic mean-field approach”
(SMF) to the nuclear physics community [160], which is basically identical to fTWA.
A few publications [161, , , , , | in the nuclear physics community
(most of them by Denis Lacroix) have further developed the method since then and we
summarize some interesting insights: In one of the papers [165], the authors ask the
generically interesting question if one can choose better distributions than a Gaussian
to represent the correlations of initial product states. They derive expressions for the
third and fourth moments of the operators p,s in the quantum state. Their interesting
conclusion is that one cannot in general find a distribution that exactly mimics the
initial quantum correlations. However, they propose to use a two-point distribution
function  (0(z—0)+8(z+0)) instead of a Gaussian based on an analysis of the kurtosis
of various distributions. They report an improvement of the SMF with two-point func-
tions instead of Gaussians for an application to the LMG model. In Chapter 4 we also
compare Gaussian and two-point sampling but do not find a difference. In a method
comparison paper [163] with non-equilibrium Green’s functions in Hubbard systems,
the SMF yields results of comparable quality to self-energy approaches based on the
second Born approximation. The most interesting development in terms of perspec-
tives how to further improve fTWA/SMF is a recent publication on a combination of
stochastic sampling with equations of motion derived from the BBGKY hierarchy [166].
Similar (but slightly different) proposal also exist for TWA in spin systems [167, 168].
In the context of the stochastic mean-field approach the improved equations of motion
yield a significant improvement upon the mean-field equations of motion at the cost
of an increased computational complexity and the necessity to propagate significantly
more variables. We further discuss their proposal in the Conclusion of this thesis.

2.5.5 Numerical implementation and convergence
2.5.5.1 Numerical solution of the equations of motion

The non-linear equations of motion can in general not be solved analytically and one
needs to solve them numerically. In order to remove redundancies from the data, we
only store the upper triangular part ¢ < j of the Hermitian matrix p;, ;. For most

1One might want to consider this as a proof of quality.
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of this thesis we consider spin/flavor-averaged variables p;; = % Eﬁf:l Pia.jo Such that
one can ignore the spin index.
For the numerical solution of the equations of motion we use ODE solvers with

adaptive stepsize control as implemented in the standard odeint library [169]. We
mostly use their implementation of the Runge-Kutta-Fehlberg algorithm [170] of 8th
order or of the Runge-Kutta-Cash-Karp algorithm [171] of 5th order. Adaptive error

control proceeds roughly as follows: At each propagation step the algorithm proposes a
step size for the next step and estimates the error of this next step (e.g. by comparing
to two steps with half the step size each). This error is compared to predefined error
tolerances and if the error is too large the step size is reduced. The procedure is iterated
until the error is below the threshold. The two relevant error tolerances are the absolute
error €,,s and the relative error tolerance €.,. The former is mostly relevant if values
are close to zero, while the latter controls the relative error made in each propagation
step. For the applications in this thesis we always choose e, = 1071 and &, = 1078
or lower.

2.5.5.2 Convergence of the Monte Carlo simulations
(k)
ij
Gaussian) random distributions. In the usual mathematical language, the pgf) (t =0)
for each k are independent and identical (i.i.d.) random variables. Expectation values
within the truncated Wigner scheme are obtained upon averaging over a finite number
of samples £ = 1,...,n. We may assume that also at times ¢ > 0 the distributions of
the variables pz(f) (t) are i.i.d. for each value of k due to the in general chaotic nature of
the non-linear equations of motion. If exact solutions are available for comparison, we
can also check this assumption. The convergence of such an ensemble of (non-diverging)
i.i.d. random variables is controlled by the Strong Law of Large Numbers [172],

which states that

The initial conditions for the equations of motion p;.’(t = 0) are sampled from (mostly

TOIREES S0 (2104)

converges to the true mean (p;;(t)). The rate of the convergence is described by the
Central Limit Theorem, which allows to define a confidence interval of the mean,
which involves the standard deviation o of the random variables. Since the true o of
the distribution (at times ¢ > 0) is not known, one calculates an empirical estimate of
o from the data. This empirical variance of a data set with n samples is defined as

n

Ponpn = 1 2 (5(0) — (o3 (1) )’ (2.105)

or, equivalently,

n

Ot = 7 ((% > 07?) - (<pw~<t>><">)2) (2.106)

While the p;;(t) are in general complex variables, we usually only evaluate real observ-
ables like occupation numbers pyy, or absolute values of bonds |p;;|. Therefore we can
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think of the involved quantities as real. Using this empirical variance, one can write
down a confidence interval for the true mean (p;;(t)): With a probability of close to
95%, the true mean lies in the interval

1.96G exmp.n 1.96G ermpn

(i)™ N (i)™ + NG
We note for completeness that often this estimate is too conservative and can be im-
proved using, e.g., the Berry-Esseen theorem [172].

We can also use the same principle for error estimates without explicit reference to
the number of TWA trajectories by identifying sets of observables which we expect to
be identical due to symmetry reasons. If a system is translationally invariant, we may
use, for instance, the local occupations p;; on lattice sites ¢ as a set of random variables
with identical mean. Calculating the empirical variance of all these local densities also
gives access to an estimator for the convergence.

The error obtained from the central limit theorem is an absolute error, which is
as such not a meaningful quantity. Whether an absolute error of, say, 1 is good
or bad, depends on the value of the mean. This is to say that one should better
look at the relative error, which is defined as the error divided by the mean, to check
for convergence. In our SU(N)-fTWA simulations this is a relevant aspect since the
standard deviations of the ensembles, from which the initial conditions are generated,
typically scale like ~ %, while means can be of order one. One example of such a
situation is presented by the order parameters in Chapter 5. In their case, typically
only a small number of samples (~ 100) is needed to converge the expectation values
of observables.

(2.107)

2.5.5.3 Checkpointing scheme

When calculating averages and variances of observables from the trajectories, we would
like to update all statistical data for each new trajectory without the need to save all
past trajectories. In addition, the numerical error from repeated additions of numbers
with a finite floating point accuracy should be as minimal as possible. A solution to
both these problems is provided by Welford’s algorithm [173]. The expectation values

and variances of the p;;(t) are updated “on-line”: Given the running mean (p;;(t))™
(n+1)
]
(n+1) m 1 nt1 (n)

()™ = (o)™ + = (o570 = ()™ (2.108)
The equal-time covariances of the data,

S oy (6), pron£) = 5 (50 = (@)™ (pE18) = (o)™ ], (2:109)

over n trajectories and a new sample p (t), the update rule is as follows:

n
k=1
are computed similarly:
1
(pij (), pran(t)) a1l” (Dijs Prm)
n N . ) )
b [0 = ) ) (0 = (pan)™)] |

(2.110)
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For complex data we process independently the real and imaginary parts.
In addition, the formulae allow for a trivial parallelization of the sampling into

several runs A, B,.... Statistical quantities from two data batches A and B can be
merged as follows [173]:
(pij (1)) 4T = _r (nA Aoy ()" 4 g - <pi4(t)>(”3’> (2.111)
J na+ng J J
1
SO g1 0) 1) = (0 5 20, (8) 4 0 S 0, (0
nas+np
na-Np (na) (ms)) < (na) (Tm))
2 (g0 = () ™) (o)™ = ) ) )
(2.112)

2.6 Basic concepts of Floquet theory

In this thesis we will occasionally draw analogies to periodically driven systems and
in Chapter 3 we will also make explicit use of the effective Floquet Hamiltonian
formalism. We therefore give a condensed overview of important concepts in Flo-
quet theory. Details can be found in specialized reviews [32, |. The starting
point is a time-periodic Hamiltonian H(t + T) = H(t) with time evolution opera-
tor U(t, o) = T exp (-1 t'; I:[(T)dT). From its group property it follows U (t+T,t,) =
U(t, tO)U(tO + T,to). This representation corresponds to a time scale separation: The
slow evolution over (several) periods is described by U(to+ T, to) =: exp (—+T Hp [to]),
where Hp[to] is called the Floquet Hamiltonian. The fast dynamics within a period is
governed by the stroboscopic kick operator Kp [to](t) defined such that

U(t, to) _ e*%KF[to](t)e*%(t*to)HF[to}' (2_113)

The eigenvalues of U (to + T, to) are necessarily complex numbers on the unit circle,
which we denote by exp( — %Ten). Written in this way, it becomes clear that the
¢, are only defined up to the addition of multiples of h%’r, therefore the ¢, are called
quasi-energies. They are the eigenvalues of the Floquet Hamiltonian.

The operators in the exponentials of ansatz (2.113) retain an explicit gauge depen-
dence on the choice of ;. Although the quasi-energies are gauge-independent, t, can
show up explicitly in perturbative approximations of Hg[to] and €, [171]. In order to
get rid of this dependence, one defines a new set of non-stroboscopic kick operators
[A(ef}‘(t) such that e #&rlol®) —. e=7Rer(t) o7 Kerlto)  This allows to define the effective
Hamiltonian

Heg = e Ken(to) f[gg]e#Renlto) (2.114)
which is independent of #;. The time-evolution operator for arbitrary times ¢, ¢ now
reads as follows: o _ o

U(tQ, t) = e~ Ken(t2) g7 (ba—t) Hett o e (f1) (2.115)
The great value of such a decomposition lies in the fact that it allows to explain prop-
erties of the periodically driven system in terms of the time-independent Hamiltonian
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H.s. One can construct systematic approximations to the effective Hamiltonian, in
particular using the high-frequency expansion [175], which assumes {2 = 2% to be large
(larger than the other energy scales in the problem). In terms of the Fourier modes

. 1 (T PR
H, = — / dte ™Y I (1), (2.116)
T Jo

the lowest order (in &) terms of the expansion read:

~

iy =ty ity -

(1) 1 Hm7H—m (1) 1 eimQt ~ (2117)
eﬂ:_QmZ: Keff:_mz m Hy,.







Chapter 3

Spectral Properties of Driven
Systems

3.1 Introduction

Driving correlated materials with time-dependent electromagnetic fields can affect the
physical properties of those materials in various ways: Heating and charge carrier
transfer, i.e. changes of occupation numbers during and subsequent to a pulse are
among the most basic effects. Those effects can occur for static band structures and
motivate descriptions of the electronic excitation dynamics using temperature models
and quantum Boltzmann scattering equations [170, , |. However, on ultrafast
time scales (e.g., femtoseconds) and in the presence of electronic correlations, more
subtle non-thermal [34] effects can appear, like transient changes of material properties.
This can go as far as to enable transitions into “hidden” states of matter, which are
not even accessible in equilibrium [179]. Among the most interesting consequences
of light-matter coupling beyond heating are photon-dressed states, which can lead,
for instance, to a renormalization of band structures. One can roughly distinguish
dressing effects at weak and strong light-matter coupling. The latter can, e.g., give
rise to the formation of complex polariton quasiparticles in cavities [39]. While in
this context the number of involved photons is typically low, they are confined to small
cavity volumes, which causes the strong light-matter interaction. Potential applications
include cavity-mediated superconductivity and ferroelectricity [39]. In this thesis we
concentrate on the case of weak coupling, sometimes also referred to as the classical
regime. Photon numbers are typically large, like in a laser beam, such that one may
treat the macroscopically populated field modes as classical objects. Theoretical studies
of the crossover regime have recently started [130].

A successful theoretical framework to describe transient manipulations of band
structures and spectra in the classical driving regime is Floquet theory, which idealizes
the driving field as infinite and periodic (cf. Sec. 2.6). It allows for approximate descrip-
tions of periodically driven systems in terms of time-independent effective Hamiltonians
in certain regimes, in particular in the high-frequency regime. Such descriptions are
generally only valid on time scales significantly longer than the period of the driv-
ing (time scale separation). As the simplest example it is instructive to consider a
tight-binding chain subject to an infinite sinusoidal vector potential A(t) = Agsin(Qt)

41
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(coupled via Peierls substitution, cf. Sec. 2.2, with units a = e = h = 1) in the
high-frequency regime “band width < 2”:

H=—t Z (e’iA(t)c;-rcj +H.c.) (3.1)
(,)

In order to derive an effective high-frequency Hamiltonian, one needs to calculate the
Fourier modes

. 1 (7T . .
A / dt ™ F (1), (3.2)
T Jo
which one can do based on the formula
e~ iA() _ —iAosin(Qt) _ Z Jk(AO)eith’ (3.3)
k=—o0

where Ji(z) is the k-th Bessel function of first kind. Hence, one obtains

& - 1 g —i(m—
Hm = Z Jk(AO)T/O dt e ( k)Qt(—th) Z (CIC]' + HC)
h=reo (3) (3.4)
= —tnJm(40) D (cle; + He).
(i.5)
The zeroth-order term in the high-frequency expansion (2.117) of the effective

Hamiltonian is H e(?f) = ﬁo, while the non-stroboscopic kick operator (ibid.) vanishes at

that order: K e(? = 0. In the Floquet picture one obtains thus an effective description
in terms of a Hamiltonian with renormalized hopping matrix element (band width).
One may view this as an elementary example of Flogquet engineering, which can be
used to dynamically modify matter properties on a transient time scale. A simple
consequence of the example above is dynamical localization [181], i.e. a suppression
of the hopping amplitude (since |Jo(z) < 1| for all z), which is particularly relevant
if other competing energy scales are involved, for example due to interaction terms.
In such interacting models, practical implementations of Floquet engineering can be
challenging on long time scales because of the heating due to energy absorption from
the driving field. Generically, one expects that periodically driven non-disordered sys-

tems, which are not driven in the high-frequency regime [91], will heat up to infinite
temperatures [182, 82]. Exceptions include strongly disordered systems (many-body
localization [77]), which can stabilize Floquet-MBL phases [90]. These can be used,

among other applications, to build a special version of quantum time crystals [183].
Nevertheless, periodically driven systems at and below the high-frequency limit may
remain in prethermal states [92, | on experimentally accessible time scales, which al-
lows to engineer models with fascinating new properties like emerging gauge fields [32].
Another important field of application, which we do not consider in this thesis, is the
creation of topological states using periodic driving [185].

So far we have focused on parameter renormalization and generation of non-trivial
effective Hamiltonians as one hallmark of driven many-body systems. Another effect
that occurs in periodically driven systems is the formation of so-called sidebands, which
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are visible in non-equilibrium spectral functions, in particular also in experimental
ARPES spectra [16]). They occur due to the structure of the quasi-energies in Floquet
theory, which are only defined up to shifts by the driving frequency. Therefore, the
observation of such side bands is often interpreted as an experimental proof of the
existence of a dressed state. The simplest and most transparent example is presented
by a kinetic single-particle continuum Hamiltonian with the corresponding plane wave
eigenstate,

]f[ p2 eiﬁ-f’
= — Ft) = ———— .
2m7 w(ﬂ ) (271')3/2 (3 5)

The time-dependent vector potential is included via minimal coupling (m = m, and
q = —e for an electron):

() = — (5 — gA(1)". (3.6)

" 2m
This Hamiltonian allows for an exact solution of the time-dependent wave function [122],
which is known as the Volkov wave function for a driving field A(t) = Ag cos(wt):

Wi =5 1>3/2e% (Pr—a Jo o' (7-0d))°)
T
1 Lp7 = *i<ﬁ+U+ hw)t — — U
= ehpr e h\2m pTT Jn< h ’_p>
(2r)3/2 n;w do/h - p 2w (3.7)
RN TR i (22 Upnnw)t  (~ 7 Up
BRCTEEN n_zooe e In(do K 2hw>’
> e _ qQAg _ qug . . ) )
where p hk and U, T 1% is the ponderomotive potential (which one
can usually neglect). In addition, oy = —%‘j = —%. The functions J,(z,y) with

two arguments are generalized Bessel functions that reduce to the conventional ones for
y = 0. It is instructive to inspect the complex phase factor of the Volkov wave function,
whose arguments correspond to energies e~ # (7wt The ¢, are precisely the quasi-
energies % + U, of the periodically driven problem. The way the wave function is
written corresponds to an extended space representation [175], in which every Fourier
component of the Floquet modes occurs explicitly. Hence, for all integers n the wave
function contains copies of this original dispersion, shifted by multiples of the photon
energy hw (if one does not like the photon terminology for effectively classical light
fields one can just think in terms of the driving frequency).

The Bessel functions assign non-equal weight to these side bands in the wave func-
tion such that side bands with a large number of photons are suppressed. It is important
to stress that the energy replicas occur as phase factors of the wave function in the
original Hilbert space and do not imply an enlarged physical Hilbert space, although
extended spaces can be constructed as tools [175]. Nevertheless, the side bands lead
to observable consequences in photoemission experiments.

The, arguably, most basic effect is known as the laser-assisted photoelectric effect
(LAPE) [186, , , , 123], which occurs in transitions of a bound electron into
the dressed vacuum. The latter can approximately be described as a Volkov wave
function. In a simple single-particle scattering description of photoemission according
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0 (2.31), one can model LAPE within first order time-dependent perturbation theory
by the following scattering matrix [122]

(5"~ == [t vl Apnel) - 7100). (338)
where 1y is the Volkov wave function (corresponding to the dressing field frequency
Wpump) and @y = ¢ (7)e"™! is a bound electron state with binding energy Ej, = hwy,. As-
suming the rotating wave approximation for the probe field, one can formally introduce

the time-independent matrix element My; = (¢ | p“’bc - P'|¢o) such that the integral
turns into an energy conservation condition (we follow for simplicity, the 2m-convention
of the Fourier transform used in Refs. [122, 124]: § (w) = o= [7_dt e™h):

(8% = 1)gi = —@Mﬁzan (

+h (nwpump Wprobe + Wb)) 5 (39>

6

where a,, = J,(ap). The binding energy huwy 1s needed to release the electron from the

sample such that h(wprobe — Wp) = 52— + NAwpump 18 the available energy for the Volkov
state. The photoemission inten81ty [ for the n-th side band (how strong the signal
of the side band is relative to the total photoemission intensity ~ number of detected
photoelectrons) is proportional to |a,|* = J,(ap)?, i.e. the transition probability from
the initial state to the final state, if the static matrix element is ignored, which is a
common approximation [190].

This simple theory already allows for a few predictions, for example, how the side-
band intensity depends on the polarization of the electric field relative to the initial
state momentum k of the photoelectron. Let us assume an electron with initial momen-
tum component l;” parallel to the surface (which is conserved in photoemission, l;:"" = Ellv

where primed quantities denote the final state momenta) and let HEH = tan~! <Z—z>
Given an electric field
E” COS(@ E)
Egump = E” Sin(e *) ) (3.10)
E,

one can calculate the LAPE parameter as a function of these angles as follows (we
insert ky = k|):
n=—c (EHI{IH [cos(@ “) cos(fz) + Sin(ﬁ,;“) sin(fz )} +FE k’)

Mew?

pump
; (3.11)

:m(Ek}COS(‘G E‘)'FE k‘/>

Experimentalists typically distinguish two types of field polarizations that are defined
according to the direction of the field modes relative to the plane of incidence (which
we choose to be the y-direction without loss of generality):

In the case of s-polarization (“senkrecht”, perpendicular to the plane of incidence),
only in-plane components in the z-direction are present: E, = 0,0z = 0 such that o ~
Ej k) cos(0y ) For p-polarization (parallel to the plane of 1nc1dence) there are non-zero
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components in the y- and z-direction (6 = 7/2) such that o ~ (EHk:H sin(&,;‘l) + Ezk;)
Therefore, a common rule of thumb says that one should use s-polarized light to sup-
press the LAPE effect [17].

We have concentrated the discussion of side bands on the final states so far. They
can as well occur — in addition to the band structure renormalization discussed at the
beginning — for the initial states. To distinguish them from the final state dressing
one often speaks of Floquet side bands (although there is no fundamental difference
in the theory). One aspect, which is in fact mostly different for Floquet side bands
as compared to Volkov/LAPE side bands, is the complexity of the underlying band
structure. While final states will always be parabolic in spatial regions away from the
surface, electrons in materials can realize all kinds of complicated band structures. A
famous example is graphene with its linear dispersion around the K and K’ points [191].
For this band structure, side bands will intersect each other, giving rise to avoided
crossings and, consequentially, gap openings. For graphene, this effect was predicted
theoretically [192] but has not been observed in experiments as of now [193, 194]. In
contrast, Floquet states have been detected for BisSes in a famous experiment by Wang
et al. [10]. Not only Floquet side bands can interfere with other Floquet side bands
but also Floquet sidebands with Volkov side bands. This type of interference has been
observed experimentally in BiySes as well [17].

As a final aspect for this introduction, we would like to emphasize that modern time-
resolved photoemission spectroscopy allows to directly measure the non-equilibrium
spectra of excited states in correlated materials. This enables experimentalists to di-
rectly observe transient effects like band-width renormalization or the formation of exci-
tations governed by a complicated effective Floquet Hamiltonian. A strong link between
theory and experiments is based on the non-equilibrium spectral function (2.11) [51],
which serves as one of the main tools for theorists to make predictions for ongoing and
future experiments.

3.1.1 Scope of this Chapter

This Chapter summarizes contributions to projects, which are connected to the tran-
sient manipulation of spectra during and subsequent to a non-equilibrium excitation.
The first project is directly related to the formation of side bands for time-resolved
ARPES experiments on gold. It makes use of the single-particle scattering formalism
to model the Floquet-Volkov interference in this system (although a posteriori LAPE is
sufficient to describe the results as will be explained further below) and to support the
explanation of an experimental finding in terms of field screening. Secondly, we con-
sider a periodically driven strongly interacting chain of electrons with a charge-density
wave (CDW) phase in equilibrium and analyze how the periodic driving leads to the
formation of an additional band in the CDW gap.
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3.2 Side band formation in time-resolved ARPES
spectra

3.2.1 Background

We have given a general introduction to the concept of side bands and to the laser-
assisted photoelectric effect (LAPE) in the introduction to this Chapter. In the fol-
lowing, we discuss the theoretical modeling of experimental time-resolved momentum
microscopy results for the photon dressing of electron bands of a gold crystal (the
sp-band and a surface state), which are both approximately parabolic. Time-resolved
momentum microscopy is an advanced version of trARPES, which allows to simulta-
neously measure both in-plane momenta k,, k, of the photoelectrons as well as their
kinetic energy (and, as a consequence, k). The setup in Gottingen [125] benefits in
addition from very high probe-photon energies in the extreme ultraviolet (EUV) of
hwgyuv ~ 26.5eV. This allows to map the full first surface Brillouin zone of the gold
surface up to large in-plane momenta k,, ~ 2.4 A™". Previous momentum-resolved
works on side bands have mostly focused on graphene-like dispersions, either at the
" point [16, 17] in the center of the Brillouin zone or at the K, K’ points [192]. Se-
tups with lower probe photon energies (e.g., 6.3eV in Ref. [17]) are more restricted
in their “photoemission horizon” of accessible in-plane momenta and therefore studies
have often focused on interesting dispersions close to the I'-point. In contrast, in our
project [3] we have investigated the properties of photon dressing for parabolic initial
states as well at high electron momenta. A posteriori, it turned out that the observed
data could be explained with LAPE alone, due to a screening of the electric field in the
material. Nevertheless, in the theoretical model, we address the situation with both
initial and final state dressing present. A rough sketch is given in Fig. 3.1: Both the
initial and the final state dispersion are parabolic albeit with possibly different effec-
tive masses. To photoemit an electron, the vacuum energy needs to be surpassed: the
remaining excess energy determines the energy of the free electron state. An important
constraint is provided by the condition that momenta perpendicular to the surface are
conserved. A calculation for a similar situation with Dirac spinor initial states has
been carried out by Park [124] within the single-particle scattering formalism. In the
theory part of the experimental study by Mahmood et al. [17], LAPE was introduced
as an additional phase factor in a second quantized calculation.

Exemplary experimental data is shown in panel (a) of Fig. 3.2. The upper two
plots show the photoemission signal for electrons that originate from close to the Fermi
energy (ng), while the lower two plots show photoemission data at energy Er + hwig
(n1). One can see very well how the original band structure is replicated. Two types of
states can be identified: firstly, a Shockley surface state (SS) [3] around the Brillouin
zone (BZ) center and, secondly, the sp-band, which is closer to the edge of the BZ at the
energy chosen. On the right-hand side of the figure, two quantitative evaluations of the
data are shown: The data dots in panel (b) show the total intensity of the signal n; as
a function of the field polarization from p to s. The experimental signal follows nicely
a cosine. We discuss the conclusions from the comparison to theory in section 3.2.3.
In (c) the relative intensity of the first side band (for p-polarized light) is plotted
for both states as a function of the in-plane momentum k,, orientation. The precise
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data handling is explained in the Supplemental Information to the publication [3] and
makes use of the fact that side bands are most strongly suppressed for s-polarized
light in order to eliminate the effect of the inhomogeneous photoemission signal. The
main conclusion is that the side band intensity is independent of the Brillouin zone
direction, which is a strong qualitative statement for a comparison to experiments. In
the following, we present our theoretical modeling (which agrees with the respective
text in the Supplement of the publication) and then close with a summary of the
conclusions drawn in the collaboration.

Energy
m = +1 Volkov side band

vacuum Iree electron state

m = —1 Volkov side band

Naad
AN

n = +1 Floquet side band
> kxy
electron band

n = —1 Floquet side band

Figure 3.1: Sketch of Floquet and Volkov states: The red lines correspond to the
initial parabolic electron state with a general effective mass (in our case mgg < m, but
mg, ~ me). Blue: dressed vacuum states (Volkov). The photoemission spectrum is
influenced by all possible “transitions” between the states. An example of a transition

from the electron band to Volkov states (LAPE) is sketched with a dashed line.

3.2.2 Theoretical modeling (cf. [3])

The text and the results of this subsection are also contained in the supplement (section
I11.) of the publication [3], Electromagnetic dressing of the electron energy spectrum of
Au(111) at high momenta, Phys. Rev. B 102, 161403(R) (2020).

The theoretical description of the laser-assisted photoelectric effect here follows
precedent work by Madsen et al., and others [122, , , ]. We start with a
linearly polarized driving laser field

E(t) = E cos(wygt) (3.12)
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Figure 3.2: Figure from the publication [3] (Creative Commons Attribution 4.0 In-
ternational license, the figure was created by Marius Keunecke): (a) Photoemission
intensities of the main signal (ng, zeroth side band) and of the first side band (n)
for both s- and p-polarized pump field. (b) total intensity of the first side band ny
as a function of the polarization of the electric field (from p- to s-polarization). (c)
relative side band intensity I;/Iy as a function of the xy-Brillouin zone direction. The
experimental data is shown in (a) and as dots in (b) and (c). The solids lines in (b)
and (c) are due to the theoretical formulas developed below.

where
E,,sin(0g) E cos(68°) cos(9)
E=|E,cos(0g) | = Eysin(¢) , (3.13)
E. Eysin(68°) cos(¢)

with g = arctan <§—z>, the in-plane angle of the electric field (cf. Fig. 2 in [3]), and

¢ the polarization angle, where ¢ = 0° (90°) corresponds to a p- (s-)polarized driving
light. The latter description can be seen as the transition to the laboratory frame with
an incidence angle of 68°.

3.2.2.1 Model for the final state

In general, photoemission final states are free electron states in the vacuum that become
distorted at the surface and are matched to high-lying Bloch waves giving rise to so-
called time-inverted LEED states [51]. For metals a common simple surface model
is a step potential model, the so-called ”jellium” model [123]. Here, the final states
are modelled as plane waves parallel to the surface and exponentially damped waves
normal to the surface. The dressing by the laser field, however, can be treated in an
approximate way by using the phase of free electron states dressed by a driving laser
field [195, 123], which are known as Volkov waves [122, 196]. Also plain Volkov waves
have proven to be useful as final states for analytical photoemission calculations [124].
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Hence, our model for the final state is

Ky Tay i > A U
_ —+(hws+U)t —inwrrt Y
oy (r,t) = o O, (2)e” n\"s E e IRt (a, 2thR) , (3.14)

n=—oo

where ¢y, (2) is the surface-normal part of the wave function, fuwy(k) is the eigenenergy

/ 2 2
of the state, which is ~ %. U= 4; i% is the ponderomotive potential and .J,, are
e eWIRr

generalized Bessel functions.

e
=— _E®.x 3.15
@ mew?s ( )

is the LAPE parameter and k is the momentum in the final state.

3.2.2.2 Model for the initial state

The initial state in photoemission is generically a complicated Bloch wave. However,
in the case of the sp band transition the in-plane dispersion is well approximated as

parabolic Egp(ky,) = —E5F + 2’7‘2 kf(y when measured with respect to Epemi. This is in
the spirit of the free electron approximation for noble metals [7], which is a common

simple but often quite predictive approximation for many quantities. Note that k,, of
the initial and final states coincide due to conservation of in-plane momentum in the
photoemission process.

A realistic modelling of the perpendicular momentum dispersion is more compli-
cated. Estimating the initial state k" from the photoemission energies reveals that for
a probing photon energy of 26.5 eV, k" is typically close to the bulk I'-point where the
dispersion is flatter than at high momenta, i.e. close to the L point (see band structure
calculation and photon energy dependent photoemission data in Ref. [197] and [198]).
For flat dispersions we expect a strong suppression of the sideband generation since
the dressing field couples to the momentum-dependent part of the dispersion. This is
consistent with the picture of a parabolic dispersion with high effective mass in that
direction.

Furthermore, we model the initial state dressing as due to an averaged damped
electric field E'™ inside the metal as a first approximation. Hence, we can work with
a wave function similar to Eq. (3.14) but consider a Floquet parameter

€ : . .
— EIR,ln . kz : EIR,m kin 3.16
/8 mew%R Ty Yy + /8 ( z 1 ) ( )

instead of the LAPE parameter «.

The occupied part of the Shockley surface state (SS) has a two-dimensional parabolic
dispersion with an effective mass mgg =~ 0.26m. [199]: Ess(kyy) = —E5° + 3 7’}12* k,,°.
At the same level of modelling as above we may hence use a Floquet parameter E?milar
to (3.16) but with m, — mgg and possibly a different average electric field.

3.2.2.3 Photoemission amplitude

The transition in photoemission from the initial state to the final state is calculated
within first order time-dependent perturbation theory (Born approximation [122, 124])
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employing a scattering matrix description. The transition amplitude from an initial
state ¢; to a final state ¢ reads:

(SB — )= —%/_ dt(¢s|Aguv - p| ¢i) (3.17)

with the vector potential of the EUV probe Agyy = % exp(—iwgyvt), where we used
the dipole and the rotating wave approximation (cf. Sec. 2.2.2). In the experiment
a driving laser fluence of F = 5 mJ/cm? with 7 = 37 fs pulse duration resulting

in an incident electric field amplitude Ey = %% ~ 1-10° V/m was used. The
ponderomotive potential U = 4:;532 is then of the order of 10 meV, and the term
¢¥IR

thm ~ 0 can therefore safely be neglected. The generalized Bessel function reduces

to the ordinary Bessel function of the first kind.
Plugging the model for the sp wave functions into (3.17) yields

(S®— 1) = _%Mfi > / dt ei(4s09-w )= (m-mem—wpov)t 7 ()] (a)

=—— My D0 (wrk) — wi(K) = (m = n)wm — wpuv) S (B) Ja ()
= _%Mﬂ > 6 (wi(k) — wi(k) = mwir — wey) Jsm (8) Ja (@)
" (3.18)
where BV
My; = <¢f(r)‘A02 P ¢i(r)> (3.19)

is the photoemission matrix element generated by the spatial parts of the wave function
[123]. Since we are only interested in the relative k-space structure of the sidebands
we neglect My; in the following. Using a Bessel function identity allows to simplify the
expression for the sideband amplitudes

=Y Jnim(B)Ju(@) = Ju (B — ). (3.20)

The Dirac-6 in (3.18) describes energy conservation during photoemission and re-
stricts the final momentum k in addition to the momentum conservation parallel to
the surface. The photoemission intensity of the m-th order sideband is

L ~ |am]? = T (8 = @) = T (Bay — tay + - — )’ (3.21)

Note that the Bessel function obeys: J_,, () = (—1)"J () for integer m so that the
intensity of the sidebands I,,, = I_,,. We can approximate the Bessel function J; for
small parameters |3 — a| < v/2 resulting in a sideband amplitude (m = 1)

1 2
arf ~ 7 (8- ). (3:22)
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This is roughly justified in our case with an incident electric field Ey = 1-10? V/m
yielding a maximum LAPE parameter of o, = 1.28 and only small corrections due
to 5 because of the efficient screening, i.e. S ~ 0. Generically, since [, — gy =
- (EX%n — EM) . k,,, the sideband generation for the sp band states due to the

in-plane electric fields will be suppressed if the electric field in the metal is only weakly
screened.

Special case LAPE. Since we anticipate strong damping of the electric fields, which
is underpinned by a Fresnel equation estimation (cf. next section), we consider the
special case By, 8, — 0 of pure LAPE leading to a sideband amplitude

| |? ~ T ()2 (3.23)

In previous works [124, 17] the in-plane component of the electric field was typ-
ically neglected if all electrons are photoemitted nearly perpendicular to the surface
(k, > ki, ky). In our case this approximation is a priori not valid, because we can
detect electrons photoemitted under large photoemission angles and thus high in-plane
momenta. If the in-plane components of the electric field are taken into account, the
result, in contrast, yields a dependence on the azimuthal angle

2
| |* ~ Jm( € > <E£;kxy cos (Qk - QE) + E?’%)) . (3.24)

eWIR

We may use the same approximate form of the Bessel function as above such that
the sideband amplitude for the first sideband (m = 1) is given by J; (a)® ~ 2

4
a2 ~ 2 [ —2 (EIRk: cos (6 — 0) + EMk ) 2 (3.25)
" 4\ mew?p \ Y = '
A fit of (3.25) to the data as shown in Fig. 3.2 only works for E,, = 0:
1 2
| |? ~ —( ERE ) (3.26)
4 mewIR

3.2.3 Conclusion

We have derived Floquet and LAPE parameters that allow for qualitative insights into
the interplay of field direction Exy and in-plane momentum vector kxy Due to the
approximate parabolic nature of the initial and final state dispersions, we find side
band intensities according to (3.21), which depend on the difference of the Floquet
and LAPE parameters. In principle, this can lead to a destructive interference of the
xy-components, in particular if the effective masses are similar. The role of the initial
state momentum in the z-direction, £, is not so clear: In theory there can be initial
state dressing with respect to that component. However, a realistic estimate of the
field strength E™ below the surface yields such a strong damping that one can neglect
the contribution in this case. Hence, the first side band intensity I, is effectively

proportional to J;(7)?, with

= ’nyEmykmy COS<9kzy - GE) + ’YzEzkz- (327)
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Destructive interference would lead to a suppression of v,,. Turning back to Fig. 3.2,
panel (b) indeed shows that the measured data can only be fitted well if the contribution
proportional to 7,, is neglected. In this case, the simpler explanation is a strong
screening of the electric field due to the almost perfect reflection at the metallic surface.
This picture implies that one should set E,, ~ 0 in (3.27), which also explains the
observed data. Panel (c) in the figure shows that the relative side band intensity is
independent of the momentum direction, which is also incompatible with significant
dressing in the zy-direction. Still, we conclude that parabolic bands may give rise to
interesting interference phenomena of the observed side bands in situations, in which
the screening is weaker. In particular, the side band intensity would depend on the
value of the effective mass of the bands, which could be an interesting point to address
in future experiments.

The following calculation to estimate the value of the field strength in the z-direction
was first carried out by Marius Keunecke [200], based on the formulas in [201, 202]. We
summarize it here for completeness: If one assumes an abrupt metal-vacuum interface,
one can apply the Fresnel equations in order to estimate the electric fields in the z-
direction inside (F._) and outside (£.,) of the metal surface. The relevant formulas
in the paper by Whitaker are:

EZ 4sin(6y)% cos(04)2(€2 + €3)

E5 (€2 + €2) cos(6g)? + 5124 + v/2 cos(By)uey* (V2 + egsin(6,)?) (3.28)
E? 4sin(y)% cos(6,)? '
Ef (4 &) cos(0)2 + SV 2, + V2 cos(B)ues > (5172 + eqsin(6,)?)

where Ej is the incident electric field amplitude, #; = 68° is the angle of incidence
and €4 is the vacuum dielectric constant. Furthermore,

S = (€1 — €g sin(Qd)2 + 63), U= (51/2 + (€1 — €4 sin(@d))l/2. (3.29)

The dieletric function for gold are taken from the literature [203] (e = —44.252, €3 =
2.0375). The formula yields a drop to 2% field strength below the surface in comparison
to above. Therefore, in this system, dressing of the initial state k"-component can be
neglected.
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3.3 In-Gap Band Formation in a Periodically
Driven CDW Insulator

3.3.1 Background

In the introduction to this Chapter we discussed the general idea of Floquet engineering
as a means to manipulate material properties on prethermal time scales, i.e. before
heating becomes dominant. Often in (theoretical) applications, the high-frequency
limit, in which the driving frequency clearly exceeds the intrinsic energy scales of the
model, is considered. In this limit, heating is suppressed [91] and effective Hamiltonians
assume a particularly simple form. In the project presented in this section, we study
the non-equilibrium spectral function (2.11) of a strongly correlated model, which is
periodically driven with a large frequency but not in the extreme high-frequency limit.
The Hamiltonian is defined as follows,

L-1
H(t) = —t Z (em(t)cl €y + He )
=1
L1 , ) . (3.30)
1% _ _
+ ; (nz 2) (an 2) +;Ulnla

The equilibrium model (Ay = 0) is the ¢,-V chain, a one-dimensional model of spinless
fermions with a density-density interaction V. p; is an additional, [-dependent on-
site potential, which can be set to a small value at the edge, thereby helping numerical
matrix product state calculations to select one of the symmetry-broken CDW states. By
means of the Jordan-Wigner transformation [201], the equilibrium model is equivalent
in one spatial dimension to the XXZ spin chain, which is exactly solvable via Bethe
ansatz [205]. Tt shows a Berezhinskii-Kosterlitz-Thouless (BKT) type transition [200]
at half filling and zero temperature from a Luttinger liquid (LL) phase [207] to a charge
density wave (CDW) insulator [15] at V/t;, = 2. A sketch of the phase diagram is shown
in Fig. 3.3.

metal

CDW
EEEE BB

| »V/t
V/it=2

Figure 3.3: Sketch of the phase diagram of the interacting ¢,-V model: The system
undergoes a phase transition from a 1D metal (Luttinger liquid) to a charge-density
wave insulator with non-zero CDW order parameter. The red bars illustrate the local
charge distribution.

The charge-density wave order parameter is defined as follows,

2

Ocow(t) = 7 Y (e () = (ma(1))). (3.31)

i even
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For V/t;, > 2 the order parameter becomes non-zero and the single-particle spectrum
is gapped, while the spectrum is gapless in the metallic phase. The model is often
considered to be the simplest interacting electron model: It is both convenient for
numerical methods because of the small local Hilbert space (2 states) as well as for
analytical methods like mean-field theory or Bethe ansatz. Therefore, it is a suitable
candidate model to study the effect of periodic driving in a simple strongly correlated
system. Related previous works have focused on parameter renormalization in the high-

frequency regime [$0] and light-cone spreading of correlations [2038]. Recently, these
studies have been extended to the quantum Fisher information [209]. Similar works on
the Hubbard model have studied the doublon formation upon driving [210, ]. We

complement these works by asking the questions how the momentum-resolved spectral
signatures of the periodically driven model look like, which could be measured, e.g., in
a time-resolved ARPES-like experiment. Therefore, we consider the non-equilibrium
spectral function (2.11) of the system under driving. The starting point is data from a
quasi-exact numerical calculation based on the matrix product state formulation of the
time-dependent variational principle (TDVP) [58]. These calculations were carried out
by Constantin Meyer (details in the PhD thesis [212]). The most interesting effect is
the emergence of a cosine-shaped in-gap feature as a result of the periodic driving. In
order to gain more insight into the mechanism behind this finding, we discuss results
obtained for a driven non-interacting model for charge-density waves as well as for a
mean-field treatment of the interacting model.

3.3.2 Results

The results and parts of the text in this section are also contained in the
publication [4], In-Gap Band Formation in a Periodically Driven Charge Density
Wave Insulator, Comm. Phys. 6, 245 (2023). The DMRG /time-dependent MPS sim-
ulations have been carried out by Constantin Meyer. I created the figures used in the
text here as well as in the publication.

We choose a monochromatic classical light-field A(t) = 6(t)Agsin (Qt) in (3.30),
which couples to the electrons in the system via Peierls substitution. Let us begin
with expectations from Floquet theory. The leading order terms in the high-frequency
expansion (2.117) of the effective Hamiltonian I:[eﬁc and of the kick operator [A(eﬁ‘ in
terms of the Fourier components H,, of the Hamiltonian read

a% = m, K9 =0
1 (H,y H . 1 o ema (3.32)
A oy Hom| o)
- § Joo S L N &
eff £ eff hQ =

In the case of the t;,-V Hamiltonian one obtains the harmonics (cf. calculation in
the introduction to the chapter)

. 1 (T A . .
Fro= o / dte= ™ F(t) = T, (Ao) Fln + S0 Fon (3.33)

0
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Insertion in (3.32) yields

L-1 L—-1
I:Ie(?f) = Ho = —thJ()(Ao) <cjci+1 + HC) + Vv Z niNi4q
=1 i=1
- (1) R imt (3.34)
Kﬁ = Hkin Jm(A0>
h$2
m70

In the following we choose Ag = 1 such that Jy(Ag) =~ 0.765197. The lowest order
high-frequency correction for the model is therefore a renormalization of the hopping
parameter t, — 5% = t;,.J5(Ay), which implies an effective increase of the interaction

strength V/¢5% > V/t), and a larger CDW gap to be expected. The & contribution to

the effective Hamiltonian, H éflf), vanishes in our case because the kinetic Hamiltonian
commutes with itself.
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Figure 3.4: (Non-)Equilibrium spectral functions of the periodically driven CDW
ground state at V/t, = 5. a) and e) show the equilibrium spectral functions Ag(w) of
the system with bare and renormalized parameters, respectively. b)-d) show the non-
equilibrium spectral functions A (¢,w) upon driving at the instances indicated. Times
are measured in units of t;l. The equilibrium spectral features in e) are also present in
the spectral function of the driven system. In addition, there is clearly additional spec-
tral weight appearing whose main feature is well approximated by f(k) ~ —2.5 cos(ka)
(black line in d)). The data has been obtained by Constantin Meyer [212] with MPS
time evolution for a system with L = 64 chain sites and open boundary conditions.
This figure was created by Alexander Osterkorn and is also published in [1] (Creative
Commons Attribution 4.0 International license).

In Fig. 3.4 numerical results for the non-equilibrium spectral function Ag(t,w) ob-
tained from the MPS time evolution are shown. The definition of the spectral function
is given in (2.11) in the Methods chapter, we use the horizontal time coordinates here.
The value of the interaction strength is V/t;, = 5, for which the Bethe ansatz solu-
tion [205] of the model predicts a spectral gap of A/t ~ 1.576. The driving frequency
is Q/t, = 10. The data is obtained using open boundary conditions (OBC), which
is most efficient for matrix product state algorithms. The momentum eigenmodes
of the system for OBC are standing waves [213] ¢ = /2/(L + 1) >, sin(kr;)c; with
k€ 7 -{1,...,L}. The crystal momentum k therefore lies in the interval [0,7].
Panel (a) of the figure shows the equilibrium spectral function of the model without
driving. The spectrum consists of two main excitation continua above and below zero
energy. Since we consider the retarded Green’s function, we always obtain the full
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density of states. At k = 7 we find the gap, whose size agrees with the Bethe ansatz
prediction. In panel (e) the equilibrium spectral function for the Hamiltonian with 57
instead of ¢, is shown. The spectral gap is indeed larger in (e) than in (a). Panels (b)
to (d) show results for the non-equilibrium spectral function of the periodically driven
chain (with the driving suddenly switched on at ¢ = 0). One finds that the excitation
continua agree with the prediction of the zeroth order effective Hamiltonian. However,
in addition, spectral weight appears in the band gap that is very well approximated
by a cosine but is not part of the ground state spectrum of the effective Hamiltonian.
Since H e(flf) = 0 and second order terms are already quite strongly suppressed, one can
anticipate an important role of the kick operator K.g. Nevertheless, spectral effects
can be subtle and a closure of the spectral gap upon melting of a charge-density wave
was also observed in a non-interacting model by Shen et al. [214]. This study did not
calculate a k-resolved spectral function. In order to distinguish the in-gap band from
their effect, we reconsider the A-B model by Shen et al. with periodic driving. The
model is based on the definition of two sublattices A and B and a staggered poten-
tial with values ﬂ:%. We implement the model in one spatial dimension such that the
Hamiltonian with Peierls substitution reads

H==1, 3 (40cley +He.) + (Z dei =Y dle). (3.35)
j i€B

We introduce the following momentum space operators (for periodic boundary condi-
tions)

cleq = Z G CIL+Q)

kerBZ (3.36)
cep = Z “Hri (e - CL+Q)=

kErBZ

where Q) = m and rBZ = [—7/2, /2] denotes the reduced Brillouin zone. A subsequent
rotation to a particle-hole basis allows to bring the Hamiltonian to diagonal form,

H: Z ekaczacka, (337)
k,ae{+}

where €1 = % —pt/e+ UTQ and € = —2ty, cos(k). It is noteworthy that the single-
particle spectrum is gapped despite the absence of interactions. In the presence of the
driving field A(t), one can exactly write down the time-evolution operator Uy (t, t — At)
for an infinitesimal time step At and momentum k as a 2 X 2-matrix based on a Trotter
decomposition of Ug(t,ty). The calculation is detailed in the original publication by
Shen et al. [215]. We use this result to solve for the retarded Green’s function with
a real-time step size of 10_615,;1 and a chain length of L = 128 sites with periodic
boundary conditions.

Results for driving frequency /t;, = 10 and Ay = 1 are collected in Fig. 3.5. Panel
(a) shows the equilibrium spectral function Aj(w) of the A-B model without driving.
The size of the band gap is U. Panels (b) to (d) show results for the non-equilibrium
spectral function Ag(¢,w) of the driven system. The CDW order parameter is shown in
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Figure 3.5: Simulation results for the A-B model in (3.35) with U = 5¢,, and semi-
infinite sinusoidal driving with amplitude one and frequency 2 = 10¢;,. The panels a)
to d) shows results for the non-equilibrium spectral functions at different times. Panel
e) shows the dynamics of the CDW order parameter under driving and panels f) to
h) show cross sections through the spectral functions of b) to d). The figure is also
published in [4] (Creative Commons Attribution 4.0 International license).

(e). The periodic driving causes oscillations of Ocpw on the time scales considered here.
It oscillates around a value =~ 0.84, which is slightly lower than the initial equilibrium
value Ocpw(t) = 0.88 such that one can at least speak of a partial melting of the
CDW. One can, however, not connect this order parameter dynamics to the emergence
of a band in the spectral gap. We show this exemplarily in cuts through the spectral
function at the center of the Brillouin zone at & = 0 in panels f) to h). Momentum cuts
at other momenta agree qualitatively. Shortly after the start of the periodic driving
(times t = 0, t = 10), the heatmaps (b) and (c) show some weak in-gap signals around
k ~ 47, which is, however, a transient effect due to the switch-on procedure and is
not related to the formation of a peak. We can conclude that the observed in-gap
phenomenon is most likely interaction-induced. As a second interesting observation
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we note the formation of Floquet side band in the spectral function at separations
+() from the original bands. The spectral weight of every second side band becomes
negative. The question under which conditions the non-equilibrium spectral function is
manifestly positive is a topic of current research [114, ]. One can show for the case
of infinite periodic driving that period-averaging leads to a retarded Green’s function
without negative weights for fermions [116]. How useful this procedure is in the case
of semi-infinite driving, which we consider here, remains unclear and so we stick with
the non-averaged version of the non-equilibrium spectral function.

3.3.2.1 Hartree-Fock time evolution

In order to shed more light on the role of interactions, we continue with a time-
dependent Hartree-Fock approximation of the dynamics in the ¢,-V chain. We start
from a decoupling of the interaction term and assume a two-site unit cell with sublat-
tices A and B. Let us denote the mean-fields by

RN | R |
= (C.CilicA, = (C;Cit1)icA,
LA < ; > cA Po < +1> €A (3.38)

PB ‘= <C‘Cz'>z'€B7 P1 = <Czci+1>ieB-
Using periodic boundary conditions and again the momentum modes (3.36), we

obtain, defining ¢, = —2t), cos(k), xx = V (poe™™* + pje*), the following momentum
space representation of the Hamiltonian

(H) = < - > (€k —Re(xi) +V(pa+pp) — iIm(xx) +V(pp = pa) ) (

% ke —ilm(xx) + V(pp —pa)  —ex+ Re(xu) +V(pa+pp) —
(3.39)
In the following, we only consider half filling 1 = V(pa + pg). Diagonalization of

the mean-field Hamiltonian yields the eigenenergies
E, = j:{ — [ — (ek — Re(xk))2 — Im(x)?
) 57 1/2
—V?*(pp — pa) ] } (3.40)
2 2 2 1/2
= i{‘ek —xk|” + V(o5 — pa) } :

The saddle point values of the mean-fields are determined by minimization of the
total energy using a simulated annealing approach (cf. Sec. 2.3). The self-consistency
conditions read

|
Po = <C;'rci+1>ieA

1 .
== >~ e ((clew) = (elewsa) + (el gor) — (chgarra))
kerBZ (341>

|
p1 = <c;'rci+1>i€B

1 —i
== > e ((da) + (clersa) = (chgor) = (chigera))
kerBZ

Ck
Ck+Q

)
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By inspection of the eigenenergies (3.40), one finds that the spectral gap is given by
2V (pp—pa). The self-consistent solutions turn out to obey py = p; with real py and p;.
In order to calculate the dynamics of the driven system, we first solve the time-diagonal
problem and obtain the full one-particle reduced density matrix pi;(t) = (¢} (t)c;(t))
using the equation of motion

atplp = —1t |:Ze Zéola(t) Zpl —iQap(t) :|
+4V {( Z Z > PlaPap — paaplp)]

a(p) o

(3.42)

where ¢;;(t) = e jyA(t) is the vector potential measured in the direction from site 7 to
site j. a(i) denotes the nearest neighbors of site i. In a second iteration we solve the
equation of motion for the contributions from the lesser and greater Green’s function to
the retarded Green’s function in horizontal coordinates, 0(7)G=<(t, ) and 0(7)G~ (t, T),
for the relative time 7 (only 7 > 0 is needed) using the time-diagonal data from the
first iteration:

—i0,Gy” (6,7) =Y (ham (1) + Shh [p(D]) Gy (8,7), (3.43)
where
hi grl = — et hi-l—li = —tpe A0
E?F = Voim Z pnn V(S (i,m) plm(t) (3'44>

The second expression is the Hartree-Fock self-energy (2.58) for the model. We choose
a chain length of L = 64 sites and solve the equations of motion with a Runge-Kutta
scheme (as implemented in the solve_ivp routine of Python’s scipy library [1413]) with
a maximal step size of 10_375,71. We choose a large value V' = 8t;, to clearly separate V-
dependent spectral features from Floquet side bands. For this value, the spectral gap
size of the mean-field model is A ~ 15¢;,. We choose a driving frequency of 2 = 30t
which yields the same ratio A/Q as for the A-B model.

The results are shown in Fig. 3.6. Except for the different spectral gap size, the
equilibrium spectral function of the non-driven system resembles the one obtained in
the A-B model. The main peaks of the band structure of the driven system agree with
the mean-field dispersion relation E}, if evaluated with the renormalized teg = t5Jo(Ap)-
The driven model, however, shows additional signals separated by £V from the main
peaks (we checked this dependence on V' with an additional calculation for V/t, = 12).
They gives rise to an in-gap signal around w/t, ~ 0, which is stronger in amplitude
than the signal, which is shifted by V' away from the main peaks. Like in the A-
B model the spectral function displays negative weights, which — in contrast to the
MPS results — are pronounced at all times treated by us, while in the MPS case the
negative weights seem to substantially decrease in time. We conclude, however, that
the spectral function still contains relevant qualitative information, e.g. the position
of spectral peaks. The order parameter in Fig. 3.6(e) is oscillatory with a slowly
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Figure 3.6: Simulation results for the ¢-V model within Hartree-Fock mean-field theory
with V' = 8t;, and for semi-infinite sinusoidal driving with amplitude one and frequency
2 = 30t,. The data is obtained for a model with L = 64 sites and periodic boundary
conditions. The heatmaps in a) to d) are drawn for the reduced Brillouin zone. Panel
e) shows the dynamics of the CDW order parameter under driving and panels f) to
h) show cross sections through the spectral functions of b) to d). The figure is also
published in [4] (Creative Commons Attribution 4.0 International license).

decaying envelope. In fact, it oscillates around a larger order parameter value than in
equilibrium. Still, the static equilibrium CDW configuration is broken up and charges
can move in the system. We checked that if the driving is suddenly turned off, order
parameter oscillations as well as the in-gap spectral features remain. The Floquet
replicas of the main bands, however, disappear.

Remarkably, the shape of the observed in-gap signals coincides with the shape of
the mean-field spectrum FEj, (shifted into the band gap) if rescaled with a factor of two.
Looking at the dispersing part |ek — Xk‘ of (3.40) for py = p1, we do indeed find a
cosine-like dispersion if ¢ is neglected:

ler — xk| = 2V po| cos(k)| (3.45)
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One needs to keep in mind that Ej is the particle addition/removal spectrum of the
mean-field calculation in equilibrium, which does not need to coincide with the energy
of excitations. The deviation by a factor of two is therefore not too surprising. The
MPS time evolution in Fig. 3.4 did as well show an approximate shape of the in-gap
signal ~ % cos(k). In physical terms, one can associate the emergence of the in-gap
bands to the creation and destruction of doublon excitations in the system, which are
also present in time-dependent Hartree-Fock theory but not in the A-B model.

3.3.3 Discussion and Conclusion

In this project we have extended previous studies of the periodically driven ¢,-V chain
by the perspective of non-equilibrium spectral functions. Starting from the numerical
observation of emergent spectral weight in the gap of a periodically driven charge-
density wave insulator, which displays a cosine-like dispersion, we studied two minimal
models in order to see which ingredients are needed to reproduce the effect. While
a periodically driven non-interacting A-B model does not show such a feature (al-
though in-gap spectral weight can occur in such models upon driving [211]), we are
able to reproduce some of its qualitative features within a time-dependent Hartree-
Fock calculation. Nevertheless, a full explanation of the observed phenomenon in the
MPS time evolution needs to take into account correlations effects, which will lead to
an additional dressing of the excitations. An important method-related topic for fu-
ture research concerns the question how to obtain a positive-definite spectral function
in situations like the one considered here. If the system reaches a stationary state,
period-averaging of the retarded Green’s function might be a way to enforce positive
semi-definiteness [116]. However, in the presence of heating and non-strictly periodic
driving (e.g. with switch-on procedures), it is less clear how to proceed.

To further advance the understanding of the doublon-induced in-gap band forma-
tion, it will be useful to consider more in detail the effective Hamiltonian description
within Floquet theory. Since the Fourier components H,, for m # 0 are only rescalings
of the kinetic term in the Hamiltonian, one obtains that the 1/Q-contribution H (H) to
the effective Hamiltonian vanishes. The Q=2 order is already strongly suppressed. It is
important to note that non-equilibrium spectral functions, which depend on two times,
will in general also be influenced by the effect of the non-stroboscopic kick operator
Kg(t) because of the representation (2.115) of the time evolution operator for arbitrary
times t; and t5. The kick operator contribution K éflf) (t) in the high-frequency expansion
is non-vanishing and proportional to the kinetic Hamiltonian. The kick operator will
therefore induce hopping processes of electrons that can lead to a creation of doublon
excitations in the interacting model. One way to analyze more in detail the doublon
formation is the Floquet-Schrieffer-Wolff formalism developed by Bukov, Kolodrubetz
and Polkovnikov [210]. We only give an outlook here (the original publication is about
the Hubbard model, we calculated the analogous formulas for the ¢,-V model). The
formalism is based on a rotation to the comoving frame via the transformation

() = eV ES (ni—2) (nis—1)

(3.46)
— efthZ - n,nlﬂeflt ZZ 71 (m+m+1)efit%(L71)
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If we assume the limit V' < €0, one can perform the leading order high-frequency
approximation first [210] (¢, — tpJo(Ap)) and rotate to the comoving frame afterwards.
One obtains

A

(1) = U (1) H (1)

—~

t) + z((‘)tUT( ))U(t)

Mh

= —thJO(A()) (]_ - ni_1<1 - eitv))C;[CH_l(l — ni+2(1 — e—itV)) + H.c.

1

%

M=

= —tth(A()) (]_ — N1+ ni_leitv)czciﬂ (1 — Njy2 + ni+2€_itv) + H.c.

=1

= —tpJo(Ao)

M=

(gi,i+1 + e_itvdi,iﬂ + thvl;:i,iH)) + H.c.

=1

(3.47)

with the following operators:

gii = (1= niz)clej (1 =) + nioaclegnin (3.48)

dU (1 —n;_ 1)cTanj+1, I%ij = ni,lczcj(l — njH)
gi; describes a correlated hopping of electrons, dw, k:zj describe the destruction of dou-
blons, while k and dJr correspond to the creation of doublons. One may now apply the
high- frequency expansmn again, which in this case is equivalent to a Schrieffer-Wolff
transformation. To leading order only the hopping terms ~ g;; survive. The effective
Hamiltonians so obtained are in general still complicated correlated models and re-
quire, in general, a numerical solution. Nevertheless, the formalism allows to develop
a more detailed picture of the dynamical doublon creation as a response to the driving
and is likely the best tool to develop a full analytical theory of the cosine-shaped in-gap
feature.



Chapter 4

Interaction Quench in the large-N
Hubbard Model

4.1 Introduction

Landau’s Fermi liquid concept [9] provides a theory to describe the properties of —
even strongly — interacting many-fermion systems. The central idea is that the prop-
erties of the interacting system and those of the non-interacting are adiabatically con-
nected. This refers to the following: The non-interacting Fermi gas is a product state
of all fermionic modes with momentum k whose single-particle energies are lower than
the Fermi energy, €, < €,. Its elementary excitations correspond to the creation of
particle-hole pairs. If an electron-electron interaction is switched on very slowly, such
that the system follows the instantaneous eigenstates, the elementary excitations of
the interacting system will be in a one-to-one correspondence to the excitations of the
noninteracting system [9]. In particular, they carry the same quantum numbers, e.g.
momentum and spin. The sea of electrons transforms into a sea of quasiparticles. The
ground state distribution function n(e) for the original electronic states in the inter-
acting system displays a discontinuity Any, := 1 — ny, at the Fermi energy, which is
equal to the quasiparticle residue Z at the Fermi energy, which is a measure for the
overlap of the bare electron wave function with the quasiparticle wave function.

One can now pose the questions what happens if the interaction is not turned on
adiabatically but at a finite speed. This question was studied by Mockel and Kehrein
in a series of papers [73, , |. The most interesting case is the one opposed to
Landau’s, namely infinitely fast switching, i.e. quenching. Mockel and Kehrein applied
unitary perturbation theory [215] to the problem, which is a perturbative time evolution
scheme for weak interactions based on Wegner’s flow equations [219, 220]. In contrast
to standard time-dependent perturbation theory, it does not suffer from secular terms
because the time evolution operator remains unitary at every order of the approxima-
tion. The perturbative analysis was later refined by Kreye and Kehrein [221, ] to
include density-density correlations. Besides perturbative approaches, other methods
have been applied to the interaction quench problem, usually with a particular focus
on long times. Most prominently, non-equilibrium DMFT was used [75] to study the
thermalization dynamics. Another line of analysis is based on kinetic equations [223].

In the following we provide more details about the interaction quench setup as well
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as a discussion of the most important physical expectations. At times t < 0 we start
from a non-interacting tight-binding Hamiltonian

Hio = Z €kCL_Cho (4.1)
ko

where €, is the single-electron dispersion of a nearest-neighbor hopping Hamiltonian
on a cubic lattice, e, = —2¢;, Y. cos(k;). As the initial state we choose the Fermi sea
ground state of that Hamiltonian (at zero temperature). At time ¢ = 0 a Hubbard
interaction term with interaction strength U > 0 is switched on,

ﬁtzo = Z ekc,Twckg +U Z Nt N4y 1) = H CLU |vac) (4.2)

ko ex<€p,o

and we calculate the dynamics generated by this Hamiltonian. While H,_ is triv-
ially integrable, H;>( is non-integrable for d > 2. We continue with an overview
of the basic physical phenomenology of the post-quench dynamics for weak to inter-
mediate interaction strengths. A characteristic observable for the dynamics is the

A n(g) A n(s) A n(g)
thermal
1 1 1
Ang(t)
€ € €
0 » O > 0 >
€ €F €F
t=20 time t
quench prethermalization thermalization

Figure 4.1: Sketch of the basic phenomenology of the interaction quench dynamics
in the Hubbard model for weak to intermediate interaction strengths U on the single-
particle level. The distribution function n(e;) with single-particle energy ¢, is shown for
three characteristic time regimes. Initially, the system is prepared in a zero-temperature
Fermi sea state with a discontinuity at the Fermi energy of size one. During the dynam-
ics a reduction of the discontinuity can be observed corresponding to prethermalization.
Ultimately, the distribution becomes thermal.

discontinuity Any,.(t) of the distribution function n(e) at the Fermi energy, which
has the interpretation in Fermi liquid theory mentioned above. Within unitary per-
turbation theory, the following behavior was found: The Fermi surface discontinuity
decreases rapidly on a timescale ~ p(ep) 'U~2, where p(e) = & >, d(e — ¢;), until a
non-vanishing value Aniftherm > 0 is reached, which then remains constant up to times
~ p(er)2U~*. The formation of this “plateau” is a remarkable finding and can be in-
terpreted as a dynamical remnant of the integrable pre-quench Hamiltonian, whose
additional conserved quantities still constrain the dynamics on that timescale. Fig. 4.1
shows sketches of the distribution function in the different regimes. Interestingly, one

finds AnP* "™ = 2AnfT i.e. the non-equilibrium discontinuity differs by a factor of
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two from the Fermi liquid theory prediction in equilibrium. Such “mismatch” factors
can be calculated as well for finite interaction ramp speeds [217] and one finds values
between one and two. The long-lived quasi-steady regime is called prethermal [221].
On later timescales, a departure from the plateau is expected and the distribution
function eventually thermalizes to a smooth Fermi-Dirac distribution. The thermal-
ization dynamics was demonstrated explicitly using non-equilibrium DMFT [75, ].
It was shown using random matrix theory that prethermalization is indeed a typical,
i.e. characteristic for almost all (in a mathematical sense) applicable perturbations,
phenomenon of weakly perturbed many-body systems [226]. In addition, it can also
occur if the unperturbed dynamics is non-integrable as long as a suitable conservation
law is respected [227].

In more physical terms, one can associate the observed dynamics to the forma-
tion and scattering of quasiparticles. The initial rapid decrease of the Fermi surface
discontinuity is due to a correlation build-up, i.e. a formation of quasiparticles. In
the prethermal phase the quasiparticles have formed but their scattering dynamics is
not efficient on that timescale. Therefore, the prethermal regime is sometimes also de-
scribed as collisionless [228]. In terms of the original electrons, one needs to distinguish
between inelastic and elastic scattering processes. The prethermal phase is generated
by inelastic scattering processes of the electrons that lead to a redistribution between
kinetic and interaction energy. This process is known as dephasing because the one-
particle density matrix becomes diagonal with respect to the quasiparticle basis in the
prethermal phase. This is in contrast to the bare electron one-particle density matrix,
which is diagonal in the initial Fermi sea state but non-diagonal in the prethermal
state. The occupation numbers of the quasiparticles are constants of motion in the
prethermal regime, or, approzimate constants of motion of the whole dynamics [69].
One can expect an effective description of the prethermal state in terms of a generalized
Gibbs ensemble (GGE), which takes the additional constants of motion into account.

Finally, we discuss in more detail the post-quench dynamics from the viewpoint
of the energy balance. In the original study [73] the interaction term is written in
normal-ordered form with respect to the non-interacting ground state. Consequently,
the total energy of the system before and after the quench is exactly the same. One
can also keep the density-density representation and include the additional interaction
energy into the energy balance which, due to the product structure of the initial state,
is easy to calculate:

. o R . Ne\ 2
(Hint ) g = UZ (Ritiiy ) pg = UZ (it ) (it g = UV<71> ) (4.3)

where we used <ﬁiT>FS = <le ¢>Fs7 V' denotes the number of lattice sites and N, the
number of electrons. Since during the dynamics occupation numbers in real space
remain constant, this “mean-field” interaction energy is not redistributed and does not
further influence the dynamics. However, the ground state of the interacting system
has a lower total energy than the post-quench state such that after the quench there
is a finite amount of excitation energy in the system. One can readily learn from 2nd
order perturbation theory [210] that the equilibrium kinetic energy of the interacting
system happens to equal the excitation energy. Interestingly, the long-time average of
the O(U?) unitary perturbation theory result yields a kinetic energy of the prethermal
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state, which equals twice the excitation energy. Hence, during prethermalization all of
the excitation energy is converted into kinetic energy. Ultimately, this additional kinetic
energy will give rise to a non-zero temperature of the thermalized state. In contrast,
the prethermal state is clearly non-thermal as can be seen from the discontinuity of n(e)
at the Fermi energy, which would not be present in a smooth Fermi-Dirac distribution.
The thermalization dynamics is expected to be governed by a quantum Boltzmann
equation (QBE) [73, , 75],

U\ 2
o (1) = =27 (V) % 5(6k+q t g~ € — ek)'

<nk0<t)np&(t)(1 - n(k+q)0(t)) (1 - n(p—q)&(t)) - (/{?,p — k+ q,p — Q))a

(4.4)

which does not transfer energy between kinetic and interaction sector.

The energy balance illuminates the following principle [53]: Fast relaxation of
momentum-averaged quantities like the kinetic energy and slow relaxation of mode
quantities like the momentum distribution. The first is due to dephasing while the
latter is due to elastic scattering. One needs to keep in mind that momentum redis-
tribution can only happen via exchange in scattering processes. Those, however, are
generally constrained by phase space factors like in the QBE or in Fermi’s golden rule.
This bottleneck delays the momentum relaxation to a later timescale than the energy
relaxation and is the reason for the multi-stage structure of the dynamics.

4.1.1 State of the Art and Open Questions

The physics of the interaction quench problem in the Hubbard model is basically com-
pletely understood. A minor question concerns effects specific to two spatial dimen-
sions, where Fermi surface nesting might suppress the prethermalization plateau at
half filling [229]. However, the most interesting open challenge is method-related and
concerns the bridging of timescales. While QBEs correctly describe the approach to
thermal equilibrium, they do not capture the initial correlation build-up dynamics and
and hence the prethermal electron distribution has to be constructed by hand as an
initial condition to the QBE. On the other hand, the perturbative scheme does — at
least so far — not yield thermalization dynamics at the present order of the calculations
such that its validity is restricted to the prethermal regime. It is likely exactly the
secular on-shell terms that give rise to the Boltzmann dynamics in the long-time limit.
A description based on a more general kinetic equation was proposed [223] to include
both regimes. The perturbative analysis was recently extended to photoexcitations in
Fermi liquids [230].

Due to its combination of multiple timescales with different dynamical characteris-
tics, the interaction quench problem is a well suited problem to assess the validity of
new time evolution methods. Therefore, in the following, we apply the fermionic TWA
scheme to a large-N generalization of the Hubbard model and compare the results to
the exact solution in the prethermal regime.
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4.2 Systematic large flavor fTWA approach to

interaction quenches in the Hubbard model

(cf. [1])

The results and parts of the text in this section are also contained in the preprint [1],
Systematic large flavor fTWA approach to interaction quenches in the Hubbard model,
arXiv:2007.05063. Sections, in which figures or parts of the texts are reprinted, are
marked with a hint “(cf. [1])”.

4.2.1 Model and Method Setup (cf. [1])

We study the interaction quench setup as described in the Introduction section but
for the SU(V)-symmetric version of the Hubbard model. This allows for a detailed
analysis of the validity of the fTWA method as a function of the effective h ~ %
In the following, we always choose a finite L x L square lattice with tight-binding
dispersion ¢, = —2th( cos(k,) + Cos(k:y)).

The SU(N)-Hubbard Hamiltonian is given in eqn. (2.48) and in eqn. (2.51) in terms
of p;;-operators. We note that the use of flavor-averaged phase space variables resolves
an ambiguity [157] in the classical representation of the N = 2 interaction term, which
is due to the quantum mechanical identity n?, = n;, for fermions. At N = 2, the
“naive” representation

I 1 1
Hi(nt) =U Z (,On,n + 5) (Pu,u + 5) (4.5)

with pia js = C;raCj/g — %(51-3-(5&5, is quantum mechanically, but not semiclassically, equiv-
alent to the representation derived from the SU(NV) invariant Hamiltonian

U
r
Hi(nt )= b Z (Pirit + pisas)” - (4.6)

7

However, for the problem considered in this text we did not observe differing results
between the two representations. In other contexts [112, 157], a specific choice (corre-
sponding to our SU(/N)-invariant model) of the representation has turned out to yield
better numerical results than other choices.

The equations of motion for the classical p;; can be obtained from the classical
Hamiltonian formalism [112] upon mean-field decoupling p? — p?. Equivalently, they
follow from the Heisenberg equations of motion corresponding to (2.51) in the limit
N — oo,

i0;pij = —tn Pia(i) T tn Z Pa(i).j
) a(i)

a(y

+2U(pjj = pis)piy-

(4.7)

The equilibrium ground state of the model with U = 0 is given by the N-flavor
Fermi sea [F'S) = [, %)<, C}éa |0) whose initial data (2.88) in momentum space is
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given by

. . 1
</)kl> = </)1qu> = O, (nk - §> ;

) . . (4.8)
<§{I5k17 ﬁsp}> = Wékpéls (ng + g — 2ngmy)

At N — oo, the Hubbard interaction U in the Hamiltonian (2.51) merely plays the role
of a shift of the chemical potential such that non-trivial dynamics after the interaction
quench can only occur at finite V.

There are many different probability distributions with a given mean p and variance
o? of a random variable z. In the following, we will mostly choose a Gaussian distribu-
tion and, for comparison, a two point distribution Prp(z) = $6(u—0) 4+ 36(u+0). In
a study of the LMG model it was demonstrated [165] that the validity of fTWA (the
stochastic mean-field approach) can be improved by using a two-point distribution
instead of a Gaussian distribution.

4.2.2 Results for the SU(N)-fTWA (cf. [1])

4.2.3 Perturbative treatment of the e.o.m.

For weak Hubbard interaction strengths U < t;,, one can treat the classical equations of
motion perturbatively and evaluate all expectation values with respect to the Gaussian
Wigner function by hand. In order to do so, it is advantageous to work with the
equations in momentum space. Using the Fourier transform

pig = el py (4.9)
Kl

one obtains the equations of motion in momentum space,

i0pr = — (k. — €1) Pri

2U
+ v Z (Ppts—1pPhs = Pptk—spPsl) -

sp

(4.10)

A naive perturbative expansion of these equations in U is only valid up to times
O(t?). In order to avoid those restricting secular terms we switch to an interaction pic-
ture representation of the equations of motion by incorporating the free time-evolution
into the variables py; = e "~ p, where Aeprs = €pirs + €5 — €, — €. This yields

10 P = % |:elA€pSltﬁp+sl,p/5ks
P (4.11)
iAeprst

—¢€ ﬁp+k—s,pﬁsl .

We may now expand the variables order by order in U

. ~0) | ~(1 (2
Pk :p,il)+ﬂigl)'U+ﬂ1(€z)‘U2+.... (4.12)
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Inserting the ansatz into (4.11) yields a hierarchy of equations, organized by powers
of U. Since i0ypr; = O(U), i@t,ﬁ,(fl)) = 0 follows immediately. Consequently, ,5,(3) (t) =
5kmk(0)

This fact allows to explicitely integrate all time dependen(:les in the equation for
ﬁ,(d) In a last step all expectation values of products of sz are evaluated using the
Gaussian Wigner function. Successive application of this scheme results in an iterative
procedure to solve for the dynamics to all orders of U.

The equation of motion for the O(U) contribution is

o ~(1) iA€ps ~(0)
oy = VZ[ pltpp+s 1,pPks

(4.13)
RZCHS 0 ~(0
— /B tP;(,JZk S,ppil)
We can integrate the dependencies on time explicitly using the integral
t
Ti(A€pap) = —i / dt'ciAepart’
0
(4.14)

_ Ael - (emembt — 1) Ae€pap # 0
—1it Aepab =0

The Wigner function averages are performed manually using
~(0) ~(0 ~(0) ~(0)\ ¢ 0 0
(P 8”) = (A7 68y + () (75 (4.15)

and the initial data in (2.88). The structure of (4.13) is such that both terms cancel

each other after the Wigner function averaging. Thus ﬁ,(j)(t) = 0.
The next order O(U?) already contains eight terms

(2 1
Pi(g,l)(t)zﬁ Z [

sps'p!
IQ(Aep’s’saAGPSDpE?Jl-S 0, ﬁgz)ﬁ —8),p /PI(COLZ

— Io(Aeyrs, Aepst)p p)+s ), ﬁgg)ﬂc s/)pﬁiO)s

+IQ(A€p8p7Aepsl) p+s p)p'ﬁggls ), 'ﬁl(coi

_IQ<AEP’ (p+s—1)s 1y Aepst)p p)+p+s 1-s)p ’ﬁg )pﬁl(coi (4.16)
— Ty(Aeyan, Aepks)pgjlk Py P

+ To(Deyaws Depka) Bl i) Pl sty Pt

— Lo (A€psrp, Aeprs)p E)+s —p), /PEpirk 5), /:5201)

+ Lo(Aep (prk—s)s' Déprs) P p)—i-p-i-k‘ s— s)pﬁio,)pﬁioz)

where

To(A€yap, Aepeq) = / dt / d ¢"eiBepeat’ iy at” (4.17)
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The third moments of the Wigner function are evaluated using Wick’s theorem for
a Gaussian distribution

~(0) ~(0) ~(0 ~(0 ~(0) ~(0)\ ¢ ~(0 ~(0) ~(0)\ ¢
(B0 = (BB e+ (B (5 )

~(0)y ; ~(0) ~(0)\ ¢ ~(0)\ 7 ~(0)\ ; ~(0
+ (Y BV + (S (53

It turns out that after averaging over the Wigner function, (4.16) has the structure

(4.18)

5 4
p(t) = Orinrrz > oy
pp’

(4.19)
: [12(_A€pp’k7 Aeppi) + Lo(Aepyr, —Aeyyi)
with
IQ(Aépp/k, —Aepp/k) + IQ(H) =
. Ae, s
_ - (Aepi/k)g SlIl2 < 12)1) kt) Aepp/k 7é 0 (420)
—t2 AEpp’k =0
We have evaluated the expression for the elastic contributions A€y, = 0 directly

at the level of the integral (4.17). Otherwise, they would lead to diverging energy
denominators. Since the elastic terms yield secular contributions ~ ¢? they invalidate
the perturbation theory and one can as well formally shift them into to the unperturbed
part of the Hamiltonian. In the long-time limit we expect that these terms generate
the thermalization dynamics governed by a Quantum Boltzmann equation.

In summary, up to order U?, we obtain the following results:

~(1
Pi(qz)(t) =0
sin? (—Aepp'k t)

~(2) 16 2 (4.21)

t) = -0 S
Prki ( ) k.l N2 / (Aepp’k‘)z pp'k

pp
Aepr #0

where

Jpp’k = nknp-i-p’—k(l - np)(]' - np')

(4.22)
= iy (1= 1) (1 = npypyr i)

is a phase space factor. These results agree precisely with those obtained from uni-
tary perturbation theory [73]. It is worth noting that via the sampling of the initial
conditions the truncated Wigner approach with its time-local mean-field equations of
motion is able to reproduce an effect of the non-Markovian correlated dynamics.



4.2. Systematic large flavor fTWA approach to interaction quenches in the
Hubbard model (cf. [1])

71

4.2.4 Numerical results (cf. [1])

0 1 2 3 i 500 1 2 3 1 5

time ¢ [1/thop) time ¢ [1/thop)
Figure 4.2: fTWA dynamics of a 10 x 10 square lattice Fermi sea at quarter filling
(N, = 25 particles) after an interaction quench to weak and intermediate values of
U (in units of #,). The two columns show results for degeneracy parameters N = 2
and N = 100, respectively. The upper two panels contain results for the jump of the
momentum distribution at the Fermi energy, rescaled by a factor of N/U? that allows
for a comparison to the result (4.21) obtained from perturbation theory. In the bottom
row the dynamics of the interaction energy is shown. There the black dashed curve
is calculated using the perturbative result for the occupation numbers in combination
with energy conservation during time evolution. All fTWA data is averaged over at
least 200000 trajectories.

In order to study the quench dynamics numerically, we implemented Hamilton’s
equations of motion using the odeint library [169] and the Armadillo library [231,
232]. To avoid the accumulation of numerical errors from the addition of floating
point numbers, Welford’s algorithm is used for checkpointing [173]. Two characteristic
observables for the interaction quench dynamics are the change Any,, of the momentum
distribution nj, at the Fermi energy and the interaction energy (Hiy) ~ (n2). The
first is, as detailed above, related to the quasiparticle weight Z [73]. Ang, = 1 for
the initial zero-temperature Fermi-Dirac distribution. The interaction energy is, in
contrast, a local quantity that is expected to relax in the prethermal regime to the
equilibrium value of the post-quench Hamiltonian at the final temperature (determined
by the amount of quench energy). It provides a generalization of the double occupation
d(t) = (nynis) used in the conventional N = 2 case. The conservation of the total
energy allows to compute the exact time evolution of <Zf[mt> at order U? from the
perturbative result (4.21).
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Figure 4.3: Momentum distribution An.(t) = n.(t) — n(0) as a function of the band
energies € for a 10 x 10 square lattice at quarter filling (N = 25 particles) after a quench
to Hubbard interactions U < 1. It corresponds to the data shown in Fig. 4.2. Error
bars are determined from the error of the average over symmetry-related momentum
modes.

Since prethermalization effects are possibly suppressed at half filling in the 2D
model [229], we consider quarter filling in the following. For the finite system sizes
we treat here, we choose a number of electrons so that all energy levels with identical
single-particle energies below the Fermi energy are filled. This leads to a symmetric
occupation of modes in momentum space such that the observed dynamics is not
influenced by finite system degeneracy effects.

Fig. 4.2 shows the numerical results for Any, and the change of (n?) in a 10 x 10
system at two fixed values of the degeneracy parameter N, whereas Fig. 4.4 shows
data for a 20 x 20 system at a fixed value of U = 0.5¢, and varying N. The case
N = 2 is equivalent to the conventional Hubbard model. In the figures, we scaled the
observables in a way that their order U?/N contributions according to (4.21) coincide.
This allows to focus on the deviations from the formula.

Let us start the discussion with Fig. 4.2: For small U = 0.1y, both observables
agree well with the perturbative calculation. For larger U ~ ¢, there is a clear deviation
from the perturbative result, which is also expected. However, note that qualitatively
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Figure 4.4: Fermi surface jump and interaction energy for a 20 x 20 square lattice
Fermi sea at quarter filling (N = 101 particles) after an interaction quench to U = 0.5
at varying N.

the overall shape of the curve does not change much, in agreement with other exact
numerical treatments [53] of the interaction quench problem. This indicates that the
mechanism behind prethermalization is more general and not restricted to the pertur-
bative regimes that are well accessible with perturbation theory.

After the initial correlation build-up a plateau is forming until, for N = 2, a further
reduction of the jump sets in. One can observe in particular that the width of the
plateau is smaller for greater values of U, whereas for N = 100 the prethermal dynamics
extends over a much longer timespan. The onset of this reduction for varying N can well
be seen in Fig. 4.4. Although the behaviour at N = 2 is in qualitative agreement with
numerical calculations in infinite dimensions [53], the question needs to be addressed
whether it describes the true thermalization dynamics. Looking at the interaction
energy the expected equilibration in the prethermal regime is found for N > 100. For
smaller values of N in contrast, (n?) starts to decay even before the reduction dynamics
is visible in Any,. The departure of the interaction energy from its prethermal value
is clearly unphysical behavior since we do not expect energy redistribution between
kinetic and interaction energy at this stage of the dynamics any more.

To shed more light on this question we consider the whole momentum distribution
(An(e))(t) = ne(t)—ne(0) at all single-particle energies €, shown in Figs. 4.3 and 4.5. At
time zero, n.(0) = (e — €). For small N negative occupation numbers are observable
close to the band edge at ¢ = 4 already at early times. This becomes worse at later times
and clearly indicates the onset of unphysical behavior. We conclude that in the regime
of weak to moderate interactions the method correctly captures the dynamics at order
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% and is valid at least up to and including the prethermal regime. The dynamics beyond
prethermalization displays a qualitatively correct picture at the Fermi energy but this
is not reliable due to the emergence of unphysical occupation numbers. Another way
to look at this is that the stationary solutions in the long-time limit of the fTWA
dynamics are no Fermi-Dirac distributions. Further below we will take a closer look at

this long-time behavior.

NU2(An()(t) - -
U
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Figure 4.5: Momentum distribution An.(t) = n.(t) — n(0) as a function of the single-
particle energies € corresponding to the data shown in Fig. 4.4. Errors are estimated
from the deviations among symmetry-related momentum modes.

4.3 Convergence of the simulations

We continue with a closer look at the convergence of the simulations with the number
of sampled trajectories N,e,. Multiple checks can be done to control the convergence
of the simulation: As a simple tool, we calculate how well symmetries are restored
in the data as a function of the number of Wigner function samples. In particular,
we can use the momentum degeneracy of single-particle energies €, and check how
much the values of n, differ among the degenerate k-modes. In the diagrams, we
always plot the degeneracy-averaged values. Due to the underlying symmetry, we can
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Figure 4.6: Error estimate based on how well the k-space symmetries are restored after
the average over N, trajectories. Data obtained for a 10 x 10 system and a quench
to U = 0.1. The GS data was obtained using a Gaussian Wigner function model, the
TP data using a two-point distribution model.

interpret the individual values n,gl), e ,n;D) for a given band energy ¢, as samples

drawn from the same probability distribution. The uncertainty Ap of this averaged
value (the mean of that distribution) can be calculated from the empirical variance

02y = T S P — fiemp)? and is given by Apt = Gemp/VD. femp = L3P n is the
sample mean. In Fig. 4.6 we show the uncertainties summed over all band energies €
as a function of the number of Wigner function samples N,e,. There is a clear 1//Niep
scaling visible in the data. We have also checked that the estimated error is compatible
with the generic Monte Carlo error based on the empirical variance of the observables
obtained from the running average over N, trajectories.

One can also see that the curve moves to higher uncertainties at later times. This
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Figure 4.7: Deviations from the perturbative calculation in a system with 10 x 10
lattice sites and for a quench to U = 0.1. The inset shows the fTWA mode occupation
distribution n(ey) (for the highest number of samples). Blue dots are obtained using a
Gaussian Wigner function, orange dots using a two-point distribution and the dashed
black line shows the perturbative result.

is due to the fact that fluctuations generated at initial time t, = 0 can grow because
of the non-linear equations of motion. The errors so obtained are typically below 10%
but can be as high as 100%. It is important to note that the slow convergence is a
consequence of the fact that the observable An(e) scales like ~ . It is therefore of
the same order of magnitude as the Wigner function fluctuations, which are also ~ %
Such large numbers of samples are not needed if one is interested in the leading O(1)
contribution. To shed more light on the convergence of the simulation, we make use
of the fact that the perturbative formula can serve as exact comparison data in the

prethermal regime. Figs. 4.7 and 4.8 show results for the L2-distance of the numerical
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Figure 4.8: Deviations from the perturbative calculation in a system with 20 x 20
lattice sites and for a quench to U = 0.1. The inset shows the fTWA mode occupation
distribution n(ey) (for the highest number of samples). Blue dots are obtained using a
Gaussian Wigner function, orange dots using a two-point distribution and the dashed
black line shows the perturbative result.

n(e) curve to the perturbative result in 10 x 10 and 20 x 20 lattices, respectively. The
quench is to U = 0.1 in both cases. In addition, we compare two Wigner function
models: a Gaussian distribution and a two-point Wigner function model. The first
obvious observation is that — at least for the problem considered here — Gaussian and
two-point model converge at the same rate to the same result. Contrary to what was
observed in [165], we do not find an advantage of fine-tuned Wigner function models: th
reason is unclear. At early times, the fTWA data approaches the analytical result also
at a 1/4/Nyep rate. For comparison we provide a similar figure for a quench to U = 0.5
in Appendix A. One finds that in this case the deviations from the perturbation theory
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are more pronounced at early times and, for N = 2, n(e) becomes clearly unphysical
already at time ¢ = 5. However, also in Fig. 4.7 one can see that the L2-error levels
off at times ¢t = 5 and ¢t = 10. The distribution is definitively not in the prethermal
state any more and converges to another distribution. We note that this fixed point
distribution is identical for the two Wigner function models.

If one compares quenches to two different values of U with each other, one finds that
the relative strength of the fluctuations in the numerical data around the perturbative
reference result is larger for smaller values of U. This is not too surprising since for
U < t, the magnitude of the statistical noise is closer to the mean values and hence
the relative statistical error from the sampling will be larger than for values U ~ t,,.
For quenches to U ~ 0.1t, we typically averaged the observables over at least 2 - 10°
trajectories and for quenches to larger values of U over at least 2 - 10* trajectories. All
discussed results so far have been obtained for quarter filling in order to circumvent
possible complications due to Fermi surface nesting at half filling in 2D. Nevertheless,
we also collected some data for quenches in systems at half filling and we find very
similar behavior to the case of quarter filling. In particular, the system also flows to
unphysical distribution functions. The plots are collected in Appendix A.

4.4 Long-time dynamics and thermalization

4.4.1 Numerical observations

We have seen so far that prethermalization is reproduced by the semiclassical dynamics
but unphysical occupation numbers can occur at later times. This leads over to the
more general question what the fixed points of the dynamics are, or, put differently, if
one is able to observe some kind of thermalization within the fTWA scheme. Figures 4.9
and 4.10 show results for the dynamics of the occupation number n(ex,) at the Fermi
energy on time scales beyond prethermalization for quenches to weak U and for two
values of N. Empirically, one finds that a rescaling of the time by a factor of U/v/N
approximately collapses the curves. The inset shows the band occupation numbers at
the latest time instants of the simulations, when the system has reached a stationary
state. The figures show that — independent of the value of U — the occupation numbers
flow to a “straight line distribution”, with negative occupation numbers at the right
band edge. While Fermi-Dirac distributions can indeed look like linear functions at
high temperatures, the negative occupation numbers, as well as the missing dependence
on U, point towards incorrect long-time behavior. The total particle number and total
energy remain constant throughout the dynamics. The observed dynamics is therefore
necessarily connected to a redistribution of energy between the kinetic and interaction
budgets, which is not expected to occur after prethermalization. It is remarkable
that in the prethermal phase fTWA exactly reproduces the occupation numbers and
interaction energies of the true quantum system. In particular, also the amount of
excitation energy induced by the quench is correctly described. This clearly hints to
unphysical higher-order contributions in the dynamics.

In Fig. 4.11 we compare the long-time dynamics at different values of N for a fixed
interaction strength U = 0.5. The data indicates that for large values of N there can
be deviations from the “straight line distribution”. Nevertheless, negative occupation



4.4. Long-time dynamics and thermalization

79

rescaled time ¢ - U/(t}v/N)

Figure 4.9: Long-time dynamics after an interaction quench to weak U in a SU(V)-
Hubbard model on a 10 x 10 sites square lattice and N = 2. The inset shows the

stationary distribution.
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Figure 4.10: Long-time dynamics after an interaction quench to weak U in a SU(N)-
Hubbard model on a 10 x 10 sites square lattice and N = 8.

numbers still occur. One needs to keep in mind that the dynamics becomes trivial in
the extreme N — oo limit. Therefore, also the amount of excitation energy is more and
more suppressed at large N such that one can qualitatively expect mode occupation
numbers n(e;) to remain closer to the original step function if N increases. Finally,
we check in Fig. 4.12 that the system size does not play a role: The 40 x 40 and the
20 x 20 system evolve towards the same distribution.
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Figure 4.11: Comparison of the long-time dynamics after an interaction quench to a
fixed U = 0.5 in a SU(NN)-Hubbard model on a 10 x 10 sites square lattice for N equal
to 2, 10 and 50.

4.4.2 Connection to the quantum Boltzmann equation

For a more systematic understanding of the long-time dynamics, one should try to
connect fTWA to kinetic equations, which are expected to describe the approach to
thermal equilibrium, in particular, the non-Markovian quantum Boltzmann equation
(QBE), which we wrote down already in (4.4) in the Introduction section. We summa-
rize the conventional derivation of the QBE in Appendix B. One can use this derivation
to find conditions for fTWA to reproduce the physical thermalization dynamics:

The momentum space equation of motion for a momentum-diagonal fTWA variable
(single trajectory) is given by

iOprr(t) = % (5k,p+q - 6k7p)Pp+q,p<t)pp’fq7p’ (t) = % Z Cpprg(t)- (4.23)
pp'q pp'q

In order to obtain the TWA result for the quantum expectation value, one needs to
average (...)w all variables over the Wigner function for the initial py;(0). However,
in order to draw a connection to the QBE, we take a look at the next order first:

10, Cpprq (t) + AeJn’p(p’—q) Cpp/q@)

2U
= 7(5k,p+q - 5k,p) Z {(5p+q,l+q’ - 5p+q,l)pl+q’,l—q(t)pl’—q’,l’ ()P —qpr (t)+

wq' (4.24)

+ (5p’fq,l+q’ - 5p’fq,l)perq,p(t)PlJrq’,lJrq(t)pl’fq/,l/ (t)

Now one needs to perform the Wigner function averaging to obtain (C,,,), which in
turns allows to calculate {pgr(t))w.

By means of a comparison to the original calculation we have checked that one
should be able to reproduce the Boltzmann dynamics if two conditions are satisfied:
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Figure 4.12: Long-time dynamics after an interaction quench to U = 0.5 in a SU(V)-
Hubbard model on a L x L sites square lattice for N = 2. The data for L = 40 is
averaged over 184 trajectories, the L = 20 data over 3336 trajectories and the L = 10
data over 25000 trajectories.

Firstly, the following Gaussian factorization of Wigner function expectation values at
non-zero times,

(p1P203) 3y = (P1)y (P2p3)yy + (P2) (o103 )y, + (pa)yy (prp2)y, + <p1>w<pz>w</()3>w

and, secondly, the following form of the first and connected second moments:

1
(ort)yy = (Pr)yy = Ona (nk — 5) ;
1

. (4.26)
<pklpsp>;‘c/ = §<{,5kla pAsp}>(;/‘C/ = W(Skpdls (ne +ny — 2ngny)

These expression are at least valid at initial times but there is a priori no reason why
they should be fulfilled at non-zero times. Nevertheless, one can use analogies like
this to propose improvements of the fTWA method, for example via explicit inclusion
of dynamical variables composed of two ps. This could allow one to derive equations
of motion that obey those conditions by construction. Similar ideas (not with QBEs
in mind) have been proposed in the context of BBGKY-enhanced phase space meth-
ods [168, 166].

4.5 Discussion and Conclusion

In this Chapter we adopted the fermion degeneracy N as a natural semiclassical ex-
pansion parameter, combined it with the fTWA method, and applied it to the well-
understood problem of the interaction quench in the Hubbard model. This allowed
us to analyze the range of validity of fTWA in a systematic way. Our analytical and
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numerical results showed that fTWA correctly describes the electronic dephasing dy-
namics which generates prethermalization. We observed that, applied at small N, the
method is prone to produce unphysical results at time scales beyond the prethermal-
ization regime. We have furthermore studied the long-time behavior of the dynamics
and identified the “straight line” mode occupation function n(e;) as the fixed point
distribution at low N and weak U. It is not clear why this distribution is obtained
in the long time limit. We compared the derivation of the quantum Boltzmann equa-
tion to the fTWA equations of motion and identified conditions for their compatibility,
which, however, need not be satisfied. A systematic look at the convergence of fTWA
yields the following picture: Order one observables (e.g. ng,) converge quickly for a
few 1000 trajectories. In contrast, observables of order + like Any, () converge slowly
and orders of trajectories more are required.

These findings suggest the picture that fT'WA correctly describes the dynamics at
linear order of the effective h ~ % When N is small, the higher order contributions
to the semiclassical dynamics differ from the exact theory. Nevertheless, fTWA is a
powerful tool for applications since it allows, in contrast to unitary perturbation theory,
for a straightforward application to explicitly time-dependent problems, which we make
use of in the next chapter. A general advantage of fTWA is that its computational cost
increases only polynomially in the system size, which allows the simulation of 2d lattice
systems with a much larger number of sites than possible with exact diagonalization or
tensor-network based approaches. In addition, no memory kernels need to be tracked
during the evolution, which is always time-local.

There are a number of ideas how one can try to improve fTWA. Despite reports
in the context of the “stochastic mean-field approach” of an increase of the predictive
power of the method by using refined two-point Wigner functions [165], reminiscent
of discrete TWA methods [155], we have not seen such an improvement for the prob-
lem considered here. Another, more promising, route is to add more complexity to
the equations of motion by adding additional variables derived from the BBGKY hi-
erarchy [166]. We have briefly discussed such possibilities at the end of Sec. 2.5. A
preliminary implementation of a scheme based on the introduction of connected Weyl
symbols following Pineiro-Orioli et al. [168] did unfortunately not yield an improvement
of the long-time behavior so far.

4.5.1 fTWA in infinite spatial dimensions?

Here we briefly summarize some thoughts on fTWA in the limit of high spatial dimen-
sions d. In many models, Hartree-Fock mean-field theory becomes exact as d — oo.
The Hubbard model is a famous exception, for which site-local correlations (n; n)
continue to be important even in infinite spatial dimensions and lead to dynamical
mean-field theory (DMFT). Although fTWA is based on Hartree-Fock mean-field the-
ory, the Wigner function sampling can nevertheless incorporate fluctuations due to
quantum correlations like (n;n;;). It is therefore an interesting question to ask for
connections between fTWA and DMFT or leastwise for simplifications of fTWA in
high spatial dimensions. In infinite spatial dimensions, the density of states for a cubic
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tight-binding model is of Gaussian form |

) ]7

_ -
p(e):We . (4.27)

In order to have a finite index set we can think of a discretized energy axis with finite
support on [—D, D],

00 2D/Ae
/ de ple) = Ae Y p(—D + ele). (4.28)
- e=0

An important simplification in d — oo concerns momentum conservation at inter-
action vertices [130]. Here, momentum conserving delta functions (or, more precisely,
the von Laue function, which ensures momentum conservation up to reciprocal lattice
vectors) can formally be replaced by factors 1. Momentum summations then need to
be replaced by energy integrals, weighted by the Gaussian density of states. If we apply
the trivialization of momentum conservation at the level of the equations of motion,
we can formally replace all momentum labels of the p-variables with energy indices:

10y Protoc = — (E(k) —€(l) > Pioie T 17 Z [ P(p+5-15,55Pko,50 — p(ﬁ—l—E—s‘)&,ﬁﬁpgg,l}}

- - (E(k) - E(l)) pka la V Z [ g, p+-5—1 quPUpka,sa - 617 PHk—37 plﬁ7@p§0,fa:|

_.—»—‘

q,8

d—o0
r = (€k - 6[) Pero,eio + U/ / / [peq(_r,ep&peko',eso‘ - peqé',epc_rpego‘,elo}
es Jep Jeg

- - (ek’ - El) peka,sla + UAO‘ [P] / [peka,ssa - pesa,ela]

€s

(4.29)

where [ := [ de p(e) and

Ao’[p] = // pa?,a’& (430)
is a scalar with

Zat // 1875,05060
= // {(5/ - 5)Pe5,e’& + UA;[p] /N (pe&,e”& — pe"c—r,e'&)

:// Vper s + UAs o] (Aslp] — A,lp)

=— //(6 — ) pes.es

(4.31)
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In the same spirit we could rewrite the Hamiltonian (the shift of the chemical
potential is moved into e(k)):

U U
Hyu, = Z (E(k‘) + 5) Proko T3 Z PF—D 1t P +D1.5 L

2ty

ko
LU U
=> (E(k‘) + 5) Pioic t 3 Y s ali g PP, (4.32)

50,45t

ko
2% 37 [ bunea + Ul AL

The dynamics so obtained does obey some desirable properties:
e A,[p| is real.

e Particle number conservation:

iat /pea,ea = UAO’ [P] /// (,Oea,e’a - pe’o,ea) = 0. (433)

e Energy conservation: The kinetic energy Eyi, = > fE €Peo,ec ODEYS

z’@tEkin = Z /6 UAJ/ (pw’gla — pe’a,ea) = UZAO' // € (pea,e’a - pf’a,ea)

- UZ Ao //(6 — El)pﬁg’elg = —UZAU (i@tA(—,) = —i@t (UATAi) .
(4.34)

e Fixed points: p-variables of the form pe, s = n(€)d(e — €') obey i0p = 0.

The main challenge, however, is related to the setup of the Wigner function. Let us
take the Fermi sea as an example: In k-space we obtain (pie.ir)rs = 0570k (n(ek) — %)
Although occupation numbers are easily expressible in terms of energies alone, the
momentum delta poses a problem: For two given single-particle energies €, ¢ only the
diagonal momentum pairs on the two energy shells contribute. One could in principle
remedy this by restricting pe, ¢, to k-diagonal configurations but a similar issue occurs
on the level of the variance, which is (pge.irpso’ pr) ~ Okpdis and leads to fluctuations
of exactly the k-nondiagonal variables p. This hints towards the greater question of
coarse-graining within truncated Wigner approaches. By introducing energy indices,
we have formed groups of p-variables and need to determine a consistent set of correla-
tion data to adapt the TWA scheme for those new variables. In the example at hand,
one strategy could be to introduce two sets of energy-labeled variables, corresponding
to k-diagonal and k-nondiagonal ps. However, in high dimensions the latter group of
variables will grow much faster than the former and so an adequate rescaling of the
variables will be essential.



Chapter 5

Non-Equilibrium Order Parameter
Dynamics in Large-N Models

Parts of this chapter are also published in the article [2], Photoinduced prethermal
order parameter dynamics in the two-dimensional large-N Hubbard-Heisenberg model,
Phys. Rev. B 106, 214318 (2022). Sections, in which figures or parts of the texts are
reprinted, are marked with a hint “(cf. [2])”.

5.1 Introduction

As already highlighted in the introduction to this thesis, interacting many-electron
systems can host a plethora of ordered phases at equilibrium, which will in general be
intertwined with each other [98, 106]. The cuprate high-temperature superconductors
are arguably the most famous example of a highly complex strongly correlated mate-
rial with many competing ordering tendencies [233, , 11]. Their defining property
is a superconducting state at temperatures up to 7, ~ 140K, way above the critical
tempatures known from conventional superconductors. The precise mechanism that
leads to superconductivity in these compounds is not yet fully understood. Never-
theless, it is consensus that the copper oxide planes play a key role [I1], which has
led theoretical studies to focus on the physics of correlated electrons in two spatial
dimensions to make progress [10]. Quickly after the experimental discovery, simplified
models for the planes have been proposed, in particular multi-band Hubbard models
and t-J models — the latter in a famous paper by Zhang and Rice [231]. Another
candidate model includes the Anderson lattice model [235]. The strong interest in
two-dimensional correlated electron models did also stimulate the development and
advancement of numerical as well as analytical techniques to investigate their equilib-
rium phase diagrams [236]. An analytical method which led to a number of influential
publications in the late 80s/early 90s [111, , , 238] is the large-N expansion. It
had already been successfully applied to mixed-valence compounds before [239, ].
The technique relies on the fermionic degeneracy N as an expansion parameter, which
is non-perturbative in the couplings. The core of its success lies in a simplification of
diagrammatic calculations because only certain classes of diagrams survive the scaling
N — oo [241]. For the ease of calculations, large- N expansions are often combined with
slave-boson representations [242, , , | of spin states. Following a proposal
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by Anderson [216], many authors became interested in searching for non-Néel ground
states of quantum antiferromagnets. Using the large-/N expansion, Read and Sachdev
thus studied the equilibrium properties of various SU(N)-symmetric antiferromagnetic

Heisenberg models in a series of papers [212, , , , ]. Their Hamiltonian
reads

X J X .

HHei = N Z Sg(l) g(]% (51)

a75:1 <27.7>
where in a fermionic representation [110] one can write Sg(z) = cjacig —5a,5]iv > N c%cm.
These operators are generators of the SU(N) group, which obey
[S5(1), 85(5)] = 615 (3,550(1) — 6a555 (4)). (5:2)

They offer a very convenient way to write SU(N)-symmetric spin models. Note that
one cannot formulate, e.g., kinetic hopping terms with these operators. Written in this
way, it becomes apparent that here is the freedom to choose a representation of the
SU(N) group on every site in (5.1). Without going too much into the details we mention
that the all such irreducible representations can be labeled by Young tableaux, which
are characterized by two integer numbers, in this context often called m and n. [219].
The number £k = N/m allows for an interpretation as the minimum number of spins
that are needed to form a singlet. The limit n, — oo is a semiclassical limit akin to
the large-S limit (if N = 2 and m = 1, one exactly has n. = 25). Read and Sachdev as
well as Affleck and Marston set m = N/2. In the fermionic model this corresponds to
an equal distribution of electrons on the sites. A good overview of the various SU(XV)
representations and their physical implications was given by Hermele and Gurarie [219].
Similar studies to Read’s and Sachdev’s were performed by Arovas and Auerbach [213].

An important general conclusion from all these works is the possibility to construct
non-Néel ordered ground states, which typically correspond to a fluctuating distribu-
tion of singlets (“valence bonds”) on the lattice. In the limit N — oo, one finds, in
particular, a class of spin-Peierls states, i.e. periodic bond-no bond patterns that can,
for instance, occur in columnar or box shape [212, , 112]. Affleck and Marston [111,

| also went beyond the pure Heisenberg case. They view the antiferromagnetic
Heisenberg model as one limiting case of a more general hybrid Hubbard-Heisenberg
model. Its Hamiltonian is a combination of the Heisenberg exchange interaction with
a kinetic term and a Hubbard interaction. Although at half filling the Hubbard model
reduces to the Heisenberg model in the limit U/t, — oo, one needs to write the
Heisenberg interaction explicitly because the Hubbard interaction becomes trivial as
N — oo. Put differently, the limits U/t, — oo and N — oo do not commute. If
one sends U/t, — oo in the Hubbard-Heisenberg model and sets ¢, = 0, one obtains
back Read’s and Sachdev’s model. The N — oo phase diagram of the hybrid model in
two spatial dimensions is discussed in detail in the next section. However, we already
briefly summarize the main findings here. In the mean-field limit, the Hubbard inter-
action U becomes irrelevant, a fact we already discussed in Chapter 2. In the extreme
J/ty — oo limit one obtains the spin-Peierls state of the SU(N) antiferromagnet as a
ground state. Still, the additional kinetic energy scale t;, leads to a competition between
the Peierls state and a new type of ground state, the so-called staggered flux phase [250,

, |. Tts characteristic feature is the emergence of a non-vanishing magnetic flux
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around the plaquettes of the two-dimensional lattice. The staggered flux phase be-
comes the ground state of the two-dimensional large-N model for intermediate values
of J/t,. Later, there was increased particular interest also in the staggered flux (SF)
phase because numerical studies [252, ], in particular based on the density-matrix
renormalization group (DMRG), indicated that the SF phase may also be realized in
more conventional interacting electron models on ladders, without the need for a large-
N setup. In a later work, Marston and coworkers revisited the Hubbard-Heisenberg
model on a two-dimensional triangular lattice [2541] and studied the additional effect of
frustration on the phase diagram, which, however, is beyond the scope of this thesis.

Besides the relevance of large- N setups for the approximate treatment of condensed
matter models, there is another, more recent, motivation to study SU(NN)-symmetric
models, namely in the context of ultracold Fermi gases [255, , |. The paradig-
matic examples are alkaline-earth atoms [255] like 87Sr and '*Ba. They are charac-
terized by the absence of hyperfine interactions between nuclear and electronic spin
degrees of freedom. This, combined with the almost perfect independence of electronic
scattering properties (the scattering length, in particular) from the nuclear spins, im-
plies an increased fermionic degeneracy of kinetic and interaction Hamiltonians for
such kinds of atoms. The so far largest realized degeneracy is N = 10 for the spin-9/2
atom 87Sr. [255]. Experimentalists have used alkaline-earth atoms to simulate ferro-
magnets and Mott insulators with SU(NV)-symmetries [259]. A very specific application
is the development of highly precise atomic clocks [260]. In the context of ultracold
Fermi gases, there is also some interest to realize staggered Flux phases in experiments
with optical lattices, either with SU(N) fermions with low values of N [261] or using
time-dependent lattices [262].

5.1.1 State of the Art and Scope of this Chapter

The equilibrium properties of SU(/N) models in the large-N limit are well explored
analytically, at least in the case of the Heisenberg antiferromagnet. The finite- /N equi-
librium phase diagram of the Hubbard-Heisenberg model, however, is less explored ex-
cept for one study based on Quantum Monte Carlo (QMC) [140]. Nowadays, there are
also powerful numerical techniques available to treat SU(N)-systems, e.g. symmetry-
enhanced DMRG or exact diagonalization codes for chains [203, , | and ladder
systems [266]. QMC is in general a very powerful technique for many models, including
the SU(V)-symmetric versions of the Hubbard model and the Kondo model [267, 268].
QMC’s intrinsic sign problem is mitigated in the large-N limit [140].

Despite the availability of all these methods, the main focus of research on SU(N)
models still seems to be their equilibrium physics. Of course, this is not to say that
large-N techniques have not been used in non-equilibrium research. Large-N expan-
sions have a tradition in field theories based on the Keldysh technique [269, , ,

, ]. However, often these works deal with more coarse-grained scalar quantum
field theories and the microscopic dynamics in interacting many-fermion systems seems
indeed a bit less explored [268, , , 275].

The goal of this chapter is the following: We adopt the large-N Hubbard-Heisenberg
model and view it as a model with an intrinsic competition of two different types of
order, the Peierls phase, which one can view as a simple model for a bond-density
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wave phase, and the staggered Flux phase. It provides an ideal environment to study
the dynamics of such ordered phases in response to non-equilibrium excitations like
parameter quenches or driving with an electromagnetic field. In this thesis we mostly
neglect the Hubbard Interaction (U = 0). This is justified since we are interested
in the near mean-field dynamics, for which the influence of U is less important. In
addition, the finite-N phase diagram for all three parameters ty,, J and U non-zero is
not reported in the literature and to calculate it could be the topic of a thesis on its
own. Furthermore, we concentrate mostly on the Peierls phase as an initial state since
it represents a prototypical strong coupling phase, whose decay upon non-equilibrium
excitations we would like to study.

We have chosen an SU(N) model because it allows us to use the semi-classical
fermionic truncated Wigner (fTWA) approximation [112] as a time evolution tech-
nique in a very natural environment because of the effective hog = % In the previous
Chapter 4 we have seen that fTWA often yields good agreement with exact calculations
on short and intermediate time scales [112] but without a small fg the dynamics can
run into unphysical fixed points in the long time dynamics. If we work at sufficiently
large values of N, we can expect that the dynamics still remains reliable. By using
fTWA and the Wigner function sampling we go beyond mean-field and include some
electron-electron correlations in the dynamics. Based on our observations for the inter-
action quench in the Hubbard model, we assume that fTWA adds dephasing generated
by inelastic scattering processes on top of the mean-field dynamics and will therefore
generate stationary states that can be interpreted as prethermal states, i.e. stable on
a transient timescale before the thermalization dynamics dominates.

To the best of our knowledge, we are the first to combine fTWA with large- N models
and therefore many new technical questions have arisen, in particular ones related to
the initial state preparation. We already mentioned above that except for sketches in
the appendix to Marston’s and Affleck’s original paper [112], no closed-form results for
the one- and two-particle reduced density matrices in the finite-N model are reported
in the literature. However, exactly these would be required for the determination of
a correlated initial state Wigner function. In general, fTWA has so far always only
been used for initial product states and therefore we take the mean-field initial state
to set up an approximate Wigner function. In the following Section 5.2 we discuss
the mean-field phase diagram of the model and discuss issues related to the initial
state preparation within fTWA. In Section 5.3 we discuss results related to parameter
quenches, before we continue with the main part of this chapter, namely Section 5.4,
which treats the photoinduced dynamics in the Hubbard-Heisenberg model. Before we
conclude, we show results for spatially inhomogeneous photoexcitations in Section 5.5.

5.2 Initial State Preparation (cf. [2])

In this section we discuss the equilibrium properties of the Hubbard-Heisenberg model
in the limit N — oo and how we set up the Wigner function for fTWA. The N —
oo equilibrium zero temperature phase diagram was first obtained using a Hubbard-
Stratonovich transformation with subsequent saddle point approximation [I111, ].
In 2005, Assaad re-examined the model using quantum Monte Carlo [110] for finite
N < oo. Since both the Peierls and the staggered flux phase break the translational
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invariance by one lattice site, one needs to select a unit cell of a least two sites to find
a self-consistent mean-field solution. The smallest possible unit cell is made out of
two sites and is depicted in the top row of Fig. 5.1. It is also the choice in Marston’s
and Affleck’s original work. Note that it is tilted by 45° with respect to the original
lattice vectors. It has been shown that larger unit cells can also host more complex
spatial patterns at saddle points of the free energy, in particular box-shaped Peierls
phases [112, |. However, at N — oo they are degenerate with the Peierls state of
the unit cell with two sites. In addition, the fTWA simulations use a computational
basis in position representation such that there is no predefined unit cell any more and
in principle more complex spatial patterns can emerge dynamically. We will always use
periodic boundary conditions (with respect to the lattice of unit cells) for quadratic
systems with at least 11 x 11 cells, i.e. V = 2- 112 = 242 lattice sites. The choice
of the tilted unit cell with two sites corresponds to a reduced Brillouin zone, which is
sketched with black color in the inset of Fig. 5.2.

Y

PRy

Peierls phase Flux phase
O \_/ O

a dJ O Jd U 0

Figure 5.1: Upper row: Unit cell used in this paper with two atoms per cell. Lower
row: Sketch of the spatial structure of the two competing equilibrium phases Peierls
(one strong bond py and three identical weak bonds p; 23 per unit cell) and Flux (four
complex bonds with equal magnitude and non-vanishing plaquette flux). This figure is
also published in [2]. Copyright (2022) by the American Physical Society.

For N < oo, it would be desirable to explicitly construct the equilibrium states
of the model as controlled starting points for the light-driven dynamics. In complete
generality, this requires the calculation of 1/N corrections to the saddle points and
is a non-trivial task. The equilibrium states so obtained would be stationary under
the semiclassical time-evolution. To proceed without a full calculation, we resort to a
simpler strategy and make direct use of the fTWA dynamics. This is possible in at
least two ways: We can adiabatically switch on the interactions or we can construct
an approximate Wigner function which relaxes to a stationary state in the phase of
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interest. The first strategy has the advantage that for sufficiently slow switching the
system can be prepared in an equilibrium ground state, i.e. without additional heating.
However, it turns out to be challenging to implement this in practice. For switching
times of 1000t ! the final state energies we obtained were significantly higher than
those from the strategy discussed below. Another difficulty is posed by the fact that all
three phases are stable and a suitable transient symmetry breaking might be required
to reach the desired phase. We leave for future work a more detailed discussion of
adiabatic switching with fTWA.

5.2.1 Mean-field solution at N — oo (cf. [2])

The original calculation by Marston and Affleck [1411, | was carried out by means of
a saddle point analysis of the effective free energy, which only depends on the values of
the nearest-neighbor bonds and densities within a unit cell. In order to directly obtain
the full one-particle reduced density matrix from the calculation, we take a different
approach and make use of the fact that the limit N — oo is equivalent to a Hartree
decoupling of the interaction term: The way we write the interaction terms with p;;
operators determines their decoupling. We introduce the deviations

Apij = pij — pij (5.3)

of the p;;-operators from their expectation value p;; = (p;;). Plugging (5.3) into the
model Hamiltonian yields the following representation of the interaction terms

Hyei = —JNZ (pij + Apij) (pji + Dpyi)
(4.4)
= —JNZ (lpi1> + pii Apsi + pjildpij) + O(Ap)?

~ (5.4)
X
~ —JNZ < |pz] Z(psz}aCz’a + sz‘Cl‘LaCja)>
a=1
Hyp, = UNZ (pii + Aﬁz’z’)2
= UNZ (|pil® + 2pupii) + O(Ap)? (5.5)

:UNZ( ol Zpu (c! cm——)>

In the following we neglect the order (Ap)? terms. In order to construct the ground
state of the model we need to specify the lattice geometry and choose a unit cell. Let us
concentrate, for simplicity, on a one-dimensional model and give the generalization to
two spatial dimensions in the end. Here, we label the two sites of the unit cell as A and
B. We call the on-site elements of the p-variables ps := picaica and pp = picp.icB-
The nearest neighbor bonds are called pg := pica,(i+1)ep and p1 := pieB,(i+1)ea-
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Next, we transform all non-local operators to momentum space. A way to do this
is to work directly in the reduced Brillouin zone rBZ C (—n/2,7/2]. This corresponds
to the following transformation rules with @ = 7 (also described in Ref. [215])

1 —ikr;
cles = N Z e (CL + CLQ)

kerBZ
e 3 - g o
CicB = 7= e (e — g
vV kerBZ
Introducing €, := 2ty cos(k) and y; := J(poe’““ + p’{e"k) we obtain the following

representation of the Hamiltonian

(H) = <CT o > er — Re(xk) + U(pa + pp) — 1t iIm(xx) + Ulps — pa) Ck
BORQ —ilm(xx) +U(pp — pa)  —ex+Re(xx) + Ulpa+pB) — 1) \Criq
(5.7)
In the following, we will always only consider half filling, u = U(pa + pp). Diago-
nalization of the Hamiltonian yields the following set of eigenenergies

Ey = i{ B [_ (ex — Re(Xk))2 —Im(xx)* = U*(pp — pA)z} }1/2 (5.8)
= {Joc—ul*+ 0(n — pa?}

In two spatial dimensions the procedure is analogous. However, since we use the
rotated unit cell depicted in Fig. 5.1, the k-values are defined with respect to the tilted
lattice of unit cells.

€ = 2th<cos (g(kw — ky)> + cos (g(kx + ky)))a

f
1)
&
£

Xk = J(Pgefi

Rewritten in terms of the axes of the original lattice (here denoted £') by means of
the following transformation,

©-26 )

the variables read as follows

e = 2ty (cos(ky) 4 cos(k,)),

1.7 S 1.7 1.7 N <5.1].)
Xie = J(pge™™ + pie™ + pae’™v 4 pyeTtr).

In summary, we have obtained single-particle eigenenergies with Ej, = i(’ek —

Xk|2 + U%(pp — pA)2)1/2. Charge-density wave (CDW) states p4 # pp would lead to
a gap in the single-particle spectrum. Some caution needs to be taken when looking
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for a saddle point in the mean-field free energy. The saddle point curvature in the
U-direction is inverse to one of the J-terms (some more details are given in the original
publication [142]). The internal energy (expectation value of the Hamiltonian) per
flavor is given by

3
HIN = (UG + )+ 73 ol

=0 (5.12)
+ Z By (Pt b+ — Pr—k-) 5
k
where V' is the total number of lattice sites. Using
U 2 U 2
Uph+p5) = 5 (pa+ps) + 5 (pa—ps), (5.13)

where p4 + pp is fixed by the filling, we see that ps = pp is required for a stable saddle
point. It implies that in this model CDWs are thermodynamically unfavorable due to
the U-term in the Hamiltonian. In particular, the value of U is irrelevant for the mean-
field phase diagram. It is worth noting that this is different for nearest-neighbor density-
density interactions instead of or in addition to the Hubbard interaction. Setting
pA = pp, We obtain

v
H/N = EJ(’PO\Z + o1 + |p2]? + ’Pz\z)
+ Z B (P kot — Pr—i—) 5
k

By = 2ty (cos(k,) + cos(ky))
— J(pge™™ + pie™ + poe™ + pseTr).

(5.14)

Due to the symmetry of Epy around E = 0, the ground state at half filling is
always obtained by setting pi_ ;- = % and pri g+ = —% for all momenta k. The self-
consistency conditions follow from the momentum space representation of the local
bond variables:

| 1 .
= Rt e —UPk —_ .
Po = P(0]0)A,(0]0)B Po 2V, g € (Prt bt — Pr— k)
! 1 i —i
PL=POOA-L0BE < PL= o Ze Vs gion (Pt et — Pr—k—)
| . (5.15)
P2 =P-1-0BO0A S 2= o > o VARARD GO (o ey — e o)
vk
1

! —i ok
Pa=Pol-B DA S P3= g Zk:e VR (Pt ks — Pre k)

We find self-consistent values for pg, p1, p2 and p3 at zero temperature from the
numerical minimization of (5.14) using the simulated annealing algorithm described in
Chapter 2.
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Numerically, we indeed obtain the three equilibrium phases of the model at half
filling: Firstly, the dimerized bond density wave Peierls phase at large J/t, has got
real-valued p; with one strong bond py > p; = ps = p3. We introduce the following
order parameter for the Peierls phase:

OPeierls = |p0| - 1121’11%}7(3 |pz’ (516)
Secondly, the staggered Fluz phase (also known as DDW phase [253, 110]) at inter-

mediate J/t, comes with complex bonds p; that are equal in magnitude and multiply
to a flux operator II = IIye’® around a plaquette with non-vanishing phase ® # 0.
Hence, we will consider

Oy = . (5.17)

Lastly, there is the uniform phase which is a stable saddle point at all values of J
but has the lowest free energy only at J = 0. In the uniform phase the unit cell bonds
are real and Opgjeris = O = 0. The single-particle band structures obtained from
the mean-field calculation are plotted in Fig. 5.2 for the reduced Brillouin zone. The
bands in the Figure roughly correspond to the electron removal/addition energies and
do not directly contain information about excited states of the system.

We add, for reference, the relation of Affleck’s and Marston’s order parameter
fields [141, | to our formalism: The field i¢; corresponds to 2Up;; and their y;;
is our —Jp;;.

5.2.2 Non-zero temperatures (cf. [2])

Since we are interested in the values of the order parameters after energy absorption
due to the driving, we would like to compare our results to equilibrium states at
temperatures T' > 0. In addition, the finite-temperature phase diagram of the N — oo
model is not reported in the literature yet. In order to determine finite-temperature
states, we need to minimize the (Helmholtz) free energy, which includes both the total
energy as well as the entropy term. The mean-field ground state is a simple product
state of a single fermion species, which is labeled by the mean-field momentum modes
k=,

[05") = I chel10)- (5.18)

€+ <€ER

Hence, at finite temperature we can use the formula for the entropy of free fermions

1

S/N = — > [nFD(ek)(ek —p) +Tln (1 + e(e’““)/T)} (5.19)

€k

with the Fermi-Dirac distribution ngp(e) = 1/(1 + exp[(e — p)/(ksT)]). Formally we
write S/N and F'/N. This is always to be understood in the limit N — oo. This yields
the following (Helmholtz) free energy F' = (H) — T'S,

FIN=7> |p"=) B "' (1 + e‘ﬂ“’“_“)>a (5.20)

(ig) €k
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Figure 5.2: Single-particle mean-field band structure for J/t, = 15 and a system size
of V,, = 41 x 41 unit cells. The spectrum is symmetric around energy zero; here we
only plot the upper half with positive energy. The Peierls phase is gapped, while the
Flux phase is gapless. Inset: Sketch of the reduced Brillouin zone derived from the unit
cell in Fig. 5.1. This figure is also published in [2]. Copyright (2022) by the American
Physical Society.

where 5 =1/(kgT).

We determined the minima of the free energy numerically using the simulated an-
nealing algorithm described in Chapter 2. Special care must be taken to arrive at the
targeted particle number because the single-particle basis changes during the stochas-
tic iterations. We have therefore updated the chemical potential in each iteration step
such that it yields the correct particle number for each intermediate basis. We checked
the convergence of the annealing procedure using the self-consistency relations of the

bonds.

We calculated the phase diagram at half filling, the results are presented in Fig. 5.3.
On the left hand side, we plot the free energies of the three equilibrium phases at
zero temperature. For weak interaction strengths, the Flux phase has the lowest free
energy, while the Peierls phase only exists at a slightly higher free energy. At a value of
J/ty =~ 12, the free energies of Peierls and Flux phase swap roles and the Peierls phase
becomes the equilibrium phase of the model at strong coupling. Despite this first-order
phase transition, Peierls and Flux phase are thermodynamically almost degenerate in
the weak to intermediate coupling regime. The Uniform phase always has a much
larger free energy. On the right hand side of Fig. 5.3 we plot the full finite-temperature
mean-field phase diagram. At high temperatures the Uniform phase dominates the
phase diagram, while at strong coupling there is a transition from Peierls to Flux at
low temperature, followed by a second transition at higher temperatures from the Flux
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Figure 5.3: Equilibrium phase diagrams of the mean-field (N — oo) model. Left: Free
energies at zero temperature as function of the interaction strength J/¢,. The mean-
field transition occurs at the dashed line around J/t, ~ 11.96. Right: Phase diagram
at non-zero temperatures. The uniform phase is the generic high-temperature phase.

to the Uniform phase. Note that at low temperatures and for weak interaction strengths
J ~ ty, all free energies are practically identical, in these cases we just write Uniform
phase in the diagram. In order to determine the nature of the phase transitions, we
make a cut through the phase diagram at a fixed interaction strength and look at the
free energies as a function of temperature. We select a value of J = 15t;,, which lies in
a region of the phase diagram where the Peierls phase has the lowest free energy. The
results are shown in Fig. 5.4. From temperature zero up to T' ~ 3.5t;, there is a regime in
which all three phases are stable. Up to T' &~ 1.6t},, the Peierls phase has the lowest free
energy, while at more elevated temperatures the Flux phase is preferred. The uniform
phase is left as the generic high-temperature phase. The transition from Peierls to Flux
is first order, one can see well the jump in the internal energy at the transition point.
The transition from the Flux to the Uniform phase, in contrast, is second order and
the order parameter displays the typical mean-field scaling with exponent 5 ~ % We
can observe, in addition, that there is a second “hidden” phase transition of the Peierls
phase to the Uniform phase, which occurs at slightly lower temperatures. For larger
values of J the range of temperatures with stable order beyond the uniform phase will
be broader.

Because of the complex structure of the phase transitions, a value J/t;, = 15 is an
interesting starting point to investigate the non-equilibrium dynamics in the model.

5.2.3 Order parameters in the finite-N model (cf. [2])

Before we continue to discuss possible state preparation techniques for the finite-/NV
model, we would like to make a general remark on phases and order parameters in the
Hubbard-Heisenberg model with N < co. It was demonstrated using quantum Monte
Carlo [110] that the mean-field saddle points yield a qualitatively correct picture of the
finite-N Hubbard-Heisenberg model down to N = 6, albeit with renormalized order
parameters and phase boundaries. The respective phase diagram from the original
publication can be seen in Fig. 5.5.
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Figure 5.4: Finite-temperature equilibrium states for the N — oo Hubbard-Heisenberg
model with V,, = 11 x 11 unit cells, J/t;, = 15 and U = 0. Upper two rows: Helmholtz
free energy F' and total (internal) energy (H) per unit cell. Lower two rows: Order
parameters for the Flux and Peierls phases displaying the typical mean-field scaling.
At temperature T ~ 1.5t} there is a first order transition from Peierls to Flux order.

This figure is also published in [2]. Copyright (2022) by the American Physical Society.

Since we typically choose 250 < N, we are safe to work with the same order
parameter definitions as for the infinite-V model but we need to take care how to
consistently calculate them within the TWA scheme.

We start with a remark related to the calculation of observables within the Wigner-
Weyl scheme. The TWA expectation value of an operator OA[,éij], which can be ex-
pressed in terms of the classical variables p;;, reads

(0)) = [ dpis(0W (5,(0)) O (1) (5:21)

where Ow(p;;) is the Weyl symbol of O. It can, in general, differ at order ~ + for
different ways of writing O in terms of the pij [157]. In order to extract the Peierls and
Flux order parameters, respectively, we need to calculate absolute values and phase
angles of the p;;. It is not obvious how the exact Weyl symbols of these operations
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Figure 5.5: Phase diagram as a function of ¢/J and % as obtained by Assaad within
quantum Monte Carlo. The “Dimer” phase orresponds to our Peierls phase, the
“DDW?” phase is the staggered flux phase. These two phases determine the phase
diagram down to values of N = 6. Reprinted figure with permission from “F.F. As-
saad, Phys. Rev. B 71, 075103 (2005)”. Copyright (2005) by the American Physical
Society.

look like. However, it is clear that in the mean-field theory N — oo one can calculate
them straightforwardly from the p;;(¢). Hence, we assume that corrections to Weyl
symbols, if present at all, will scale like ~ ., e.g. | @ |y =| o[+ O(). Since we will
work at large N, we are justified to neglect these corrections. This is the philosophy
of the stochastic mean-field approach as well (cf. Chap. 2).

In the numerical determination of the Flux order parameter we average e'® over all
trajectories, i.e. we work with numbers on the unit circle. However, one needs to take
care of the spontaneous breaking of the orientation symmetry of the plaquette flux.
There are two ergodic components, for which & lies in the intervals [0, 7] and [—, 0],
respectively. Different fTWA trajectories can select different ergodic components such
that direct averaging of the order parameter may become unphysical (analogous to
averaging the magnetization of a ferromagnet without explicit symmetry breaking).
Hence, in order to calculate the Flux order parameter directly, we introduce a weak
symmetry breaking term ie,,, (jmn — jnm) that selects the ® € [0, 7] component. The
current operator (for lattice sites m,n) is given by

A (cjncn — cilcm) = =2ty Im(ppn). (5.22)

We tried out a few symmetry breaking strengths and concluded that € ~ 1073 yields
the best balance of breaking the symmetry but not influencing the dynamics too much.
For reference, we write down the equations of motion for a symmetry-breaking term in
the Hamiltonian,

ZZ €5 (pAZ'hj — ﬁj,i) = ZZ Z €La(l) (ﬁl,a(l) - ﬁa(l),l)~ (523)
(i,5) Looa(h),
1<a(l)
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They read
—i0ipij = ZZ Z €ta) (Gia@yPrj — O1jpiay — (1< a(l)))
L a(l),

1<a(l)
=1 Z €a(i),iPa(i),j — 1 Z €4,a(i)Pa(i),j
a(1)<i i<a(?) (5_24)
+ i Z €j,a(j)Pia(j) — 1 Z €a(j),j Pi,a(j)
j<a(d) a(j)<j

=1 Z €i,a(i)Pai),j + 1 Z €j.a(4)Pia(s)
a(i) a(j)
where a(i) labels all nearest neighbors of site i. Since the flux in the flux phase is
staggered, the symmetry breaking coefficients €,y need to alternate along a lattice
direction.

The explicit breaking of the symmetry can be useful for spatially inhomogeneous
situations like the type of photoexcitations considered in Sec. 5.5, where long-range
order cannot be expected and where we would like to directly probe the local formation
of order. In spatially homogeneous situations, there is another more convenient probe,
which is also well defined without explicit symmetry breaking field: In numerical studies
of staggered flux states in ladder systems of interacting fermions, Schollwéck et.al. [253]
considered current-current correlators of the form <jmnjm> This is similar to studying
spin-spin correlation functions instead of the magnetization in a ferromagnetic model.
We calculate current-current correlators for two bonds at the largest spatial separation
in the system to detect long-range order. Usually, we select the bond py (which is the
strong bond in the Peierls phase) for the calculations. Making use of the translational
symmetry of the system we determine the correlators for all translationally equivalent
pairs of unit cells and average over them. This reduces the effect of the fluctuations
on the observable within the truncated Wigner approach. For the adiabatic switching
calculations we also need to introduce a weak symmetry breaking for the Peierls phase
in order to select one of the four bonds as the strong one. Details will be given in the
next section.

5.2.4 Adiabatic switching of interactions

A possible preparation procedure for initial states, which should in theory also be ap-
plicable to the finite-N model, is adiabatic switching of interactions. Starting from
a non-interacting system, we expect that for slow enough changes of the interaction
strength the system will always follow the instantaneous ground states. For the adia-
batic switching procedure different ramping profiles can be chosen. A common choice
(e.g. presented in Ref. [270]) are functions f,,(¢), whose lowest derivatives up to and
including m-th order are smooth at the boundaries. For instance, m = 0 corresponds
to linear ramping;:

fo(r) =, fi(r) = —72(21 — 3), fo(T) = 7 —sin(277)/(27),
f3(1) = =7*(207° — 707% + 847 — 35), (5.25)
fa(r) = 7°(707* — 3157% 4 5407° — 4207 + 126).
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7 = t/T is the ramping parameter based on the total switching time 7. All functions
obey f,(0) =0, f(1) = 1.

Let us start the discussion of the results with mean-field theory N — oco. In the
non-interacting state at initial time, all bonds in a unit cell are equivalent and a weak
symmetry breaking is needed to push the system into the symmetry sector of the Peierls
phase. This can be accomplished by adding a term epe| po\2 with 0 < epe; < 1 to the
Hamiltonian for each unit cell. Its effect is to slightly increase the value of J for one
of the four bonds, which will then end up being the strong bond of the Peierls phase.
All mean-field results are obtained using a value of epy; = 1072, Fig. 5.6 shows results
for the bond strengths |p;| upon switching of the interaction J(t) = J f,,(t) for varying
values of m and T. The final bond values depend, as expected, on the total ramping
duration 7. The larger T', the better do the bond strengths approach the correct
equilibrium mean-field value. In addition, the oscillations in the numerical data are
smaller for higher 7. They would vanish as 7' — oo. The effect of m is twofold:
Higher values of m lead to a smoother approach of the bond expectation values to the
mean-field result. In addition, the branch-off of the bond strengths from their initial
values occurs at later times. In Fig. 5.7 we plot the total energy per unit cell as a
function of time during the switching. It follows the temporal profile of the interaction
well and we can see on the right hand side of the plot that the final value of the energy
approaches the expected mean-field result. Furthermore, the quantitative differences
between the different switching profiles becomes negligible if the total ramping time is
sufficiently large.

These numerical results for the mean-field model indicate that adiabatic switching
should indeed be a possible strategy to prepare ordered states of the model in equilib-
rium. However, turning to the finite-/N model, a simple adaptation of the strategy to
N < oo fails. Fig. 5.8 shows results for linear ramps of J in a system with N = 100
starting from the Wigner function of a non-interacting Fermi sea state (uniform phase)
and four different values of ep.;. The switching procedure is completed at time ¢t = 95
and we also turn off the symmetry breaking at the same time. The results show that the
Peierls phase symmetry breaking indeed leads to a split-off of one bond in the course of
the dynamics. However, after ep,; is reset to zero the bonds collapse back to a uniform
configuration. The staggered Flux order parameter is also zero in the final state, while
it is non-zero for some time during the switching. The final state thus resides in the
uniform symmetry sector. Our observations for the bond strengths are consistent with
the dynamics of the total energy, which shrinks linearly with time but reaches a higher
final state energy than the state preparation procedure that we will describe below.
The total energy is not affected much by the choice of ep;, which is as it should be.
Paradoxically, the final state energy does not lower upon ramping over a longer time
period: We have checked ramping times up to 7' = 995. In fact, the final total energy
even increases slightly. The reason for this is not clear but it is likely rooted in the
structure of the free energy landscape, where starting from the zero-coupling uniform
phase one has to traverse the Flux phase to reach the Peierls phase. At intermediate
couplings both phases exist as minima of the free energy but only at strong coupling
is the Peierls phase the phase with the lowest free energy. While the Peierls phase is
gapped, the Flux phase is semimetallic and therefore allows for low-energy excitations.
It is hence likely that the fluctuating trajectories induce such excitations, which lead
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Figure 5.6: Bond strengths after adiabatic switching of J in the mean-field (N — o)
Hubbard-Heisenberg model on a 21 x 21 unit cells square lattice. The rows correspond
to three different values of m. Dashed lines show the mean-field results from direct
calculation.
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Figure 5.8: Bond dynamics due to slow linear ramps of the interaction strength J =
0 — 15 over a time interval T' = 95 with four different values of the Peierls symmetry
breaking epe;. At time t = 95 we set J = 15 and switch off the symmetry breaking to
monitor the stability of the final state. The system has V' = 11 x 11 unit cells and a
fermion degeneracy N = 100.

to additional heating and may drive the system out of the Flux phase into the Uniform
phase. For slower switching, one line of thought could be that the system remains
longer in this intermediate regime such that even more trajectories induce excitations.

These explanations are for sure a bit speculative and more thorough analysis is
required to understand the observed dynamics. For now, we can conclude that adiabatic
switching is not — at least not in the way executed here — a suitable state preparation
technique for the finite-/N model.

5.2.5 Quench from mean-field to finite N (cf. [2])

The following approach is meant as a pragmatic procedure to construct a stationary
initial state at least for some combinations of system size V' and fermion degeneracy
N. The idea is to adopt the mean-field basis k4 for the initial state but to only
populate a finite number of degenerate fermion levels. This effectively amounts to
constructing quantum fluctuations of p-operators around the mean-field state. Those
fluctuations are then encoded in a Gaussian Wigner function, which leads to non-
stationary dynamics at the initial time. Hence, we will need to wait for the system
to relax. Ome can view this protocol as a quench from infinite N to a finite value
N < oo. However, one has to keep in mind that we continue to use the mean-field
basis to define the initial occupation numbers of states. We assume that at large but
finite IV the self-consistent mean-field data for the one-particle density matrix will still
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be close to the true equilibrium states. In the following, we always only consider half
filling such that the initial mean-field state has the following product structure:

LA HHck 2 10). (5.26)

In order to correctly set up the Gaussian Wigner function, we need to make sure that
we include all non-vanishing quantum correlations. The classical phase space includes
all variables pj ;4 for arbitrary momenta £, [ and the four combinations of . However,
as we have shown in Chapter 2, only covariances of the form (p,spas) and (pasppa) are
non-zero for a product state. The complete initial data for a Gaussian Wigner function
of this type is listed in Table 5.1 for general mode occupation numbers and in Table 5

for half filling according to (5.26).

’ Pap H Pr+,1+ \ Prt,lF \
Fpag Ot (et — 3) 0
N o (et + s — 2ngenyy) o7 (Mt + Mg — 2npanyy)
CZ}ET;I% %nki(l — nki) 0
URe(paﬁ) 4N 1+ 5kl) (s + e — 2y | g (mes + g — 2npenug)
fm(paﬁ) v (1= 0) (mes + s — 2memuy) | o (e + mus — 2npanyy)
Table 5.1: Correlation data for the Gaussian Wigner function for the mean-field prod-
uct state: symmetrized covauriamcsC s, = (3{Pas [’)W}>C'C'7 symmetrized pseudo-
covariance Col"0 = (${pap: puw}) . For product states only combinations (p,r) =

(a, B) or (u,v) = (B, «) can lead to non-zero entries.

’ Pap ‘ Fpas ‘ Logas ‘ Cabap ‘ 0-12)“3(/)(1/3) ‘ Ulzm(paﬁ) ‘
pregr (k=113 —3 0 0 0 0
Pl+,1+ (k’ 7é l) 0 0 0 0 0

s 0 = 0 iT i7

Table 5.2: Special case half filling: all “—" states are occupied (ny— = 1) and all “+”

states are unoccupied (nyy = 0). Hence, ngy + nix — 2npaniy = 0 and ngg + nyx —
2nkinl; = 1.

We sample real and imaginary parts of the py1 ;- and py_ ;4 variables from a Gaus-
sian distribution for all combinations £, and rotate them to the py4,;5 sublattice basis
using the mean-field particle-hole transformation

(pkA,lA ,Ok:A,lB) —U,- <Pk+,z+ Pk+,l—) .UlT’ (5_27)

PkB,lA PkB,IB Pk—l+ Pk—l—

where

1 1 1
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and ee'?r = €z — Xz as defined in the previous section. Written out, the right hand
side reads:

1 ( Pk+k+ T Pkt k- + Pk—k+ + Pk—k— ek (pk+,k+ + Pk—k— — Pk—k+ — Pkk))
2 \e"¥* (pk+,k+ + Pkt k— = Ph—k+ — sz—,k—) Pkt — Phtk— — Pk—k+ T Ph— k-

(5.29)
As a last step, we use the Fourier transform to obtain the p-variables in position space.
The time propagation is always carried out in position space. The freely evolving sys-
tem will relax to a stationary state on a characteristic warm-up time scale. Later, when
we investigate the dynamics of the system under driving, we switch on the drive only
after this warm-up. A disadvantage of the procedure is that the resulting stationary
state is not a ground state. This, however, is not too problematic for now since we
are primarily interested in obtaining a stationary reference state in the Peierls phase
from which to launch the dynamics of interest. For a precise comparison of results
at different values of N, though, it would be desirable to have better control over the
initial states.
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Figure 5.9: Initial relaxation dynamics generated by a Gaussian Wigner function corre-
sponding to the state (5.26) in the finite-N Hubbard-Heisenberg model with J = 15¢,
U =0and V, =11 x 11 unit cells. The order parameters and the kinetic energy reach
a stationary state before time t = 250¢; " for all shown values of N except for N = 200
for which the relaxation takes longer than 1000t; *. This figure is also published in [2].
Copyright (2022) by the American Physical Society.

Fig. 5.9 shows the time evolution of the order parameters induced by a Gaussian
Wigner function corresponding to the state (5.26) for multiple values of N and a
system size of V,, = 11 x 11 unit cells. The upper two panels show indicators of the
staggered Flux order: the current-current correlator without symmetry breaking in the
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top row and the plain Flux order parameter obtained with explicit symmetry breaking
€rrux ~ 1072 in the row below. For N g 200, the dynamics leads to a decrease of
the Peierls order parameter, while Opy, remains zero at all times. In this regime the
stationary state is clearly a Peierls state. Around N ~ 200 the system transitions
to the Flux phase and the dynamics is very slow. This is also an interesting finding
on its own since it shows — at least qualitatively — the slow tunneling between nearly
degenerate free energy sectors. For smaller values N g 150, the system ends up in the
Uniform phase. The kinetic energy relaxes to a stationary value on the same timescale
like the order parameters. The redistribution of energy between kinetic and interaction
sector is in accordance with our findings in the SU(/NV) Hubbard models and suggests
an interpretation in terms of quasiparticle formation. We collect the stationary values
of the order parameters in Fig. 5.10. There is no data point for N = 200 as it was
impossible to extract a definite order parameter on the timescale of our simulation.
The lower row in the figure confirms that the system acquires a finite negative amount
of correlation energy ~ (—J)/N relative to the mean-field state. We checked that the
total energy of the system prepared with this Wigner function is indeed independent
of the system size if rescaled by the number of unit cells.
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Figure 5.10: Stationary values of the order parameters after the warm-up shown in
Fig. 5.9. AE™ = Ei,, — E™ measures the amount of correlation energy that is added
to the system at time ¢t = 0. We omit the data at N = 200 because they were not
relaxed after time 1000¢, '. This figure is also published in [2]. Copyright (2022) by
the American Physical Society.

We conclude that during the warm-up dynamics the system can transition out of
the Peierls phase, which restricts the range of NV to which this strategy can be applied.
While the true ground state in the finite-N model can be expected to show a similar
% scaling of the correlation energy, the prefactors need not agree. In analogy to the
case of the SU(N) Hubbard model, this behavior will in general give rise to a finite
amount of excitation energy in the system. We assume that the equilibrium states of

the finite-N model — at not too low N — will be made up of quasiparticles consisting of
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mean-field modes dressed by particle-hole excitations (akin to an RPA picture). Our
analysis of the SU(N)-Hubbard model has shown that fTWA is able to reproduce such
quasiparticle formation (at least for weak U) in principle. However, in contrast to
the spatially uniform case of the Hubbard model, there is the additional complication
of nearly-degenerate competing instabilities with different spatial structures in the
Hubbard-Heisenberg model. The quasiparticles will depend on their respective mean-
field “vacuum state”. It is hence possible that the additional excitation energy (which
will in general also scale like %) destabilizes the quasiparticle formation in the Peierls
phase and drives the system into the nearly degenerate Flux phase or into the spatially
uniform phase. To investigate this aspect more, an analytical calculation of the true
%—Corrections to the mean-field state is required.

In addition and less expected, the system size turns out to play an important role.
We find that in a system with V,, = 21 x 21 unit cells the dynamics does not reach
a stationary Peierls state for values of N T 600. The system transitions into the
Flux or, at low N, into the Uniform phase. One aspect are generic finite-size effects:
The mean-field states do depend on the number of k-modes and again, via the near-
degeneracy of the two non-uniform phases, this can lead to shifts in the transitions.
However, 242 lattice sites in the V,, = 11 x 11 system is already a large number
and it is not clear why such corrections should lead to a systematic destabilization
of Peierls order. A more likely attempted explanation is related to the number of
fluctuating variables, which increases with the system size because all py4 ;+ fluctuate.
Let us focus on the bond py as an example, it is related to the momentum modes via
Fourier transform: p;p = Viu Zk,l e!*=Urip, 415. (The additional phase factor due to
the sublattice translation A to B is absorbed into praip.) All pra,p are fluctuating
variables. If we anticipate the translational invariance and average over all unit cells 7,
the bond py only depends on the diagonal pja ,p. At initial time, according to (5.27),
the following equation holds:

Peaps = € (Prt okt — Prt e + Pho it — Ph—ki—) (5.30)

The variables pg - and, consequently, (pr+ k- — pr—x+) ~ Im(pr4 r—) are fluctuating
with random real and imaginary parts that are drawn from identical and independent
Gaussian distributions. In particular, they will have random phases that can average
to zero, in particular, if the number of variables becomes large. Since pyy 4+ and pj_ j—
are not fluctuating at time zero, the system will always stay close to the mean-field
configuration at early times. At later times, especially when the fluctuating variables
become more mixed due to the non-linear dynamics, complex phases will also interfere
and average out more. This is, in principle, a desired dephasing effect, which is in
accordance with amplitude-phase fluctuations that one expects in a quantum theory.
They give rise to the corrections to the mean-field dynamics that have shown to yield
the right prethermal distribution in the case of the interaction quench in the Hubbard
model. In the case of the Hubbard-Heisenberg model with non-trivial spatial order,
if the number of fluctuating variables becomes too large (e.g. for large system sizes),
a possible effect is that the dephasing will also more and more average out spatial
order, e.g. po ~ Y ; prars and p; ~ >, eiﬁk“pkAka become identical. Additional
constraints like ), (pk A kAT PEB k B) = const. prevent a complete suppression. It seems
like one needs to balance the amount of fluctuating variables with the strength of their
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fluctuations. If a matrix is populated with large random entries on all off-diagonals,
one cannot expect a meaningful “real space” structure upon Fourier transform. These
aspects deserve a more thorough analysis in the future, especially with focus on the
question if a more fine-tuned construction of a Wigner function will be able to better
stabilize spatial order. It is, however, far from obvious how to do that.

We conclude for now that for J = 15¢;, and a lattice with 11 x 11 unit cells we
can use this approximative approach for the initial Wigner function down to values of

about N = 200.

5.3 Quench Dynamics

As a first simple non-equilibrium protocol we consider quenches of the interaction
strength J. We study both quenches within the same phase as well as quenches across
the Peierls-Flux boundary and compare the order parameter dynamics. Another point
of interest is to study the effect of finite- N corrections in a simple setup. Nevertheless,
interesting phenomena can also already occur in mean-field theories. Quenches in BCS
theories [277, 278, 279] have displayed complex behavior like synchronization or Landau
damping. Bose-Hubbard models are known to display dynamical transitions in their
mean-field limit [132].

5.3.1 Mean-field dynamics

Before we discuss the mean-field results, let us start with a remark on the numerical
solution of the equations of motion. One finds that a straightforward implementation
in position space can lead to numerical instabilities, which are due to the finite floating
point accuracy and to the non-linear structure of the equations. Spatially homoge-
neous protocols like quenches give rise to a lot of additional symmetries throughout
the dynamics due to the preserved translational invariance of the system. The finite
numerical accuracy can lead to small spatial inhomogeneities in the initial state, which
grow exponentially during the time evolution with the non-linear equations of motion.
A solution to this problem is to remove the artificial redundancy of dynamical variables
and to go to a hybrid position-momentum representation of the equations of motion.
The translational invariance of the system implies that the one-particle reduced density
matrix always remains diagonal in momentum space: pg ~ 0. Using labels A and
B for the sites within one unit cell, we obtain the following equations of motion if we
transform to momentum space with respect to the unit cell lattice indices:

101pka A = —10PrBIB = Ok [tkPrAkB — tiPkB kA
10epkais = Okt [tr(Praka — preis) +2U(ps — pa)prais] (5.31)
10tprBia = Okt [tk(prBiB — Praxa) + 2U(pa — pB)PrB kA)

where

tr = 2t<c0s g(kzw — k:y)> + cos (?(kx + k’y)) (5.32)
5.32

F
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The momentum vectors k,, k, are defined with respect to the tilted lattice of unit cells,
not with respect to the original lattice. The instability problem can in principle also
reoccur on the level of the unit cell, which in the Peierls phase has a reflection symmetry
along the y-direction. In this case, one can reduce the number of dynamical variables
even more. We note that the instabilities do not show up for the propagation of spatially
inhomogeneous configurations (in particular with fluctuating initial conditions). In
these cases there are no redundancies in the dynamical variables.

Let us now discuss the results. We start with J-quenches in the mean-field model
N — oo. Fig. 5.11 shows results for the order parameter dynamics subsequent to
quenches within the Peierls phase (J = 15 — 20) as well as across the Peierls-Flux
boundary (J = 15 — 5 and J = 5 — 15). In the mean-field model one can extract
the Flux order parameter directly from the flux operator around the plaquettes. All

- strong Peierls bond weak Peierls bonds . Flux
X
T | I O
0 il e,
— I —921
I
~
¥o) 0
T
—24
0<
72<
0 10 20
time ¢/t time ¢/t time ¢/t

Figure 5.11: Mean-field order parameter dynamics upon quenches of the interaction
strength J in a system with V' = 41 x 41 unit cells. The left column shows the strong
bond pg of the Peierls phase, while the middle column contains the results for the three
weak bonds. The right column shows the Flux order parameter phase angle e'®.

quench combinations show undamped coherent oscillations of the order parameters.
If the Flux order parameter is zero initially, it remains zero throughout. There are,
however, qualitative differences in the oscillation patterns that develop after the quench.
One finds that a quench within the Peierls phase leads to a relatively simple beat-like
pattern, while the quenches across the phase boundaries are more complicated. Despite
the simplicity of the mean-field approach, the non-linearity of the equations of motion
can give rise to a complex dynamical response, even without a relaxation mechanism. It
is in fact also difficult to obtain analytical insights: If one is interested in the dynamics
of the bond variable py, one may start from py = Viu > & Peaks and apply the hybrid
momentum-position representation of the equations of motion:

1
i0ypo = v zk: tz (Praka — prpis) (5.33)
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The A/B-diagonal variables again couple to the non-diagonal ones but the time de-
pendence of t; (via the bonds p;) prohibits a closure of the equation:

1
—0}po = 0 Z ((iaﬂfZ) (Praka — preis) + 2t (tppkans — t%ﬂkB,kA)) (5.34)
Yok

To make progress, a linearization of the equations of motion or other tools like a
stationary phase approximation analysis [278] are required. Nevertheless, to obtain a
more detailed picture of the mean-field response to quenches, we take a look at the
frequency spectrum of the oscillations numerically. In order to do so, we calculate
the (discrete) Fourier transform of the bond strengths g;(w) = F(|p:(t)]) and plot the
resulting power spectrum |g;(w)|>. The results for quenches within the Peierls phase
are shown in Fig. 5.12. We varied the final state interaction strengths J; to obtain

1072
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Figure 5.12: Power spectrum of the mean-field oscillations of the bond strengths after
quenches within the Peierls phase. The x-axis is rescaled with the respective final
state interaction strengths Jy. Upper panel: Quenches from J; = 15 to values Jy =
20,...,50. Lower panel: Quenches to J; = 30 starting from two different initial values
J;. All data is obtained for a system with 41 x 41 unit cells.

some qualitative insights. The oscillation spectrum of the strong bond is dominated
by one frequency, which scales linearly with J;. The same is true for the main peak
of the weak bonds, while the second peak approaches the scaling for large Jy. This
picture is consistent with the Peierls phase being a gapped phase, whose gap energy
scale is mainly set by the dynamical J;. The second peak in the power spectrum
of the weak bond is likely due to corrections from the much smaller energy scale ty,
which becomes more and more irrelevant if Jy > ¢,. In the lower panel we can see
that the frequencies of the oscillations do not depend on the initial state, while their
amplitudes do. In contrast, for quenches from the Peierls to the Flux phase, one finds,
next to one main peak, more frequencies that contribute. The most extreme case is
presented by the quench in the opposite direction, starting from the Flux phase. In
this case a full continuum of frequencies is present, although one has to keep in mind
that the real space oscillations are quite weak and therefore the power spectrum has
very low amplitudes as well. These results involving the Flux phase agree with its
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Figure 5.13: Power spectrum of the mean-field oscillations of the bond strengths after
quenches across the first order phase transition between Peierls and Flux phase. Upper
row: quench Peierls to Flux, lower row: quench Flux to Peierls. All data is obtained
for a system with 41 x 41 unit cells.

gapless spectrum: the dominant energy scale is less obvious and many frequencies can
contribute.

5.3.2 Finite-N dynamics

While the oscillation spectrum of the mean-field quenches already contains some in-
formation about the properties of the post-quench system, the mean-field oscillations
can never reach a stationary state and a true transition is impossible. We now in-
clude the effect of dephasing corrections and turn to the results for quenches in the
Hubbard-Heisenberg model with N < co. We always use the N-quench initial state
preparation strategy outlined in the previous section. The parameter quench is only
executed after a waiting time of 250¢, ' when the order parameters have become sta-
tionary. In Fig. 5.14 we show results for quenches within the Peierls phase and from
the Peierls phase into the Flux phase for a model with N = 300. The deviations from
the mean-field case are dramatic: In the Peierls to Peierls case, the bond oscillations
are damped out, as can be seen from the inset. In addition, the bond order parameter
values decay into new stationary states, which are also clearly Peierls-like. In the case
of a quench across the phase boundary starting from the Peierls phase, the order pa-
rameter oscillations are damped as well and all the bond strengths become equal. In
addition, we find that the current-current correlator indicates the formation of Flux
order already very shortly after the quench. The results are encouraging and give a
consistent picture: The semiclassical corrections due to fTWA allow the system to de-
cay into a different minimum of the free energy. In analogy to the interaction quench
in the Hubbard model, we can interpret these stationary states as prethermal order.
In Fig. 5.15 we compare the order parameter decay for varying values of N. The
first observation is that the numerical data perfectly obeys an exponential decay law.
This is true for both the strong and the weak bonds. Secondly, the temporal decay
constant clearly follows a linear scaling 7 ~ N, i.e. the order parameter decays like
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Figure 5.14: Quench dynamics in a system with V,, = 11 x 11 unit cells. N = 300.
Time zero in the figure corresponds to 250 time units after the start of the initial state
preparation procedure. The left and the middle column show the dynamics of bond
strengths, while the right column shows the dynamics of current-current correlators as
a measure of the Flux order.

e""/N_ This is an interesting observation since it indicates a universal behavior of the
order parameters in the large-N regime. Put differently: To obtain qualitative insights
beyond mean-field it is sufficient to select a suitable value of NV, which is “large enough”.

strong Peierls bond weak Peierls bonds
< ————— i) 00 §o  fis el
o0 - v S 30_/
S 046y - \ %05 1s .
= 7 G i 0.091\\_ & 250 300
v / 5 351 \\\k“ degeneracy N o
_g %%g/
Q0451 8950 300 0.08]
degeneracy N Th—— — ]
0 100 200 0 100 200
. -1 . -1
time ¢/t, time ¢/t,

Figure 5.15: Quench J = 15 — 20 within the Peierls phase. Scaling of the bond decay
for varying values of N. The system size is 11 x 11 unit cells.

5.4 Photoinduced Dynamics (cf. [2])

Now we turn to the dynamics induced by a time-dependent electromagnetic field E(t)
using the Peierls substitution technique [I 18], which describes a classical electromag-



5.4. Photoinduced Dynamics (cf. [2])

111

netic field (i.e. no quantized photons). Within this approach the hopping matrix
element acquires a time-dependent complex phase t,e*®) i € {z,y}, where A;(t) is
the vector potential. It is related to the electric field E;(t) = —0;A;(t) but for simplic-
ity we concentrate the discussion on the vector potential itself. We consider linearly
polarized pulsed driving amplitudes of the form

Ai(t) = AP 220 gin (w(t — ). (5.35)

We will always work at a fixed pulse width ¢ = 4/t,. In the two-dimensional model
there is an additional freedom of choice for the polarization direction. For initial Peierls
states there are two special directions: along or orthogonal to the strong bond. We
will mostly orient the vector potential along the direction of the strong bond (A, =
0,A, # 0) and for comparison orthogonal to it (A4, # 0, A, = 0). The equations of
motion with Peierls substitution incorporated read

i =Y (ite™ 20 4 (—id)pyai)) Patiy
a(z)
. (itef’iiﬂa(j),j(t) + (—Z'J)pa(j),j)Pi,a(j) (5.36)
a(4)
+2U(pjj — pii) piss

—

where ¢; ;(t) = [2’ /T(F, t) di = /f(t) . (7:" _ 7:;)

T4 J

5.4.1 Mean-field dynamics N — oo (cf. [2])

We again start with time-dependent mean-field theory. It corresponds to setting the
variance of the Gaussian Wigner function to zero and to consider only a single trajec-
tory. For now we set U = 0. Fig. 5.16 shows exemplary results for the order parameter
dynamics with two different values of the driving amplitude A,. In both cases there
are undamped coherent oscillations of the bonds and of Opy,, subsequent to the pulse.
It illustrates that within mean-field theory for the Hubbard-Heisenberg model one does
not reach a stationary state on the timescales considered here due to the absence of
dephasing and collisions (however, this statement is not generally true for all mean-field
theories [277, 278, 279]).

Nevertheless, the system can absorb energy and it is possible to induce Flux order
parameter oscillations around a non-vanishing average value. However, the averaged
absolute values of the bonds need not match with the saddle point symmetries of the
equilibrium phases (e.g. all equal in the Flux phase) as can be seen in the right column.

Fig. 5.17 allows for a more systematic look at the energy absorption. In (a) we
vary the driving amplitude for some fixed values of the frequency w. All curves in
the figure display similar behavior: There is almost no energy absorption up to a
frequency-dependent threshold amplitude.

This is a very interesting finding since it allows to draw a connection to results

in the context of dielectric breakdown in Mott insulators [280, |. Dielectric break-
down refers to the destruction of an insulating state upon the application of an electric
field [280, 282] or a voltage bias between interacting leads [283]. An important contri-

bution is due to Takashi Oka [281], who calculated the doublon production rate I' in a
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Figure 5.16: Mean-field dynamics of order parameters in the photoexcited Hubbard-
Heisenberg model with J = 15t,, U = 0 and V,, = 41 x 41 unit cells. Left: Pulse
amplitude of A, = 0.48 yields oscillations of Opp,x around average value zero. Right:
Pulse amplitude of A, = 0.52 excites oscillations around non-vanishing average. This
figure is also published in [2]. Copyright (2022) by the American Physical Society.

Hubbard model, which is driven by a sinusoidal electric field E(t) = E sin(wt), using a
generalization of the Landau-Zener model for diabatic single-particle transitions. This
so-called Landau-Dykhne method predicts a threshold behavior for the doublon produc-
tion rate [284] T ~ e "Ew/Fo in the low frequency regime, where the dc threshold field
Ein = Ao/ (2€) is directly related to the Mott gap Aot € is a doublon-holon corre-
lation length. A consequence of this last expression is that one can view the threshold
field as a constant of the model. In this thesis we work in units of the vector potential
amplitude, so we can approximately expect that wAT™ ™ = const. In Fig. 5.18 we
plot the absorbed energy as a function of wA{** for small driving frequencies. One
can indeed observe that the threshold regimes of the curves collapse very well, which
is in agreement with the prediction of Landau-Dykhne theory. The threshold regime
is characterized by quantum tunneling processes from the lower to the upper Mott
band [284]. It is an interesting observation that in our model with a density wave
insulator one can observe the scaling as well within Hartree mean-field theory.
Returning to the discussion of Fig. 5.17, we find that above the tunneling regime
the total energy develops oscillatory patterns as a function of the driving amplitude.
We found that — in contrast to the threshold regime — the precise shape of these
patterns can depend on the system size. They are clearly remnants of the mean-field
theory. Nevertheless, we checked that the averaged trends in the data are consistent for
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Figure 5.17: Energy absorption (mean-field dynamics) after a Gaussian pulse with
A, =0, Ay, # 0 in a Hubbard-Heisenberg square lattice with V,, = 41 x 41 unit cells,
J/ty = 15 and U = 0. (a) post-pulse total energy (per unit cell) plotted against the
pulse amplitude. Energy absorption is efficient only beyond a frequency-dependent
threshold amplitude. (b) total energy plotted against the driving frequency for fixed
values of the amplitude. At small amplitudes two absorption peaks are visible. This
figure is also published in [2]. Copyright (2022) by the American Physical Society.

different system sizes. A way to make sense of this is to think about the Peierls phase
as a minimum in a free energy landscape [31] that is separated from other regions,
e.g. the Flux phase minimum, by barriers. If the system is only weakly excited, order
parameter oscillations around the immediate vicinity of the Peierls phase minimum
are induced. At and beyond the threshold amplitude other regions of the landscape
become accessible. The free energy (5.20) contains a discrete crystal momentum sum
over the €, which leads to an oscillatory fine structure of the mean-field free energy as
a function of the bond operators and thereby likely affects the energy absorption if the
system leaves the initial minimum. In the finite-N case, however, this fine structure
will average out over many trajectories and so we do expect the system size to play
a less significant role there. In Fig. 5.17(b) the roles of frequency and amplitude
are exchanged. We observe two main peaks of the absorption at small amplitudes.
This is reminiscent of results reported for a driven non-interacting two-band model
[285]. The authors plot the occupation of the upper band against w and observe
a multi-peak structure. In their paper the main peak position corresponded to the
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Figure 5.18: Energy absorption for small driving frequencies plotted against wAy™,
which is approximately equal to the field amplitude. The data is obtained in the mean-
field model with 41 x 41 unit cells. The observed scaling is in qualitative agreement
with the prediction from Landau-Dykhne theory.

band gap and the existence of amplitude-dominated and frequency-dominated driving
regimes are proposed. It is not clear if similar arguments apply here since our band
structure is not static and multiple phases with different single-particle spectra exist.
The gap in the single-particle energy spectrum of the Peierls phase shown in Fig. 5.2
is larger than the peak positions observed in Fig. 5.17(b). However, the mean-field
band structure approximates the electron addition-removal spectrum and does not
necessarily describe single-particle excitations, which can well occur at a lower energy.
For driving amplitudes A7 Z 1 the double peak structure disappears and some,
sporadically large, oscillations occur. These are again most likely due to the discrete
k-space structure and will average out if multiple trajectories are used.

5.4.2 Finite-N model: mean-field 4+ dephasing (cf. [2])

In this section we refine the previous discussion by including dephasing dynamics with
fTWA. This allows us to describe the formation of prethermal order subsequent to
the pulse. In the following we will always work on a lattice with periodic boundary
conditions and V,, = 11 x 11 unit cells, i.e. V = 2V, = 242 lattice sites. We keep
J/ty, = 15, U = 0 and prepare the system in the initial state (5.26) as outlined in
the Method section assuming that a stationary Peierls state is reached after a time of
about 200t ' (cf. Fig. 5.9). We center the pulse at ¢, = 250¢,'. When we calculate
the Flux order parameter Opy,y directly, we always turn on a weak symmetry breaking
eprx = 1073, Peierls order parameters and current-current correlators are calculated
without symmetry breaking field.

In Fig. 5.19 we show the time evolution of order parameters in an exemplary way
for w = 3ty and three values of the driving amplitude A, along the direction of the
strong bond. Time zero in the panels is set to tg — 15t}:1. In contrast to the N — oo
case, coherent order parameter oscillations subsequent to the pulse are damped out
and a stationary state is reached. Note that |p1| = |ps| at all times, i.e. the spatial
symmetry of the initial state and of the applied vector potential along the y-direction
is preserved throughout the dynamics. The three driving amplitudes generate final
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Figure 5.19: Dynamics of the order parameters during and subsequent to a photoex-
citation in the Hubbard-Heisenberg model with N = 300 and for V, = 11 x 11 unit
cells. The frequency of the sinusoidal drive is w/t;, = 3. The three columns represent
three different maximum amplitudes of the vector potential A,(¢) (i.e. fluences). The
dynamics leads to transitions within the Peierls phase (left), from the Peierls phase to
the Flux phase (middle) and to the uniform phase (right). This figure is also published
in [2]. Copyright (2022) by the American Physical Society.

states corresponding to the three equilibrium phases at half filling: After weak driving
the system remains in the Peierls phase with a smaller order parameter than in the
initial state. For intermediate amplitudes the Flux order parameter becomes non-
vanishing and the system is Flux-ordered, while strong driving pushes the system into
the Uniform phase. The symmetries of the stationary state observables agree with the
saddle point expectations. We further observe that the post-pulse order parameter
dynamics can continue even if the total energy is already at its stationary value.

5.4.3 Convergence of the simulations

A conclusion of Chapter 4 on the interaction quench in the Hubbard model was that
a large number of samples is needed to converge the fTWA simulations to the pertur-
bative prethermalization result. This traces back to the fact that in this case averaged
quantities of interest, in particular the Fermi surface discontinuity Any,.(¢), are of equal
magnitude to the fluctuations themselves: both scale with % The situation is different
for the observables of interest considered here since the leading order mean-field con-
tribution to the order parameters is independent of N. The Flux order parameter and
the current-current correlator depend on complex phases, which can lead to a more
intricate and less obvious dependence on N. However, we observed that if the bond
order parameters are sufficiently converged, so are the quantifiers of Flux order. The
main role of the quantum fluctuations in the Hubbard-Heisenberg model is to give rise
to a dephasing-induced decay of order parameters into stationary states.

To judge the convergence of the simulations, we used, firstly, the generic Monte
Carlo sampling error of expectation values discussed in Chapter 2, which is based on
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Figure 5.20: Exemplary error estimates of the TWA sampling procedure for a photoex-
citation with w/t, = 12 and two values of the vector potential A, at time ¢t = 500¢; '
(upper row: system remains in Peierls phase, lower row: transition to Flux phase).
First two columns: Sampling error of the bond strengths based on the empirical vari-
ance of the set of N, trajectories. Right column: Relative error of the spatial average
over all translationally invariant unit cell bonds.

the empirical variance agmp of the finite set of samples and is defined as 1.960¢mp/ v/ Nrep-
Secondly, we made use of the fact that we mostly consider observables O := Viu > 0,
which are averaged over all unit cells. Since in momentum space all fluctuating entries
of the one-particle reduced density matrix are sampled from independent probability
distributions at initial time, we may view its real space entries, e.g. the nearest neighbor
bonds, as well as independent random numbers. Hence, the error of the mean over all
unit cells is a second useful indicator of convergence. In Fig. 5.20 we show these two
error estimates for the bond order parameters in two exemplary cases with different
vector potential amplitudes. The first two columns show the relative (i.e. divided by
the mean) Monte Carlo sampling error of the bond strengths in one unit cell. This
data is not averaged over all unit cells. Instead, we plot the largest and the smallest
error that we found in any of the unit cells. This is meant as a very rough estimate of
error, which we find to be in the range of at most 2% if at least 1000 trajectories are
averaged over. However, taking the average over all unit cells additionally suppresses
the expected error by a factor of 1/4/V,. In the rightmost column of the figure, we
plot the relative error of the mean ~ 1.960emp alp;/ V'V, of the set of equivalent bond
strengths in all unit cells as a function of the number N, of trajectories. Since
we expect the system to be translationally invariant if averaged over infinitely many
trajectories, this quantity is another measure of error. For a few hundred samples
we find it to be below 0.5%, which is already good accuracy. This estimate is well
consistent with the relative sampling error divided by 1/4/V,. In practice, we use at
least 1000 trajectories in most cases to obtain the data discussed below.
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5.4.4 Comparison of different values of N
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Figure 5.21: Order parameter dynamics after a photoexcitation with w/t;, = 12 and
two values of the vector potential amplitude AJ**.

In Fig. 5.21 we compare the order parameter dynamics during and subsequent to
a y-polarized photoexcitation with w/t;, = 12 (same parameter set as in the preceding
convergence section) for varying values of N. Overall, the picture is similar to the
quenched case: lower values of N imply smaller values of the final state order param-
eters. The ordering dynamics is slightly more complicated in the case of a transition
from Peierls to Flux phase since the values of the bond strengths overshoot their sta-
tionary final values. Nevertheless, their dynamics is faster if N is smaller, which is
consistent with the results from the quench dynamics.

5.4.5 Prethermal dependence on drive parameters (cf. [2])

In this section we study the influence of drive parameters like frequency, amplitude
and polarization direction on the post-pulse order parameters. Before we discuss the
results, a comment on the dynamics after the photoexcitation is in order. For most of
the parameters, the system evolves as shown in Fig. 5.19: a stationary state is reached
quickly after the end of the pulse. However, for parameters close to the transition from
Peierls to Flux order, we observe that the dynamics can become very slow. This is in
agreement with the picture that a new minimum of the free energy becomes accessible
but the tunneling between the minima is inefficient if the free energy difference is small.
Fig. 5.22 shows an extreme case of this phenomenon: The current-current correlator
of bond pgy slowly increases while the gap between the bonds decreases. For infinite
waiting time we expect the system to relax to a purely Flux-ordered state. This would
be the anticipated behavior for a competing orders scenario. For practical reasons,
we only carry out simulations up to a total time of 500¢;'. Therefore, we will always
determine the order parameter values at this latest simulation time instant for the
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Figure 5.22: Very slow dynamics of order parameters after a photoexcitation with
w/ty, =8 and A, = 0.35. The pulse is centered at time ¢ = 250t,.
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Figure 5.23: Late-time stationary values of the order parameters after photoexcitation
with varying frequencies w plotted against the amplitude of the vector potential A}'**.
The top row shows current-current correlators of py for two unit cells with the largest
spatial separation in the system (averaged over all unit cell pairs related by translational
symmetry). The three columns correspond roughly to three different frequency regimes
(see text). The data in this figure is obtained for a 11x 11 unit cells Hubbard-Heisenberg
model with J = 15¢;, and U = 0. This figure is also published in [2]. Copyright (2022)
by the American Physical Society.

following discussion. However, we need to keep in mind that for longer waiting times
the Peierls to Flux transition will become sharper.

Fig. 5.23 presents the numerical results as a function of A, for varying drive fre-
quencies w. In the uppermost row we plot the current-current correlation function for
one of the bonds in a unit cell (the strong bond of the Peierls phase), which displays a
sharp transition from Peierls to Flux and a broad transition range from Flux to Uni-
form order. The Flux order parameter Opy, agrees well with the correlator data except
for deviations at low frequencies w/t;, < 4 and energies —4 < E/t;, < —3.5. These
deviations depend on the choice of the flux symmetry breaking strength and indicate
that a slightly larger €,,, might be needed in this regime. Current-current correlators
are thus the more robust quantifiers of Flux order.
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Figure 5.24: Same data as in Fig. 5.23 but all final state order parameters are plotted
against the total energy. In the first and third column the order parameters display a
similar behavior for very low and very high frequencies. In the middle column there is
a clear influence of the driving frequency on the order parameter characteristics. This
figure is also published in [2]. Copyright (2022) by the American Physical Society.

One can roughly identify three frequency regimes, which correspond to the three
columns. At low values of the frequency w < 5ty, there is a threshold amplitude —
analogous to the mean-field case but shifted to lower amplitudes — at the transition
from Peierls to Flux order. The transition moves to lower amplitudes if the frequency
increases. For w = 5t;, the Peierls order parameter starts to decrease already at very low
field amplitudes, which indicates that the drive is likely resonant with an elementary
excitation of the system. At higher frequencies, in the middle and right columns of
the Figure, there is no threshold amplitude any more and the electrons absorb energy
also for small values of A,. In these regimes, we find that the energy absorption
decreases with increasing driving frequency. This agrees with the physical expectation
that energy absorption should be suppressed in the high-frequency regime due to the
absence of available states for drive-induced transitions. However, one cannot read off
the elementary excitations of the system directly from the mean-field band structure
in Fig. 5.2: Still, the Peierls phase has a large gap, while the Flux phase is gapless —
although thermodynamically they are almost degenerate. One way to obtain a more
detailed understanding of elementary excitations of the system would be to consider
quantities like non-equilibrium spectral functions [5], which is beyond the scope of this
work.

Fig. 5.25 is the finite-N analogue to Fig. 5.17. In contrast to the mean-field model,
it is possible to extract final state order parameter information. Looking at the total
energy, we find that, consistent with intuition, it also increases when the amplitude
is raised. At low frequencies one finds a sharp absorption edge that corresponds to a
transition from the Peierls to the Flux phase. In the frequency regime 4 < w/t, < 10
energy is already absorbed at low field amplitudes, which gives rise to a reduction of
the Peierls order. The generic behavior at large driving frequencies is a suppression of
the energy absorption.

Naturally, a question raised by the stationary states of Fig. 5.19 is whether the
post-pulse order could as well be a result of heating. In particular, the mean-field
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obtained in a Hubbard-Heisenberg system with 11 x 11 unit cells and at N = 300. The
Flux phase order parameter is obtained from the current-current correlator.

finite-temperature equilibrium phases in Fig. 5.4 follow the same sequence Peierls to
Flux to Uniform as a function of temperature. To shed more light on this question
we plot the order parameters of Fig. 5.23 directly against the total energy of the
system after the pulse, shown in Fig. 5.24 and again grouped by frequency. At very
low and high energies, the order parameters follow universal lines, independent of w.
The transition from Peierls to Flux order, in contrast, depends explicitly on the driving
frequency. The fact that not all curves lie on top of each other indicates the non-thermal
nature of the stationary states. Let us look at the regime of low driving frequencies.
As the total energy increases, the Peierls order parameter shrinks linearly down to a
point where it decays and a non-zero Flux order parameter is found. With increasing
driving frequency this transition point shifts to lower energies. In the intermediate
frequency regime the transition moves back to higher energies. In the high-frequency
regime, finally, we find that for 12¢;,  w the order parameter curves for all frequencies
collapse. The initial Peierls order is stable over a maximal energy range.

So far we discussed pulses with A, = 0, A, # 0, i.e. polarized linearly along the
direction of the strong bond in each unit cell of the Peierls phase. Let us compare the
results to simulations with a vector potential along the z-direction. Fig. 5.26 shows
results for the late-time stationary state value of the order parameters after a pulse with
Ay # 0, Ay = 0 for three different values of the driving frequency w. For frequencies
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w S 6ty, the amount of absorbed energy as a function of A™** is reduced compared to
A,-driving, in particular at high amplitudes. The transition from Peierls to Flux order
in Fig. 5.26(b) takes place in a similar way to Fig. 5.24, although the regime with the
earliest departure from Peierls order is shifted to higher frequencies.
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Figure 5.26: Late-time stationary values of the order parameters after a pulse with a
vector potential that is polarized in the direction orthogonal to the strong bond of the
Peierls phase (A, # 0, A, = 0) and for three different driving frequencies. The lattice
has V,, = 11 x 11 unit cells and J/t;, = 15, U = 0. This figure is also published in [2].
Copyright (2022) by the American Physical Society.

Finally, we extract the transition energies from the order parameter curves in order
to create the “prethermal phase diagram” in Fig. 5.28. At the Peierls-Flux transition
we fit a sigmoid function to Opeers at the transition and determine the energy value
at the half-height sigmoid. An exemplary fit for w/t, = 6 is shown in Fig. 5.27.
The broadness of the total transition range depends on the driving frequency and is
approximately 0.2/(NV,t,). Nevertheless, the edge is sharp for all frequencies and
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the fits are usually well converged. The energy of the Flux-Uniform transition, which
we fit from the current-current correlator, is slightly more difficult to determine since
the remaining fTWA fluctuations in the data render it more difficult to determine the
exact point, at which the correlator begins to become non-zero. Empirically, we find
that the current-current correlator near the transition point roughly follows a parabolic
energy dependence and so we fit a parabola and determine its zero point. An example
is shown on the right hand side of Fig. 5.27. From the fit parameters and by looking
at the data we can estimate an error of roughly +0.1/(NV,ty)
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Figure 5.27: Exemplary determination of the transition energy via a parabolic fit
function for the w/t, = 6 data (L = 11 and N = 300). The dashed line shows the
transition energy we assign to the curves. We estimate the uncertainty of the transition
energies due to the fit to be about +0.1 in energy units.

We show two sets of data: the one with N = 300 discussed so far and for comparison
another set obtained with N = 250, which we discuss more in detail below. The
transition Flux to Uniform is mostly independent of the driving frequency and field
orientation except for a little uptrend at low frequencies, which needs to be reexamined
with more data points in the transition range. In contrast, the Peierls to Flux transition
is clearly dependent on the parameters of the drive. We find a window of frequencies for
which the transition occurs around a lowest energy. It is shifted to higher frequencies in
the case of A,-polarization, which demonstrates the relevance of the spatial structure
of order for optical excitations in an extended 2D system. In this regime the transition
occurs with the least amount of absorbed energy, i.e. avoiding additional heating. At
low and high frequencies the transition energies approach similar values. It would be
interesting to see if these limits coincided with the thermal transition of the system
at finite NV, which requires a more detailed knowledge of the thermal finite-N phase
diagram. The N = 250 data contains the same qualitative signatures for the transition
values but shifted to lower energies. A comparison with the mean-field lines suggests
a linear downshift of the transition energy and a more complex N-dependence of the
Peierls-Flux transition.
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Figure 5.28: Transition energies between the three equilibrium phases in the Hubbard-
Heisenberg model for J/t;, = 15 and V,, = 11 x 11 unit cells after a pulse with driving
frequency w. Red symbols correspond to pulses with A, =0, A, # 0 (along the direc-
tion of the strong Peierls bond), blue symbols to the orthogonal direction. The dots
connected with solid lines use N = 300, dashed lines N = 250. Black lines: mean-field
model N — oo. Black dotted line: thermal transition from Flux to Uniform phase,
upper black dashdotted line: energy F above which the Peierls saddle point disappears,
lower black dashdotted line: energy of the Peierls state at which the first order tran-
sition to the Flux phase occurs. This figure is also published in [2]. Copyright (2022)
by the American Physical Society.

5.4.6 The role of U (cf. [2])

Lastly, we would like to comment on the dynamical role of the Hubbard interaction
U, which we omitted so far. A non-vanishing value of U will lead to a suppression
of the on-site charge fluctuations during and subsequent to the pulse. At half filling,
U/ty, — oo is the Heisenberg limit of the model. To illustrate the effect of the U-
term we show the post-pulse total energy in the N — oo model for a driving frequency
w/ty = 41in Fig. 5.29. The threshold amplitude for energy absorption is shifted to higher
amplitudes upon increase of U. However, at high driving amplitudes the system seems
to heat up more than in the U = 0 case. Without going into a detailed discussion of
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these effects, we can at least make the fundamental observation that parameters which
are irrelevant in equilibrium (like U in this case) may be relevant out-of-equilibrium.
In particular, one could design dynamical protocols to determine such parameters. In
this work we will not discuss the role of U at finite values of N because then the value
of U will also be relevant for the equilibrium phase diagram, which goes beyond the
scope of this study.
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Figure 5.29: Total energy after a Gaussian pulse with frequency w = 4t;, as a function
of the driving amplitude A, for some values of the Hubbard interaction strength U
(J = 15ty is fixed). The data is obtained for the mean-field (N — oo) model on a
lattice of 21 x 21 unit cells. This figure is also published in [2]. Copyright (2022) by
the American Physical Society.

5.4.7 Comparison of N =300 and N = 250 (cf. [2])

So far we have concentrated on a system with V,, = 11 x 11 unit cells and a degeneracy
N = 300. We would like to compare the results — at least qualitatively — to simulations
obtained with different system parameters. In Fig. 5.30 we compare the final state
order parameter data for N = 250 and N = 300, still in a system with 11 x 11 unit
cells. In Fig. 5.30(a) we plot the total amount of absorbed energy, divided by N. Both
energy data sets coincide for most of the considered driving amplitudes. This is because
in both cases the contribution of the mean-field dynamics to the absorbed energy is
dominating. In contrast, the corresponding stationary order parameter values differ
more strongly. Still, their qualitative behavior as a function of the driving amplitude
agrees. Fig. 5.30(b) presents the order parameters as a function of the total amount
of absorbed energy. At N = 250 both the Peierls-Peierls as well as the Peierls-Flux
transition occur at lower energies than for N = 300. This agrees with the expectation
of an increased significance of quantum fluctuations at lower N, which destabilize non-
trivial spatial order. If the fluctuations of a fixed number of off-diagonal k-modes
become too strong, the fundamental mean-field order will be more and more washed
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out. Nevertheless, the qualitative behavior of the order parameters is consistent, which
can also be seen from the similar shape of the transition lines in Fig. 5.28.
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Figure 5.30: Order parameter dynamics for a Gaussian pulse (A, = 0, A, # 0) in the
N = 250 Hubbard-Heisenberg model on a lattice with V,, = 11 x 11 unit cells. The
symbols represent N = 250 while the dashed line is the N = 300 case. This figure is
also published in [2]. Copyright (2022) by the American Physical Society.
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5.4.8 Comparison of L =11 and L =13

For a second comparison, we keep the degeneracy N fixed and compare two values
of the system size with each other. Again, the order parameters display qualitatively
similar profiles as functions of amplitude and absorbed energy. In Fig. 5.31 we directly
plot the extracted non-equilibrium transition energies. The transition lines move down
to lower total energies for the larger system size. The profile of the transition is more
shallow as a function of the driving frequency but, nevertheless, the main features
are still reproduced: A minimal energy of the first-order Peierls-Flux transition at
intermediate driving frequencies and a mostly flat profile of the second-order Flux-
Uniform transition. Finite-size corrections may lead to small shifts in the characteristic
frequencies of the system but from the current frequency resolution of the data this
is impossible to tell. In summary, like in the previous comparison, we conclude that
both data sets are consistent with each other and an increased number of fluctuating
variables at fixed strength of the fluctuations destabilizes the real space mean-field
order more.
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Figure 5.31: Comparison of the transition energies between the prethermal phases in
the Hubbard-Heisenberg model for system sizes 11 x 11 and 13 x 13 unit cells.

5.5 Spatially Inhomogeneous Photoexcitations

So far in this Chapter we only considered excitations, which are spatially homoge-
neous, like quenches or uniform photoexcitations. This is also in accordance with the
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often applied simple Ginzburg-Landau picture based on a homogeneous order param-
eter field O(t). Spatial fluctuations can be incorporated in this framework by means

of Gaussian terms (V(’)(F))2 in the Landau functional [51, 56]. However, spatial disor-
dering beyond this Gaussian approximation has recently been proposed as a possible
driving force behind ultrafast phase transitions [280, | and challenges the conven-
tional Ginzburg-Landau picture. Studies of such inhomogeneous ordering scenarios
on a microscopic level have only recently been started [288, | for charge-density
wave systems. We do not aim to directly contribute to the development of a theory of
disorder-mediated transitions at the present level of our theory. Instead, we consider
a type of excitation, which is manifestly inhomogeneous in space, namely localized
photoexcitations. Such types of excitations on correlated materials do not seem to be
studied much in the literature. This is likely because of the difficulty to realize such
a protocol experimentally since ultrashort as well as ultra-focused beams are required.
In addition, one needs a detection technique, which is able to also spatially resolve the
electronic dynamics to some extent. Nevertheless, some studies with tightly focused
laser beams have been carried out to locally excite surface plasmon polaritons in metal
systems [290]. On the theory side, local excitations pose a challenge to time resolved
simulations because of the necessity to treat large system sizes without being able to
make use of translational invariance for a reduction of the computational cost. In one
spatial dimension, MPS-based time evolution approaches [58] might be sufficient for
not too large system sizes (L < 100). On the other hand, non-equilibrium DMFT [57]
in its pure form relies on a local approximation to the self-energy such that — without
suitable extensions of the technique — spatial correlations are not taken into account.
A characteristic feature of the fTWA method is that it keeps every entry of the one-
particle reduced density matrix as a dynamical variable explicitly. Spatial symmetries
of the system are only restored after averaging over the trajectories and cannot be im-
plemented from the start. Firstly, this prevents one from using, e.g., the translational
invariance of the system to reduce the computational complexity. But, secondly, one
may also view it as a feature of the method, which is particularly useful for the sim-
ulation of spatially inhomogeneous systems. Two-dimensional systems with random
disorder have shown to be a promising field of application for fTWA [157].

Local photoexcitation protocols host the potential for new physical phenomena to
be explored, for example the dynamical generation of interfaces [109, 55] between re-
gions with different types of competing order. They also allow to study non-equilibrium
transport phenomena, e.g. the spatial distribution of excitation energy, which is ini-
tially localized. Such studies have been performed numerically in one-dimensional
systems for inhomogeneous initial states [291, . Another interesting feature of
spatially non-homogeneous vector potentials is their ability to induce time-dependent
magnetic fields B(7,t) = V x A(7,t). To study their additional effect on the spin
sector, one could add a Zeeman term to the Hamiltonian, which we neglect in this the-
sis. We consider photoexcitations in the framework of the Peierls substitution with an
additional spatial envelope of the vector potential /Y(F, t), which is of Gaussian shape:

_ =7 /?

Ay(F) = APe 25t | (5.37)

In the formula for the Peierls substitution phase factor (2.23), we approximate the
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integral for simplicity (which is justified for slowly varying vector potentials):

1

/ " AT t) = (7 —7) - = (/f(ﬁ, 1)+ A(7;, t)). (5.38)

2

i

We begin with results in the limit N — co. The mean-field model allows us to treat
comparably large system sizes, we have chosen V,, = 41 x 41 unit cells in the initial
state (3362 lattice sites) and periodic boundary conditions. The vector potential has a
spatial width of o4y = 4. At initial time ¢ = 0, the system is prepared in the Peierls
phase with J/t;, = 15. Results for a pulse with A, =0, A, = 2 are shown in Fig. 5.32.

Local order parameters N — oo, V,, = 412, J = 15.0, pulse with w = 4, Ospat = 4.0, A, = 0.0, A, =2.0
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Figure 5.32: Mean-field dynamics of local order parameters in a two-dimensional
Hubbard-Heisenberg model of size V,, = 41 x 41 unit cells. The spatial excitation
profile is Gaussian with a width ogpae = 4. The frequency of the pulse is w/t, = 4 and
the field is polarized in the y-direction with amplitude A, = 2.

The columns in the figure represent different time instances, which are represented
pictorially by the little blue dots at the bottom. The first dot belongs to the first
column etc. The rows show the local values of order parameters, for which we do not
distinguish unit cells any more. Every square in the top row of the figure corresponds
to the strength of a nearest neighbor bond. Initially, one out of four bonds is strong.
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In the middle row each data dot corresponds to one plaquette in the model and shows
the value of the local Flux order parameter obtained from the respective plaquette
operator. The third row shows the local total energy of unit cells, from which we
subtract the average total energy in the system. This allows to better visualize the
redistribution of the excitation energy in the system. During the driving with the
pulse and immediately after it (first two colums), the excitation remains localized. In
the excited area, one finds a melting of the initial staggered bond condfiguration of the
Peierls phase. Bonds become more equal in strength and one also finds a non-vanishing
Flux order parameter.

Local order parameters N — oo, V, = 41%, J = 15.0, pulse with w = 4, Ospat = 4.0, A, =2.0, A, = 0.0
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Figure 5.33: Similar data to Fig. 5.32 but the field is polarized in the z-direction with
A, = 2. The local total energy is plotted relative to the average energy in the system.

In addition, the reflection symmetry along the main diagonal of the system remains
conserved throughout the dynamics except for small deviations at late times. These
are likely due to the finite floating point accuracy that pushes the system to choose one
of two degenerate spatial arrangements. It is clear that such simulations in large non-
linear chaotic systems are challenging and susceptible to little variations of, e.g., the
initial conditions. We typically use error tolerances for the ODE solver of g,,s = 10710
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and e,q = 1078, Variations of these tolerances or a non-zero value of the symmetry
breaking cppx = 1072 can lead to different dynamics long after the pulse, however,
the qualitative behavior agrees with the data shown. An interesting observation is
the formation of a domain boundary shortly after the excitation (third column). The
excitation energy is first distributed along the field direction (i.e. along the main
diagonal in the picture), where it triggers the Peierls-to-Flux transition. While in the
spatially homogeneous situations all unit cells obtain the same amount of excitation
energy and cannot lower or redistribute their local energy, the situation is different in
this inhomogeneous situation: Already within mean-field theory, transferring energy
to a neighboring degree of freedom is possible and provides a mechanism to locally
adapt to newly accessible free energy minima. Another conclusion one can draw from
the data is the spatial relaxation of the energy: At late times, the energy of most local
unit cells agrees with the average energy in the system except for a few defect-like
structures.

In Fig. 5.33 we show results for an excitation with polarization in the x-direction
(orthogonal to the main diagonal). Similar to the results obtained for homogeneous
photoexcitations, we find a much weaker energy absorption for driving with this polar-
ization. The explanation is likely that in the initial state the bonds in the y-direction
are much stronger than the bonds in the z-direction, which can give rise to stronger
currents and hence more energy absorption. Like in the y-polarized case the dynamics
mainly occurs along the y-direction but we find much larger regions with unaffected
Peierls order.

Finally, we discuss results for our default finite- NV system with V,, = 11x 11 unit cells
and for N = 300. In this smaller system we rescale the width of the spatial Gaussian
envelope to ogpa = 1. We note that the spatial profile of the vector potential is now of
the order of the lattice constant, which is, strictly speaking, not allowed in the Peierls
substitution (cf. Chapter 2). Nevertheless, for now we ignore this circumstance because
we are mainly interested in a comparison of the qualitative dynamical features to the
mean-field case. As can be seen in the figure, we start with the initial state preparation
warm-up dynamics before the pulse hits the model around time ¢, = 250¢, . To avoid
problems connected to the averaging over the equivalent ergodic components of the
Flux phase, we carry out this simulation with an explicit symmetry breaking parameter
erx = 1073, Immediately after the end of the pulse, we see a suppression of the Peierls
order in a central stripe, which is in a qualitative agreement with the mean-field results.
The suppression of the bond order is accompanied by the emergence of non-vanishing
values of the Flux order parameter (here, with the explicit symmetry breaking switched
on, we consider the Flux order parameter defined via the plaquette operator). Late
in the dynamics we find that the energy is distributed uniformly over the system
(expect for remaining quantum fluctuations). In addition, the order parameters have
homogenized. By analogy with the discussion for the heterogeneous photoexcitations
we expect a slow tunneling dynamics into the thermodynamically preferred phase.

5.6 Summary and Discussion (cf. [2])

In this Chapter, we studied the non-equilibrium dynamics of order parameters in the
large- N Hubbard-Heisenberg model with U = 0 under quenching and driving. We
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Local order parameters N = 300, V,, = 112, J = 15.0, pulse with w = 4, 0y = 1.0, A, = 0.0, A, = 2.0 (N,ep = 1260)
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Figure 5.34: Local photoexcitation in the Hubbard-Heisenberg model on a lattice with
V., = 11 x 11 unit cells and for N = 300. The width of the spatial Gaussian envelope
is 0gpat = 1. The interaction strength is J/t, = 15, the driving frequency w/t, = 4 and
we use a y-polarized field with A7 = 2.

started with a calculation of the mean-field solution of the model and presented for
the first time a finite-temperature phase diagram in the limit N — oo. The model
is characterized by an inherent competition of two types of order: a bond density
wave (“spin-Peierls”) phase and the staggered flux phase (“DDW phase” or “orbital
antiferromagnet”). Within mean-field theory, one finds a first-order transition at zero
temperature around J/t =~ 12 as well as a transition at finite temperature. This
setup is well suited to study the competition of ordered phases out-of-equilibrium
microscopically, i.e. not within a time-dependent Ginzburg-Landau approach. While
the N — oo dynamics should in principle still be equivalent to a Ginzburg-Landau
description, we are also able to go beyond mean-field. The SU(V)-symmetry provides
an ideal environment to apply phase space techniques like the fermionic truncated
Wigner approximation (fTWA), which rely on the existence of a small semiclassical
expansion parameter, Aqg ~ % in this case. However, since this is the first application
of the fTWA method in such a context, some technical issues are not yet completely
solved. This concerns in particular the preparation of stationary initial states. It
turns out to be a challenge to prepare stationary initial states with initial Peierls
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order. Since we do not have access to an analytical % solution of the model currently,
we started from an approximate initial state derived from the mean-field solution.
While one can expect in theory a dressing of the mean-field modes by particle-hole
fluctuations with respect to the mean-field “vacuum” state, in practice the spatial
structure of the state becomes washed out and one ends up, ultimately, in the Uniform
phase. It is important to keep in mind that this is a consequence of our approximate
state preparation technique. The true quantum model does indeed allow for stable
Peierls solutions at finite- N, a fact which has been demonstrated using quantum Monte
Carlo [110]. Our pragmatic solution is to stick to parameter sets that allow for a
reliable initial state preparation. Therefore, we mostly considered a lattice with V, =
11 x 11 two-site unit cells and to values of N in the range from 250 to 300. As a first
application of the machinery, we looked at the dynamics of the Hubbard-Heisenberg
model after a quench in the interaction strength J. While the mean-field solution yields
undamped coherent order parameter oscillations as a response, we find a dephasing-
induced damping of the oscillations for N < co. This allows transitions into stationary
states of the post-quench Hamiltonian both for quenches within the Peierls phase as
well as for quenches across the phase boundary. One finds that the dephasing time 7
clearly scales ~ N. This indicates that the exponential decay is likely a generic feature
of the large- N dynamics beyond mean-field.

In the main part of the Chapter, which is an extended version of the publication [2],
we studied the photoinduced order parameter dynamics under driving with a pulsed
sinusoidal vector potential. A guiding question is the formation of order subsequent to
the pulse, in particular how a transition between the two competing ordering tenden-
cies is influenced by the drive parameters. Again, the mean-field level dynamics leads
to undamped coherent oscillations that do not allow for a direct extraction of order
parameter information. We made use of the dephasing effects at finite N, which give
rise to stationary states whose symmetries agree with those of the equilibrium phases.
As a main result, we argued that the observed post-pulse order in the system cannot
be thermal because otherwise the system should, for a given total energy E. approach
a (unique) state with the lowest free energy. In the numerical data, in contrast, we
observe that the final stationary state also explicitly depends on drive parameters like
the driving frequency w and the field polarization A;,i € {x,y}. We find a transition
from the Peierls to the Flux phase with the lowest amount of absorbed energy in the
intermediate frequency regime, while in the low and high frequency regimes the order
parameter curves behave similarly, In addition, they collapse for both considered polar-
izations of the driving amplitude. For small driving frequencies one can make a connec-
tion to threshold behavior observed in Mott insulators based on the Landau-Dykhne
formalism [281]. We observe a similar threshold behavior already within mean-field
theory. The intermediate frequency deserves a better analysis in the future. Currently,
we do not have direct access to spectral information about excited states in the sys-
tem, the Hartree band structure, which is valid for the ground state, can only serve
as an approximate guideline. Nevertheless, the Hartree-Fock calculation indicates —
in agreement with the QMC data — that the Peierls phase is gapped, while the Flux
phase corresponds to a gapless semimetal. The transition from the Peierls to the Flux
phase is therefore likely connected to a resonance of the pulse with an elementary ex-
citation of the Peierls phase. This would also be consistent with the observed shift of
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the transition line minimum for A,-driving as compared to A,-driving. Method-wise
it is not clear how to obtain two-time quantities like Green’s functions, which are nec-
essary for the calculation of spectral functions, from fTWA. One could use fTWA for
the time-diagonal quantities and reconstruct the full two-time plane using mean-field
propagators. Whether this yields a consistent scheme remains to be shown. A more
straightforward step would be the calculation of a ground state spectral function in the
N — oo model using time-dependent Hartree theory and to assume that the spectra
do not change much at large but finite V.

In this Chapter we have demonstrated non-trivial examples of dephasing-induced

prethermal order, which describes properties of an electron system on transient timescales

before, in the full quantum theory, thermalization sets in. Our findings indicate that in
a scenario with two competing ordered phases one can find an intermediate frequency
regime, which allows to switch the order in the system (on this transient timescale)
with a minimal amount of heating. Therefore, it might be particularly interesting for
experimentalists to look for such a regime in experiments if they want to switch to
thermodynamically unfavored order. Heating, i.e. additional excitation energy in the
system, will suppress values of order parameters and also lifetimes of prethermal states,
thereby rendering transient effects more difficult to observe. Our advantage compared
to other studies of competing order is that we can simulate the photoinduced dynamics
microscopically with more model-specific information (e.g. on excitation energy scales)
than approaches based on coarse-grained Ginzburg-Landau functionals. Our findings
motivate a search for similar frequency regimes in other models of competing ordered
phases, for instance of superconductivity and charge density wave order. Lastly in
this Chapter, we have shown examples of inhomogeneous photoexcitations that inject
energy into the system, which is initially localized in space and then distributes over
the system. One interesting observation is the formation of a domain boundary be-
tween Peierls and Flux phase subsequent to the excitation, which melts in the course
of time. This phenomenology can also be seen in the finite-N model but studies on
larger systems should be carried out in the future.

An important question for a refined analysis concerns the lifetimes of the prethermal
states. While prethermalization corresponds to a formation of quasiparticles, thermal-
ization is due to their scattering. A rough estimate can be based on the available
scattering phase space in the spirit of “Landau’s argument” for the lifetime 7 of quasi-
particles, which scales like 7 ~ 72 for an excitation energy  above the ground state [9].
In our case, if AF is the excitation energy relative to the ultimate equilibrium state
(e.g. Peierls or Flux phase), we estimate that Tyq ~ N/(AFE)?. For a small amount
of excitation energy, this timescale will be larger than the dephasing timescale. A
systematic study of the scattering dynamics is beyond the scope of our current work
since it requires additional method development to incorporate higher-order correla-
tions into the dynamics. One way to do so could be to take guiding from the BBGKY
hierarchy [163, , ] and to add more dynamical variables to the equations of mo-
tion. Another possible procedure is to derive a kinetic equation akin to the quantum
Boltzmann equation (QBE), which is switched on after prethermalization. Such a QBE
would manifestly evolve the system towards a thermal fixed point and it would allow
for a more precise estimate of lifetimes of prethermal states [293].

In this Chapter, we mostly considered values of N between 250 and 300, which are
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clearly off the conventional condensed matter case of N = 2. Our choice of N is limited
in practice by our state preparation procedure, which starts from a mean-field state
and then switches to finite N. We have seen that a comparison between the results
at different N and L is possible only qualitatively. This is definitively a weakness
of the present approach. One can try to push the simulations to very high values
of N, at which also large system sizes are accessible with the “N-quench approach”.
However, this will also significantly extend the dephasing times, which renders such
simulations more and more inefficient. Contributions of order 1/N? within fTWA need
not agree with the correct quantum dynamics, as we have already explained using the
example of the interaction quench in the Hubbard model in Chapter 4. Dynamical time
scales and quantitative values of order parameters will depend on the chosen value of
N but within the range of validity of our theory we do expect to observe the same
qualitative behavior also at smaller values of N. The formalism developed here can
directly be applied to other SU(N) models. Interesting candidates are, for instance,
models with charge-density waves in equilibrium, like a SU(N) t-V model. While
large- N models provide a very natural field of application for semiclassical methods,
the fTWA method is not restricted to it and can be used to improve mean-field studies
of more generic order parameter constellations, e.g. in the context of light-induced
superconductivity [I 11]. The range of validity of fTWA, however, needs to be assessed
carefully if no semiclassical expansion parameter is available. In order to overcome
the limitations of our initial state preparation scheme, an explicit calculation of 1/N
corrections to the saddle points are necessary. The Appendix to Marston’s and Affleck’s
paper provides some ideas how to do this within the field theoretical approach, however
the calculation is demanding and is left there at a proof-of-principle state. Therefore,
it might be worthwhile to look for alternative calculation techniques. One scheme
that might be able to describe the particle-hole dressing of the mean-field states is
the self-consistent random-phase approximation (RPA) [294]. However, it is not clear
to us if the approach will also lead to a destabilization of spatial order. In analogy
to SU(NV) spin systems, an adaptation of flavor wave [295] theory could be worth
a try. Possibly the most promising approach might be calculation within the flow
equation approach pioneered by Wegner [219]. Wegner happens to use the exact same
flavor-averaged operators p;; like we do in a one-dimensional model. In his spirit, one
could try to derive a mean-field like Hamiltonian with renormalized interactions at
order % and find its equilibrium states self-consistently. If this approach is successful,
one has also obtained a transformed Hamiltonian that allows for analytical results on
the quench dynamics using unitary perturbation theory [218]. Besides these analytical
approaches, efficient quantum Monte-Carlo (QMC) codes [296] exist for SU(N) models,
which could allow one to take the initial equilibrium data for the setup of a Wigner
function directly from a QMC calculation. As a last remark we note that we have only
considered half filling in this thesis. Affleck and Marston predict interesting phases also
in the case of non-zero doping, for instance a so-called “kite” phase close to the Peierls
phase. Doping the model could also allow for interesting analogies to high-temperature
superconductors, which are characterized by a Mott insulating phase, which is slightly
doped. Not without reason did Affleck and Marston originally invent their Hamiltonian
as a simplified model for the physics of those materials.



Chapter 6

Conclusion

This thesis is about the exploration of “non-thermal”[31] effects in correlated electron
models during and subsequent to the interaction with a light field. The notion of
non-thermality refers to phenomena that cannot easily be explained using equilibrium
concepts like heating alone. Typical examples, which are considered in this thesis, are
the dressing of electronic states with light, which is the foundation of Floquet engineer-
ing. Another example is provided by the generation of prethermal states of matter that
are only stable on transient time scales before thermalization. Such non-equilibrium
states created by time-dependent electromagnetic fields are a very attractive field of
study for theoretical physicists due to the high complexity of the phenomena, which
nourishes the hope of discovering something novel. It is fair so say, though, that no
single theoretical framework exists, which is applicable to all models and to all kinds of
questions. The true challenge — according to the opinion of the author — is to dynam-
ically adapt to problems that come up in research and to be flexible enough with the
methods. Along these lines, this thesis summarizes contributions to some questions of
current interest in the field of photoexcited dynamics, using a variety of methods.

In Chapter 3 we presented a simple analytical model for the initial and final state
dressing in a time-resolved ARPES experiment. The theory is based on the exact
solution of plane wave states in the presence of a periodic pump field. In a direct
collaboration with the experimental group of Stefan Mathias, we modeled the interfer-
ence of side bands originating from the dressed initial and final states in photoemission
experiments on a gold surface [3]. The experimental side band intensities could only
be explained if the influence of the in-plane electric field is effectively zero. Although
in the case of the gold surface a screening of the field turned out to yield the simplest
explanation, the calculation offers a second possible mechanism due to the destructive
interference of the two types of side bands. Future research in this direction could,
for instance, look at possible interference patterns of Floquet and Volkov side bands
for parabolic initial states, which are not localized at the I' but, e.g., at the K point.
Many TMDC materials [29] show such valley structure away from the I' point. Be-
sides, it turns out to be experimentally challenging to observe Floquet-Bloch states in
graphene [193, 191]. Simple wave function models (akin to Park’s calculation [121])
allow to calculate Floquet-Volkov interference patterns and help to unambiguously
identify Floquet states.

The second topic of Chapter 3 is about the effect of periodic driving on a simple
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one-dimensional model for a charge-density wave insulator, for which we have access to
a quasi-exact reference calculations with matrix product states [212]. Based on an ob-
servation of emergent band-like spectral weight in the single-particle gap of the system
in the exact simulations, we analyzed the minimal prerequisites for such an effect to
occur by comparison to a non-interacting model and to a time-dependent Hartree-Fock
treatment of the interactions. The results show that while such a feature is absent in
the non-interacting model, one can find a similar signal in the mean-field model. This
hints towards doublon excitations in a long-lived prethermal state [211] as the primary
origin of the band. Beyond the specific results, these findings demonstrate that time-
dependent mean-field theory can be a valuable tool to calculate non-equilibrium spec-
tral functions of driven systems. An open issue, which should definitively be addressed
in future research, is how to define non-equilibrium spectral functions which are man-
ifestly positive-semidefinite. The spectral functions, which we obtain from mean-field
theory, do contain significant negative weights. Nevertheless, the shape and relative
intensities of the peak still yields physically reasonable results. The starting point
should be the calculation by Uhrig et al. [116], who constructed a positive-semidefinite
retarded Green’s function using period averaging in the case of infinite periodic driving.

The main part of this thesis addresses the topic of order parameter dynamics out-
of-equilibrium. Many experimental findings [15, 19, 50] indicate that one can make
use of light-matter interaction (via laser pulses, for instance) in order to transiently
manipulate the order in a system. One of the most prominent examples is presented

by light-induced superconductivity [19, 50]. Theoretical models for the dynamics of
competing order parameters, subject to driving with a laser pulse, are often based
on phenomenological Ginzburg-Landau functionals [109, 55, 51], in which the laser

pulse is represented by time-dependent coefficients. Although such a coarse-grained
description is clearly useful, it necessarily neglects a lot of important microscopic de-
tails of materials like realistic dispersion relations. Microscopic descriptions based on
time-dependent Hartree-Fock theory [111] are more realistic and can incorporate some
specifics of the system-specific electronic structure. However, due to the neglect of
correlations within mean-field theory, effects like dephasing and scattering are not in-
cluded and the dynamics is mainly governed by coherent order parameter oscillations.
Therefore, a primary goal of this thesis is to explore a new method to go beyond time-
dependent mean-field theory, which is based on phase space methods, in particular,
the truncated Wigner approximation (TWA). TWA methods have a long tradition in
the physics of quantum gases [139, | but they are less often used in the condensed
matter theory community. Only recently, Davidson et al. [112] presented an extension
of TWA for fermions (fTWA), which is basically equivalent to a time evolution scheme
in nuclear physics, called the stochastic mean-field approach [160]. fTWA integrates
nicely into mean-field treatments of interacting systems because the equations of mo-
tion are the same. The new aspect is a stochastic sampling of initial conditions for these
equations of motion. Every initial condition yields a trajectory in phase space and,
according to the rules of the TWA, one needs to average operator expectation values
over these trajectories in order to obtain quantum mechanical expectation values. In
Chapter 4 we applied fTWA to the well-known problem of the weak interaction quench
in the Hubbard model, which is an example of a quench to a nearly integrable model
with approximate constants of motion on a prethermal time scale. Our application



Conclusion

137

of fTWA to the problem yields the following main insights: The method reproduces
exactly the dephasing-induced physics of the prethermal phase. However, on longer
time scales, clear deviations from the expected dynamics occur and the system evolved
towards unphysical fixed points. Our strategy to mitigate these problems is to ex-
tend the number of fermion modes from two (o =1,]) to a number of N flavor modes
a=1,...,N. The interaction quench dynamics in such a generalized SU(/N) Hubbard
model remains controlled over long time periods if N is chosen large, e.g. N = 100.
heg = % plays the role of a semiclassical expansion parameter that controls the strength
of quantum fluctuations and can be used to separate leading semiclassical contributions
~ heg to the dynamics from unphysical higher order contributions. In Chapter 5 we
use such a large-N scenario to study the photoinduced dynamics of order parameters.
Before we turn to these results we would like to discuss perspectives for future method
development. It is clear that the question of thermalization and a correct fixed point
distribution needs to be addressed. Again, the weak interaction quench in the Hubbard
model is a suitable test case because many higher-order correlations (in a correlation
hierarchy sense) are irrelevant for the dynamics. Taking guidance from the BBGKY
hierachy is probably the most promising path towards systematic improvements of the
fTWA method. In the context of spin systems [167, 168], the introduction of connected
Weyl symbols at the level of the semiclassical theory lead to significant improvements
of the dynamics in comparison to an exact reference dynamics. A similar idea was
formulated by Czuba et al. [166] in the context of the stochastic mean-field approach.
They take higher order terms of the quantum BBGKY hierarchy into account and also
report significant improvements. In contrast to the scheme with the connected Weyl
symbols, it is less obvious how to adapt the scheme by Czuba et al. to a large-N setup.
Having implemented such a scheme it will also be interesting to study quenches to
intermediate and strong interaction strengths.

Despite the necessity of further method development, we may still conclude that
fTWA is able to describe dynamics in correlated 2D systems on time scales, which
can be controlled by heg. This led us to apply it to a more complicated model of the
SU(N)-type, namely to the Hubbard-Heisenberg model first introduced by Affleck and
Marston [141]. The model mimics some features of the copper oxide planes in cuprate
high-temperature superconductors and can be thought of as an SU(N)-symmetric ver-
sion of the ¢-J model with additional charge fluctuations. The mean-field phase di-
agram of the model is characterized by a competition of two phases, a bond density
wave phase (Peierls phase), which is related to the spin-Peierls phase in large- N quan-
tum antiferromagnets [242] and the staggered flux phase. In order to be able to study
dynamics in the model, we combine the SU(/N) Hubbard-Heisenberg model with the
fermionic truncated Wigner approximation. One of the big challenges turns out to be
the initial state preparation procedure. We do not have access to the full correlation
information ~ % of the model. Therefore, we start from the mean-field modes at
N — oo and “quench” to a finite value of N. This leads to a warm-up dynamics,
which one can interpret — in analogy to the Hubbard interaction quench — as a for-
mation of quasiparticles. However, it turns out empirically that too large system sizes
in combination with low values of N lead to a destabilization of spatial order in the
system if so prepared. If there are too many too strongly fluctuating random variables,

real-space order can become washed out. We discuss possible analytical strategies to
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obtain better initial data in the conclusions to Chapter 5. For a combination of system
size 11 x 11 unit cells and value of N = 300 that lead to stable initial states in the
Peierls phase, we implement a number of non-equilibrium protocols, first parameter
quenches and then, primarily, spatially homogeneous photoexcitations. For all these
protocols we find that fTWA leads to stationary states after the excitations, which we
interpret as prethermal states in accordance with our findings in the SU(N) Hubbard
model. One can think of those states as a sea of non-scattering quasiparticles built on
top of the mean-field “vacuum”. In the case of the homogeneous photoexcitations we
study systematically the transition of an initial state Peierls phase into the competing
Flux phase subsequent to a photoexcitation as a function of excitation parameters like
driving amplitude and driving frequency. We find transitions, which are characterized
by a large amount of absorbed energy in the low- and high-driving frequency regime
and an intermediate regime in which a switching to the Flux phase occurs at a low
amount of total energy. Unfortunately, we do not have access to detailed information
about the elementary excitations of the system. It is reasonable to assume that this
intermediate frequency regime is connected to a resonance with an intrinsic excitation
energy of the system. Future work in this direction should shed more light on this
aspect. Nevertheless, we can already draw the conclusion that fTWA is indeed able to
yield qualitative insights into the ordering dynamics after a non-equilibrium excitation
in a system with competing order parameters. It would be very worthwhile to extend
this fTWA analysis to models of more realistic competing order parameters like CDW
and superconductivity. However, a better initial state control is required first. An in-
teresting research direction, which we present as an outlook is the ordering dynamics of
inhomogeneous photoexcitations that selectively excite one spatial region of the model.
Our preliminary results show that interesting phenomena like domain boundaries can
occur. Exploring this further might be a very interesting research direction, which
makes use of the fact that fTWA is capable of simulating comparably large system
sizes.

We would like to add a remark about further possible applications of semiclassical
techniques like the truncated Wigner approximation. A very straightforward appli-
cation is the application to phononic degrees of freedom, e.g. in a Holstein model.
In this context, TWA is equivalent to a quantum chemistry method, the so-called
multitrajectory Ehrenfest approach [297]. Another idea is to set up TWA schemes
for quasiparticles. If one transforms Hamiltonians into (approximate) representations
in terms of quasiparticle operators (dressed electrons, doublons, polarons, polaritons,
etc.), one can try to implement TWA exactly for those quasiparticle operators. Care
needs to be taken that one obtains a closed dynamical algebra and it is not guaranteed
that such a scheme would work for all kinds of excitations. However, in principle, quasi-
particle TWA would allow to push the validity of semiclassical methods into the strong
coupling regime. A development of this idea for doublons in the Hubbard model is cur-
rently in progress. Overall, bridging the gap between macroscopic free energy pictures
of order parameters and microscopic dynamical descriptions seems to be one of the
most promising research directions in the field of light-induced phenomena in quantum
materials. Although many open challenges remain, phase space methods present a new
powerful approach, which allows to incorporate interaction effects beyond mean-field
while still being able to efficiently simulate large two-dimensional systems.



Appendix A

Interaction Quench: Additional
Figures

This Appendix collects some supplemental figures to Chapter 4. The figures show the
deviation from the perturbative result as a function of the number of trajectories V.
The inset always shows the distribution function n(e;) for the data set with the highest
number of trajectories. Fig. A.1 shows data for a quench to U = 0.5 in a 10 x 10 system
at quarter filling. Figs. A.2 and A.3 show data for an 11 x 11 system at half filling
(N, = 61 electrons) with quenches to U = 0.1 and U = 0.5, respectively.

139



140 Interaction Quench: Additional Figures

N =2 N = 100
o GS
— 10%9 0 o TP
I " oy ® og
o ° % 08
(D) 40&_‘
E 10—1_0.05- _9'05_4&—‘\
) .00 -\Ixi S ctamg D.oo—‘\\l\\~ gg%
> © Soma © oo
—P.05 A s —p.o5 AN
e I S
? 8
Lo 100_ 0%
| 8
© %o
= 10°! .05 1 00%
g .oo-a‘\‘*f\ﬁ 88&
D.05 1
10-2 —4 0 4 —4 0 4
® Qecmmn oocm ooccmm o ocomm | 8 oo
- 0 | 09%
= 10
” 8600
g 10_1'0'5_ .05 8% o
. — 00 ;== =——5r—= h.00 == %
= 105 - —.05
el o0 s
102 10* 102 10*
##samples Ny, #samples Ny,

Figure A.1: Interaction quench to U = 0.5 in a system with 20 x 20 lattice sites at
quarter filling (N, = 101 electrons)
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Figure A.2: Interaction quench to U = 0.1 in a system with 11 x 11 lattice sites at half
filling (N, = 61 electrons)
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Figure A.3: Interaction quench to U = 0.5 in a system with 11 x 11 lattice sites at half
filling (N, = 61 electrons)



Appendix B

Review of the derivation of the
Boltzmann equation

In this Appendix we review the derivation of the quantum Boltzmann equation for the
Hubbard model. We follow mostly the derivation presented in [298] and [299, ].
The starting point is the equation of motion for the mode occupations:

, U .
WO () = Vv Z < [nk"’ CZerq)Uczp/—q)& p/;,cpa} >t

pp'q

u t t
Y Z (O = Orp) <C(p+q)ac(p’—q)5cp'50p”>t (B.1)
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The equation of motion for the above introduced object Cpy,(t) reads
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The last line of the above equation suggests a solution using the method of the
variation of the constant:

t
Cpp’q(t) = Cpp’q(o)emep/p(pliq)t o Z/ dt’ Spp’q(t/)emﬁp/p(”/*‘”(tit/)- (B-3)
0

Usually, <czp+q)aczp,_q)& p5Cpo )y ~ Og0 and hence Cipyg(0) = 0.
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The commutator expression in (B.2) can be simplified further:
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Omitting the contribution C,,(0), we may write
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By insertion of the last line of (B.4) into the formula one can show that the second
summand is the complex conjugate of the first and hence
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This expression is still exact and does not explicitly assume ng,(t) = ngs(t). Two
approximations are now commonly applied:

1. “restricted quasifreeness” [295]/applicability of the Wick theorem [223], in com-
bination with the assumptions of spatial homogeneity and spin diagonality:

<czp+q)acpT> ~ 04,000+ (B.7)
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This yields:
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Further simplifications after the summation:
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To turn the subtraction of the two delta functions into one delta, we need to
perform index shifts in the summation that are compatible with the exponential
eAne-0 (=) - By shifting p — p — q,p’ — P’ + ¢,q¢ — —q in the first sum we
arrive at A€ —g)(prqp = —D€ppp—g)- Since only the real part of the expression

matters, we may unite the deltas:
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2. local time [298]/Markov approximation [299, |: In a mathematically more
rigorous manner one can study the limit of the integrand with respect to rescaled
time in the limit U — 0. This would correspond to the limit ¢ — co. Physically
this is identical to the assumption of slow variance (Markov approximation in
open systems) Sip,(t') & Skpe(t). Transforming the integral and evaluating the
real part yields

Onie(t) = —2 (g)z/ dt’ Zskpq t') cos(Aepip-q)t). (B.11)
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Using the Markov approximation, the symmetry of the cosine with respect to ¢
and the fact that in a distributional sense [ d¢ cos(at) = 2md(a) the equation
reduces to the Quantum Boltzmann equation:

Do (t) = —21 (%) 2 >~ dlemia) (

nko(tl>np6<t/) (1 - n(k+q)a<t/)) (1 - n(p—q)ﬁ(t/)) - ( AR )>
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Research Data Management

The data associated to the ¢;-V chain project is currently stored in the repository
ssh://git@projects.gwdg.de/floquet-graphene-stripes.git

(A. Osterkorn, C. Meyer and S.R. Manmana have access)

and will be migrated to

https://gitlab.gwdg.de/meyer349/paper_floquet

(same people have access)

The code and data associated with the fTWA projects is currently stored in the repos-
itory

https://gitlab.gwdg.de/osterkorn/phd_data

(only Alexander Osterkorn has access)

Before the publication of this thesis, the data will be moved to
https://gitlab.gwdg.de/stefan-kehrein-condensed-matter-theory/alexander-
osterkorn/phd_data

(all members of the Kehrein group, in particular Stefan Kehrein, have access)

Similarly, the fTWA code will be copied to
https://gitlab.gwdg.de/stefan-kehrein-condensed-matter-theory/alexander-
osterkorn/ftwa_code

and made publicly available.

Moreover, before leaving the institute, all important data will be stored on tape in the
10- Years-Archive provided by the IT of the Institut fiir Theoretische Physik, Georg-
August-Universitiat Gottingen.
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