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Abstract

We advance perturbative approaches for out-of-equilibrium quantum many-body systems by
applying unitary perturbation theory to the real-time evolution of the weakly interacting
HusearD model in d > 1 dimensions. We derive general expressions for the fermionic opera-
tors that allow us to perturbatively calculate the time evolution of observables to second-order
expansion in the interaction strength. We find that the results are stable up to and includ-
ing the prethermalization regime. We apply our findings to the nonequilibrium build-up of
density-density correlations after a weak interaction quench and compare the prethermaliza-
tion values to equilibrium correlations. Furthermore, we analyze the light-cone-like structure
of the density-density susceptibility and the equal-time correlation function in the context of
the L1EB-ROBINSON bounds.
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Chapter 1

Motivation

After the development of quantum mechanics in the 1920s physicists became interested in
describing many-body systems, like electrons in a solid, within the framework of the new
theory. For many years, the investigation focused on systems in thermal equilibrium where
a statistical treatment is possible.

Recently, novel experimental techniques like time- and angle-resolved photoemission spec-
troscopy (trARPES) [[11]] and quantum simulations with ultracold atoms [[9,72] have opened
up the realm of nonequilibrium physics to exploration. This has generated a huge interest in
studying quantum systems far from equilibrium, both experimentally and theoretically.

On the experimental side, the investigation of nonequilibrium systems is driven by the discov-
ery of hidden phases that are not present in the equilibrium phase diagrams [38}, 57, [109]]. At
the same time, dynamical surveys benefit from the excellent control over system parameters
that is given in simulations with cold atoms. Newfound phenomena have stimulated the-
oretical research on nonequilibrium dynamics including the question how nonequilibrium
systems reach equilibrium again.

When it comes to correlated electrons, one of the prime models for theoretical investigations
is the famous HusBARD model that describes electrons moving on a lattice and subjected to
a strictly local interaction [55]. For studying the rich dynamics of this and other quantum
many-body models, there is a range of analytical and numerical methods available as well
as the possibility to perform quantum simulations with cold atoms. In the last few years,
a race between these different approaches has arisen to accurately describe the dynamics of
many-body models in states far from equilibrium. In this thesis, we want to advance pertur-
bative approaches to real-time evolution problems, where we focus on the HusBaRD model
in d > 1 dimensions and the nonequilibrium build-up of density-density correlations after a
weak interaction quench.

1.1 Experiments in far-from-equilibrium situations

In the 1980s, the generation of increasingly shorter laser pulses, down to the order of fem-
toseconds, paved the way for ultrafast optical spectroscopy. This gave experimentalists access
to a realm where the system can no longer be treated as being in thermal equilibrium [45]].
This was followed by huge efforts to study correlated electrons out of equilibrium.

11



12 CHAPTER 1. MOTIVATION

1.1.1 Ultrafast optical spectroscopy

If one wants to study the behavior of correlated materials far from equilibrium, then a com-
mon approach is to perform pump-probe experiments. In this setup, a first laser pulse is sent
onto a sample and pumps energy into the system e.g. by exciting electrons or phonons. This
induces nonequilibrium dynamics in the sample and a second probe pulse is used after a cer-
tain delay time in order to perform a spectroscopic measurement of the sample and its features
far from equilibrium. As the electronic dynamics occurs on the time scale of femtoseconds,
one needs correspondingly short laser pulses for time-resolved measurements.

A number of nonequilibrium phenomena in excited solids have been observed since the 1990s,
for example insulator-metal transitions in manganites after excitation of phonons with x-rays
(62,182, [101]] and in VO, due to photoexcitation of electrons [21]].

The optical driving of phonons affects the electrons via changes of the band structure. This
can lead to astonishing phenomena such as ultrafast changes of the magnetic order in man-
ganites [[41]] or the induction of spin precession in rare-earth orthoferrites, which thereby
simulates an external magnetic field [91]]. Recently, MaNKOWsKY et al. demonstrated the ul-
trafast reversal of the ferroelectric polarization in LINbOj3 by phonon driving [77], which is
highly relevant for technical applications.

Photoinduced changes of the lattice order can also generate novel nonequilibrium states which
cannot be found in the equilibrium phase diagram. For example, in 2011, IcHIkAwA et al. dis-
covered an insulating phase in Ndg 5Srg sMnO3, where an electronic gap emerged after the
material had been driven out of equilibirum [57]]. Another stable hidden state was found
by StojcHEVSKA et al. in 17-TaS; after a single laser excitation. They measured a massive
decrease of the electrical resistance, which was only restored after subsequent heating and
thereby bringing the material back to its thermodynamical ground state [[109].

One of the most interesting phenomena that occurs in driven systems far from equilibrium
is the emergence of light-induced superconductivity [20].

In 2011, FausTr et al. examined the cuprate Laj ¢75Eug 2Sr0.125CuOy4, which is nonsupercon-
ducting in equilibrium [38]]. They photoexcited the material with mid-infrared radiation that
is resonant with the phonons associated with the Cu-O layers of the sample. A subsequent
measurement of the time-dependent reflectivity with a near-infrared probe pulse revealed a
sudden change of the reflectivity after ~ 1 ps, which remained constant up to the longest
measurement time of ~ 100 ps. Intriguingly, they did not observe any reflectivity change for
photoexcitations when the polarization was orthogonal to the Cu-O layers.

The connection between optical properties — such as the reflectivity — and superconducting
behavior [4] motivated further investigation of the sample.

In a next step, FAusTI et al. measured the electric field reflectance 5 ps after an excitation
for different frequencies of the probe pulse (see Fig. C). They observed a characteristic
plasma edge near 60 cm™, a so-called JoserHsON plasma resonance (JPR). This resonance,
which hints at coherent transport, is a general feature of superconducting cuprates [[110].

To underpin their claim that La; ¢75Eug 2Sr0,125CuQO4 exhibits light-induced superconductiv-
ity, FAUsTI et al. measured equilibrium spectra of optimally doped Laj 84Sr0.16CuOy4, a ma-
terial well-known for its superconducting phase, above and below its criticial temperature
T. = 38 K (see Fig. A). In the nonsuperconducting phase, above T, this material has a
featureless spectrum just like Lag ¢75Eug 2S10.125CuOy4 in equilibrium (see Fig. B). In con-
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trast, the superconducting phase below T is also characterized by the appearance of a JPR.

We will come back to an important technique for pump-probe experiments in sec. 3.4, namely
time- and angle-resolved photoemission spectroscopy (trARPES), which is the state-of-the-art
method for measuring the electronic band structure and momentum distribution.

1.1.2 Quantum simulations with cold atoms

For studying the nonequ1hbr1um dynamics of correlated electrons, an alternative route to
ultrafast spectroscopy is given by quantum simulations with ultracold atoms [[8} [72]].

In these kind of experiments the behavior of electrons in a crystalline solid is simulated by
cold atoms in an optical lattice. The artificial setup comes close to many-body models like the
HusearD model and therefore provides a perfect playground for testing these models against
theoretical predictions. In this setup one has excellent control on the model parameters, like
the lattice configuration or the interaction strength. Further one can track the dynamics of in-
dividual atoms. More details on the experimental implementation will be provided in sec.

In a seminal experiment from 2002, GREINER et al. simulated the Bose-HusBaRD model by
confining a Bose-EINSTEIN condensate of rubidium atoms in a three-dimensional optical lat-
tice [48]]. Because the atoms were able to tunnel between neighboring lattice sites, the inti-
tial state was in the superfluid phase. Then, GREINER et al. dynamically increased the lattice
depth, which prohibited tunneling, and observed a phase transition to a MoTT insulator. This
experimentally verified the well-known MoTT transition from theoretical considerations on
the HusBARD model.

In 2006, KivosHITA et al. discovered the emergence of a nonthermal steady state in an ul-
tracold gas of rubidium atoms [61]]. They prepared the Boskt gas in a one-dimensional optical
trap, with the initial condition of two atomic clouds with opposite momenta. The subse-
quent time evolution showed a behavior that can be best described by a quantum version of
NewTON’s cradle (see Fig. [1.2). The atom clouds oscillated within the one-dimensional trap
and collided with each other twice per oscillation cycle. Even after dephasing and ~ 1000
collisions, the oscillations continued and the system did not reach thermal equilibrium.


https://science.sciencemag.org/content/331/6014/189
https://science.sciencemag.org/content/331/6014/189
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Beyond measurements of particle densities, cold atom experiments also allow for measur-
ing correlation functions [24} 71]]. An interesting question in nonequilibrium setups is how
correlations between particles build up as a function of space and time.

In an experiment from 2012, CHENEAU et al. examined the parity correlation function in a
one-dimensional Bose gas. They prepared the gas in the MoTT insulating phase by releasing
it into a deep optical lattice. This was then followed by a quench of the system out of equi-
librium by suddenly lowering the lattice depth and a measurement of the parity correlations
between different lattice sites as a function of time (see Figs. 3.2/and [3.3)). It was found that
correlations only build up inside an effective light cone defined by the finite group velocity
of quasi-particles.

In the past decades, experiments with cold atoms out of equilibrium have strongly encouraged
theoretical research in the equilibration dynamics of quantum many-body systems.

1.2 Theoretical considerations

When one analyzes quantum many-body systems, one is confronted with a HILBERT space

that grows exponentially in system size. In order to calculate the expectation value of some
observable O,

(0) = W|Oly) . (1.1)

for a many-body state |¢), it is helpful to assume that the system is in thermal equilibrium.
This simplifies calculations because the state |) can be replaced by a thermal density matrix

1
P, = e P, (1.2)


https://www.nature.com/articles/nature04693
https://www.nature.com/articles/nature04693
https://www.nature.com/articles/nature04693
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which only depends on the system’s Hamiltonian H, the inverse temperature 8 and the par-
tition function Z = Tr[e™#H]. In a state described by a thermal density matrix, we can
statistically predict expectation values by

(0) =Tr [p, O] . (1.3)

The assumption of a thermal state breaks down in nonequilibrium settings. Curiously enough,
a pure state is described by a density matrix p = |¢)(y| with Tr[p?] = 1 and can therefore
never evolve into a mixed thermal state with Tr[p?] < 1 under unitary time evolution. This
raises the question of how nonequilibrium quantum systems thermalize.

1.2.1 Thermalization

In open quantum systems a pure initial state can indeed thermalize because the time evolution
is not unitary. The open system is by definition embedded in an environment that it interacts
with. While the time evolution of the total system, i.e., open system plus environment, is
unitary, this will not be the case if we reduce our view to the embedded system.

The state of the open system is described by a reduced density matrix that is obtained from
the total density matrix by tracing out the environment degrees of freedom. The equation of
motion for this reduced density matrix usually involves a dissipation term that breaks unitar-
ity, so that a pure state can reach a thermal state depending on the interaction between the
open system and its environment [[13]].

In isolated systems — for example cold atoms in optical lattices are sufhiciently isolated from
their environment — the above argument does not hold because the time evolution is unitary.
However, for certain observables A, the expectation value (¥(¢)|Aly(t)) can become indis-
tinguishable from a thermal prediction Tr[p,y, A] in the long-time limit. For local observables
the interpretation is that the environment effectively acts as a bath, just like in open quantum
systems.

In systems that are described by an integrable model the full set of constants of motion con-
strain the dynamics and prevent observables from thermalizing. For example, the experiment
by KinosHITA et al. simulated such an integrable model [61]]. However, nonthermal steady
states in integrable systems can still be described by a so-called generalized Gibbs ensemble
pccE that depends on the constants of motion [[100]. Several such nonthermal steady states
were found in analytical calculations [22} 31}, [100].

In nonintegrable systems, the interactions in the Hamiltonian lead to sufficient ergodicity for
certain observables and hence to thermalization [97]].

In the transition region, i.e., in weakly perturbed systems that are close to integrability, the
thermalization of some observables can be delayed due to the formation of so-called prether-
malization plateaus in the time evolution [[7,[84]]. In the prethermal regime expectation values
can also be predicted by a generalized Gibbs ensemble. This leads to the picture that nonther-
mal steady states, in integrable systems, are infinitely extended prethermal states [[65}, [70]].
The issue of prethermalization will be treated in more detail in sec.

1.2.2  Build-up of correlations

To understand the equilibration process of quantum systems out of equilibrium, an impor-
tant question is how fast information can propagate through the system.
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In 1972, Lies and RoBinsoN found a mathematical bound for the propagation of information
[[74]. The so-called Lies-RoBinsoN bounds and their generalizations [90] state that in a lat-
tice system with short-range interactions information can only propagate with a finite group
velocity v. The mathematical statement is that two local observables O x(¢) and Oy (0) effec-
tively commute for distances d(X,Y) > vt, i.e., outside an effective light cone defined by the
group velocity v. In other words, the susceptibility yxy(¢) = —i{[Ox(t), Oy (0)]-) decays
at least exponentially in space outside the light cone.

While the original Lies-RoBINSON bound is a statement on commutators, i.e. susceptibilities,
cold atom experiments, like e.g. the one by CHENEAU et al. [24]], also consider correlation
functions which are related to anticommutators. In fact, these correlation functions are bound
inside an effective light cone only if the initial correlations are exponentially suppressed in
space. If there are long-range correlations in the initial state, additional correlations can also
build up outside the effective light cone [59, 80]. This is illustrated in Fig. The correla-
tions inside the light cone propagate via quasi-particles with a maximum group velocity, while
correlations outside the light cone emerge due to entanglement.

The spreading of correlations in quantum many-body systems has been extensively studied
e.g. with the time-dependent density matrix renormalization group (tDMRG) [125, 28}, [76, 78|
115]], time-dependent variational Monte Carlo [[18} 23], artificial neural network techniques
[19] and analytical methods [[1}, 10, [15} [16} (17, 36, [80].

A quantitative treatment of L1EB-ROBINSON bounds for susceptibilities and equal-time corre-
lation functions will be given in sec.

1.2.3 Scarceness of computational methods

While much effort has been spent on the theoretical discussion of nonequilibrium problems,
there are still severe difficulties in treating the real-time evolution of quantum many-body
systems analytically and numerically for sufficiently long times. Exemplarily, we will touch
on problems arising in tDMRG, quantum Monte Carlo (QMC) algorithms and perturbative
approaches.


https://doi.org/10.1103/PhysRevB.88.094306
https://doi.org/10.1103/PhysRevB.88.094306
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The DMRG method is a variational technique for obtaining the ground state of one-dimensional
Hamiltonians. Here, one utilizes the fact that in one-dimensional systems the ground state
has a low entanglement entropy given by an area law. This justifies a matrix product state
ansatz for the wave function. However, when one wants to analyze the time evolution in
tDMRG, one is confronted with the problem that the entanglement entropy grows linearly
in time, which makes tDMRG unstable after certain time steps [[15]].

While the DMRG method works well for one-dimensional systems, in dynamical mean-field
theory (DMFT) one explores the opposite limit of infinite spatial dimensions or to be precise
of infinite lattice coordination number. This limit, which we will discuss in sec. allows
one to map the many-body lattice Hamiltonian onto a local impurity problem. These impu-
rity models can be solved numerically, e.g. by QMC algorithms. If one wants to track the
time evolution in nonequilibrium setups, one has to estimate integrals of functions e’#* that
become rapidly oscillating with growing time. Thereby, QMC suffers from an exponential
scaling of computational cost with time known as the dynamical sign problem. With some
improvements one can at least achieve quadratic scaling, but this still leads to unstability at
intermediate times [27]].

In an analytical treatment of a weakly perturbed system we may try to solve the HEIsEN-
BERG equation of motion for a certain observable,

d(;ft) —i[H,0(t)]. | (1.4)

perturbatively. Let us consider, for example, a system described by the Hamiltonian H =
Ho+gH 1 with a weak coupling strength 4 < 1. In order to approximately solve the equation
of motion for O, we expand the operator in orders of the coupling strength, i.e.,

0(t) = 09@1) + ,0V(1) + 7209(t) + 0(4°) . (1.5)

Inserting this ansatz into the equation of motion allows for a successive solution of the con-
tributions for different orders in 4.

A common problem arises from the fact that we have not just expanded O(¢) in orders of
g but actually in orders of 4 and ¢. This leads to so-called secular terms in the perturbative
solution that grow with some power law in time, e.g. O™ (t) « ¢”. Clearly, these terms
become unstable for intermediate times.

Hackr and KEHREIN demonstrated that we can avoid secular terms if we solve the HEISENBERG
equations of motion in a basis where the Hamiltonian is approximately energy-diagonal [51]].
This 1s systematically explored in the framework of unitary perturbation theory, which we
will discuss in chapter

1.3 Scope of this thesis

Motivated by the experimental advances in pump-probe spectroscopy and quantum simula-
tions with cold atoms, we study the nonequilibrium dynamics of the HusarRD model after
a weak interaction quench. Analyzing the real-time evolution is an important step towards
understanding the behavior of correlated electrons far from equilibrium.

In the current race between computational methods, we want to demonstrate the usefulness
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of unitary perturbation theory that gives analytical insights into the real-time evolution of
weakly perturbed systems and is stable up to and including prethermalization time scales.

In a previous work [84} [85]], MoecKEL and KEHREIN successfully applied unitary perturba-
tion theory to the HuBBARD model as they calculated the time evolution of the momentum
distribution function 7, (¢) after a weak quench from the noninteracting to the interacting sys-
tem. Their perturbative analysis allowed for a treatment of expectation values of one-particle
functions up to second order in the interaction strength.

We will build on their calculations and extend them to second-order expansions of two-
particle functions. As an important application, we will explicitly calculate density-density
susceptibilities and the corresponding equal-time correlation functions. On the one hand, we
can study the prethermalization dynamics of these quantities, while on the other hand, these
functions provide a non-trivial test of the Lies-Rosinson bounds.

We point out that our general perturbative results for the time evolution in the HussarD
model in d > 1 dimensions open up the playground for a variety of further investigations
because they enable the calculation of a wide class of observables, where the density-density
susceptibilities and correlation functions are only two examples.

Outline

In chapter[2} we will systematically introduce the method of unitary perturbation theory. We
will motivate the main idea that is based on the well-known canonical perturbation theory
from classical mechanics. The anharmonic oscillator will serve as a role model to demonstrate
how both canoncial and unitary perturbation theory avoid secular terms in the time evolu-
tion. We will then present the flow equation method, which will become vital if we want to
apply unitary perturbation theory to quantum many-body systems.

An important class of quantum many-body systems are interacting electrons on a lattice. We
will discuss this in chapter 3| by taking the HuBARD model as the prime example to study
correlation effects. The DMFT limit is highly relevant for correlated materials and we will
show that it simplifies calculations in the HuBARD model. We will also review how nonequi-
librium lattice electrons are simulated in experiments with cold atoms and how correlation
effects are studied in real materials by means of trARPES. Two characteristic phenomena that
occur in quantum systems out of equilibrium and that we will study in this thesis, prether-
malization and the light-cone-like spreading of correlations, will be sketched out in chapter
zi]

In chapter [5 we will start our actual analysis of the real-time evolution in the HussarD
model. We will keep things quite general and solve the HEISENBERG equation of motion for
the fermionic annihilation operator up to second order in the interaction strength and for
arbitrary dimension d > 1 using the flow equation method. The result can be used for the
construction of a wide class of observables and is stable up to and including the prethermal-
1zation regime.

We will use it to calculate the density-density susceptibilities and equal-time correlation func-
tions for antiparallel and parallel spins in leading-order expansions in chapter[] The results
from the flow equation analysis enable us to calculate these functions both for a nonequilib-
rium quench setup and for the interacting system in equilibrium. We will also calculate the
prethermalization values of the nonequilibrium correlation functions and find that they are
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equal to the equilibrium values.

In chapter[7] we will finally discuss the spatial decay of the susceptibilities and correlation func-
tions and relate it to the Lies-RoBinsoN bounds. We will find that the susceptibilities and the
antiparallel-spin correlation function decay faster than algebraically outside an effective light
cone, while the parallel-spin correlation function at zero temperature decays algebraically out-
side the light cone because of the entanglement in the initial state.

We will conclude this thesis in chapter |8 with a discussion of the results and an outlook to
prospective research.

Part of this thesis that deals with prethermalization of correlation functions is published at
[67].
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Chapter 2

Unitary perturbation theory

In this chapter, we introduce the method of unitary perturbation theory, which is designed
for calculating the real-time evolution of observables in non-integrable quantum many-body
systems without producing secular terms that would diverge in the long-time limit. It was
first proposed by Hackr and KeHreIN in 2008 [51} 52]] as the quantum analog of the well-
established canonical perturbation theory from classical mechanics.

In order to illustrate the main idea of both schemes, we start with a classical system, a per-
turbed oscillator, in sec. Here, we show that the perturbative treatment of the harmonic
oscillator with an additional small anharmonic term will lead to unphysical behavior if we
apply the perturbative expansions too naivly. The unphysical terms can be avoided by a
canonical transformation of the observables before the perturbative expansions. This pro-
cedure then results in the scheme of canonical perturbation theory that is treated in many
classical textbooks (see e.g. [47]]).

In sec. [2.2 we reformulate this idea in the context of quantum mechanical systems, where the
main difference lies in replacing the canonical transformations by unitary transformations,
hence the name "unitary perturbation theory".

Finding an appropriate unitary transformation turns out to be diflicult when going to quan-
tum many-body systems. A systematic approach that tackles the problem of the continuum
of energy scales is given by applying a continuum of infinitesimal unitary transformations.
This so-called flow equation method, established by WEGNER in 1994 in the context of con-
densed matter physics [[114] and independently by Geazex and WiLson in 1993 in the context
of high-energy physics [46]], is finally presented in sec. [2.3|of this chapter. For a detailed treat-
ment of the flow equation approach we refer to [60].

2.1 Time evolution in classical mechanics

In classical mechanics, the state of a physical system is described by some generalized coordi-
nates ¢; and their conjugate momenta p;. The time evolution of an observable O(g;, p;) that
depends on these coordinates is driven by the Hamiltonian function H(g;, p;) that typically
represents the system’s energy. The observable O evolves in time according to the differential
equation

do 00
E = {O’H}q;',[)i + E , (21)

23
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where the second term on the right-hand side vanishes for observables that are not explicitly
time-dependent. The Poisson brackets {-,-},, 5, are defined by

def N (0f 99 9f 9g.
{f’ q}%’a]’i - Z (aql apl apl aql . (22)

Z

As eq. (2.1) is a first-order differential equation, the initial conditions g;(¢ = 0) and p;(¢ = 0)
fully determine the system’s time evolution (strictly, if the right-hand side of the differential
equation is L1pscHITZ continuous in O, cf. PIcARD-LINDELGF theorem [75]]).

Example: anharmonic oscillator

A simple system to look at is a one-dimensional harmonic oscillator, whose Hamiltonian Hy
is given by

1 1
Ho(q.p) = =p* + 4" . (2.3)
2 2
The equations of motion for the coordinates g and p themselves are then

g =1{q,Ho}qp =p - (2.4)
p=Ap.-Holyp = —9q - (2.5)

For the initial conditions ¢(0) = 1 and p(0) = 0, the solution to this system of differential
equations 1s

q(t) =cos(t), (2.6)
p(t) = —sin(z) . (2.7)

If we add a small anharmonic term to the Hamiltonian,

H(g,p) = Ho(q.p) + Hin(gq. p) , (2.8)
Hin(q.p) = q%q“ : (2.9)
where g < 1, the perturbed equations of motion,
g=1{q.H}qp=p, (2.10)
p={p.Hlgp=-q9-99" . (2.11)

can no longer be solved analytically. However, for small 4, we might consider a perturbative
treatment. This was done, for instance, in [52]], and we briefly summarize the idea here.

2.1.1 Naive perturbative expansion

In order to get a perturbative solution to the equation of motion

G=-q-9q, (2.12)
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we make an ansatz that is an expansion for small g,

q(t) = q°t) + 94V (1) + 0(47) . (2.13)

If we insert this ansatz into the equation of motion (2.12)), the zeroth and first order contri-
butions will be

§9) = -4), (2.14)
() = —qV@) - (91 . (2.15)

With the initial conditions ¢(0) = 1 and §(0) = 0, we arrive at the solutions
q°(t) = cos(t), (2.16)
1 : 3.
gV(t) = -3 cos (¢)sin? (¢) — Stsin (). (2.17)
The last term, —3¢sin(¢), is a so-called secular term. It shows unphysical behavior since
it grows linearly in time, whereas the form of the anharmonic potential suggests a bound

trajectory. Therefore, the naive perturbative treatment of the anharmonic oscillator problem
cannot capture the long-term behavior of the system.

2.1.2 Canonical perturbation theory

We can avoid secular terms like the one in eq. (2.17) if we bring the Hamiltonian to normal
form by means of a canonical transformation (H,¢q,p) — (K, Q, P) before calculating the
time evolution. This idea is illustrated in Fig. The canonical transformation should be

H,q,p » K,Q,P

’ time evolution ‘

v 4
q(t), p(t) - Q(t), P(¢)

Figure 2.1: Tllustration of the canonical perturbation theory scheme

done in a way that the transformed Hamiltonian K does not produce any secular terms in
the time evolution of Q and P. The absence of secular terms will then still hold after the
backward transformation to the original coordinates ¢ and p. Interestingly, this will also be
the case if we truncate both the canonical transformation and the time evolution in a pertur-
bative manner, meaning after some order of a certain expansion parameter.

For an overview of this so-called "canonical perturbation theory" we refer to classical text-
books, e.g. [47]].
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In our example of the anharmonic oscillator, we choose the corresponding generating func-
tion (in accordance with [52]]) to be

5 3
F)(q.P)=qP +g4 (5431) + ﬁqP3) : (2.18)

Then, we will get the following transformation rules,

=P —q°P+ =P 2.19
9 Y (32‘1 32 ) ’ (2.19)

As the generating function is not explicitly time-dependent, the Hamiltonian K = H from

eq. (2.8) is invariant. We get

1 1
H(Q,P) = zp + 261 Prgq’
12l Q + 15Q2P2+1P4—3Q4— —Q’P* + - Q +0(4%)
2 7132 320 32 32 7
- %pz +-0Q% + 3 (;PZ + Qz) +0(4%)
= Hy(Q,P) + ggHOZ(Q, P)+0(4%) . (2.21)

We recognize that the transformed Hamiltonian depends only on powers of Hy (at least in
a perturbative expansion up to first order in g). This so-called "normal-form" simplifies the
equations of motion,

Q = {Q Hgy

= (Q. Ho)gp + 43 (Q Holp Ho + Ol?)

=P (1 + g%Ho) +0(4%), (2.22)
b= {P.H)op

-0 (1 ; g%Ho) +O) (2.23)

so that the solution is given by

Q(t) = Qo cos (w,t) + O(47), (2.24)
P(t) = —Qosin (w,t) + O(4%) (2.25)
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q(t)

1.5

1.04 \ 8 n 2 n h .
\ ATENA AN A A ———— canonical
0.5 \ i | | } " (] | .‘
\ {\ /Y /1 711 naive
1 { i I | i | | [} 1} {
19 | 20 \ o}l )| VY40 p
0.5 ] | F A\ numerical
\ J | F | \ I | |
-1.0 vV \/ \V Vv W /

=15
Figure 2.2: Different solutions of the anharmonic oscillator problem (with 4 = 0.1)

with w, € 1+ g3Ho and Qo = Q(0) = 1+ g55.
Finally, transforming back to the original coordinate ¢ yields

9(t)= Q) -7 (%Q%t) + QWP + 0l

5 5 9 )
= cos(wyt) + 4 (ﬁ cos(wyt) — 3 cos’ (wyt) = 2 cos (w,t) sin’ (wyt)] + O(gz)

1 .
= cos(wyt) - gg cos (wyt) sin’ (wyt) + O(gz) , (2.26)
where we no longer encounter secular terms.

Note that if we expanded the trigonometric functions for small ¢, we would get
3 : 1 .
q(t) = cos(t) - qZHot sin (t) — gg cos (¢)sin® (¢) + O(qz) , (2.27)

which, because Hy = 3 + O(g), is just the result from eq. that we got from the naive
perturbative ansatz.

We conclude that the method of canonical perturbation theory rearranges the terms in the
perturbative treatment such that no secular terms appear. To illustrate this, we compare the
solutions from naive and canonical perturbation theory to the exact numerical solution in
Fig. Clearly, the canonical result is much more in line with the numerical one than the
naive result.

Relevance of canonical perturbation theory today

The anharmonic oscillator problem can be thought of as one of the most simple perturbative
problems in classical mechanics, because it only deals with a single particle. A more elaborate
problem is that of the lunar motion in the earth’s orbit, where the gravitational force of the
sun plays the role of the small perturbation. In 1867, DELauNAY published his perturbative
treatment of this three-body problem [30] that contained over 700 pages of calculations with
a remaining error that was still O(107%). This illustrates the effort one has to take when
examining many-body problems with canonical perturbation theory.

Today, in times of effective numerical algorithms for classical many-body problems, canonical
perturbation theory has become less important for actual calculations. However, for quantum
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many-body systems, numerical algorithms that can deal with time-evolution are rare and high
computing capacities are needed. This is a great starting point to rethink the general scheme
again and translate it to the framework of quantum mechanics.

2.2 Time evolution in quantum mechanics

Going from classical to quantum systems the observables are represented by self-adjoint op-
erators, e.g. O(q;,p;), and the Porsson brackets are replaced by commutators in a way that
we have

lg;:p;1- = 16i (2.28)
lg;-9;1- =1p;pjl-=0 (2.29)

as the fundamental commutation relations.
The time evolution of O is driven by the system’s Hamiltonian H, which is just the Hamil-

tonian function written as an operator. The corresponding HEISENBERG equation of motion
(for a non-explicitly time-dependent observable) is

do
— =1[H,0]-. 2.30
= ilH,0] (2.30)
Example: anharmonic oscillator
As an example, consider the anharmonic oscillator again. The quantum mechanical Hamil-
tonian that corresponds to eq. (2.8) is
1 1 1
H=_-p*+-q"+9-4" 231

with the fundamental commutation relation [g, p]- = i1. The latter implies that the Hersen-
BERG equations of motion are

g=ilH ql-=p, (2.32)
p=ilH.pl-=-q-4q . (2.33)

These are just the operator versions of the classical equations (2.10) and (2.11). Hence, the
same problem with secular terms arises if we try to solve these equations with a naive pertur-
bative ansatz for q(t).

2.2.1 Unitary perturbation theory

In order to get a meaningful perturbative solution of the quantum mechanical problem, we
apply the same scheme as depicted in Fig. [2.1] for the classical case. However, in the quantum
case the transformation must be unitary such that they preserve the canonical commutation
relations as well as hermiticity (as proposed in [51, 52]]). These not only act on the Hamil-
tonian and the observables but also on the physical state |¢) of the system. We label the
unitarily transformed quantities with a tilde (cf. Fig. 2.3).
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U
H,O,|y) > H,0,y)

’ time evolution ‘

' UT ) A 4 ) ) ~
o), ly) - O(t) = eHt Qe 1t |y)

Figure 2.3: Illustration of the unitary perturbation theory scheme

The goal is to find a unitary transformation U that diagonalizes (at least in a perturbative man-
ner) the Hamiltonian such that the time evolution in the new basis is trivial and lacking of
secular terms. The difficulty of the scheme is that the observable O must also be transformed
under the same unitary transformation, which can lead to a quite complicated structure.

In nonequilibrium problems, we often deal with quantum quenches, where the initial state
l¢) is the ground state of some simple Hamiltonian and the time evolution is given by a more
advanced Hamiltonian H. Due to the simplicity of |¢), we do not transform it under U.
Instead, we apply the backward transformation U on the time-evolved observable O(z), in
order to evaluate expectation values with respect to the original state |).

In equilibrium settings, things are the other way around. Here, the ground state |) of some
interacting Hamiltonian H can be quite complicated, while the unitarily transformed state
') is much simpler, because it is just the ground state of the diagonal H. Therefore, in equi-
librium scenarios, we calculate expectation values in the B = co-basis and do not need to apply
any backward transformation.

Example: anharmonic oscillator

Considering again the anharmonic oscillator example, our ansatz for the unitary transforma-

tion of ¢ and p is motivated by egs. (2.19) and (2.20):

5 2.2 2
S ) 3 2
p=p q(32qpq+32 )+O(f/). (2.35)

This is already a perturbative ansatz up to first order in 4. In this order, the unitarity of the
transformation is guaranteed because the fundamental commutation relation

[4.5]- = [g.p]- + O(5%) (2.36)

is preserved. With the backward transformation rules
N 5,35 9.
9=4-4 (ﬁcf + —zpqp) +0(s%), (2.37)

p=p+yg (ﬁqi)é + 32133) +0(s%), (2.38)
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we can write down the Hamiltonian

1, 1, 1,

- 3530 (pap + abap b+ i)+ 06
=3 g (G A 5 i 4y 4 O
= %;32 + %512 + q% (%f;z + %512)2 + g;—z +0(4%) . (2.39)
Hence, the equations of motion in the new basis read
§ =ilFL3)- = + g3 Hop + a3 Ho+ O, (2.40)
p=ilH pl-=—-¢- q%I:qu - g%qﬁo +0(4%), (2.41)

. ~ def 1 & ~ . . .
with Hy = 1 2 4+ 152 being a constant of motion up to first order in 4.
2 29 g P g

To solve these equations of motion, we introduce |7) as the normalized eigenstates of H
with eigenvalues €,. In this basis, the matrix elements of the operators obey

3 mlain) = (1+ 53, + &) mlfin) + O, (242
% <m|]3|n> = - (1 + g%(gm + €n)) <m|5|n> + O(gz) . (2.43)

Similar to the classical case, these differential equations can be integrated without any secular
terms appearing.

2.3 The flow equation method

In unitary perturbation theory, the essential task lies in finding an appropriate unitary trans-
formation that diagonalizes the Hamiltonian in an approximate way. While we could write
down such a transformation for the anharmonic oscillator quite easily, things get more compli-
cated when going to quantum many-body systems. Here, the continuum of energy scales will
generate diverging energy denominators for energy eigenvalues that lie close to one another. A
way out of this problem is the flow equation method, where a continuous set of infinitesimal
unitary transformations is applied in order to diagonalize the Hamiltonian perturbatively.
This approach was established by WeGNER [[114] in 1994 and independently by Grazek and
WiLson [46] in 1993. A comprehensive introduction to the flow equation method is given in
[60].

The general idea is to implement a sequence of infinitesimal unitary transformations such
that

H (B + dB) = "BMB gy (B)e~1(B)B (2.44)
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Here, B € [0, o) is the real-valued flow parameter that connects all the unitarily equivalent
Hamiltonians H (B), and n(B) is the anti-hermitian generator of the flow that depends on the
flow parameter B as well. This sequence is described by the differential equation

dH (B) B
“dB [7(B), H(B)]-, (2.45)

the so-called flow equation. Taking H (B = 0) as the initial Hamiltonian, the goal is to get a
more and more energy-diagonal Hamiltonian throughout the flow. WEeGNER showed in 1994
[[114] that a Hamiltonian

H(B) = Ho(B) + Hin(B) (2.46)

with H being the diagonal and H;,,; being the off-diagonal part, is successively diagonalized
by the canonical generator

Nean (B) & [Ho(B), H 1 (B)].- . (2.47)

In the limit B — oo, the Hamiltonian H(B) will be energy-diagonal. This means that
H, (B = ) will consist of elastic many-particle scattering processes where the difference
in one-particle energies is zero.

Typically and as we will see later, the coupling between egs. (2.45)) and (2.47)) induces a grow-
ing number of higher and higher order interaction terms in the flowing Hamiltonian. Hence,
a perturbative treatment is necessary, where the coupling constant of H, is a suitable trun-
cation parameter for the case of weak interaction.

2.3.1 Transformation of observables

The correlations between particles of the many-body system that are induced by interactions
in the Hamiltonian are no longer encoded in the energy-diagonal Hamiltonian after the flow
equation transformation. Instead, the correlations are described by the transformed observ-
ables, whose composite structure can get quite intricate. To calculate the transformation of
observables, one has to solve the corresponding flow equation

dO(B)

—7— = [(B),0(B)]- . (2.48)

dB

Here, one also faces the problem of a growing number of interaction terms that makes it
necessary to truncate after some order of the perturbation parameter.

Successful applications of the flow equation method

The flow equation scheme has been applied e.g. to the spin-boson model [51]] and the dissipa-
tive harmonic oscillator [52]], where the lack of secular terms in comparison to naive pertur-
bation theory could be nicely demonstrated. A more advanced model of spinless fermions on
a one-dimensional chain and a density-density interaction with tunable integrability breaking
in the hopping term has also been analyzed with the flow equation method, which could be
tested against the time-dependent density matrix renormalization group technique (tDMRG)
[36]]. Unlike the tDMRG method, the flow equation approach is not limited to one-dimensional
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models. In [[84], the HuBBARD model in d > 1 dimensions was studied, where the time-
evolution of the momentum distribution function after a weak interaction quench was calcu-

lated (see sec. [4.1)).

In this thesis, we also turn our attention towards the HuBsaRD model in d > 1. The goal
is to go from one-particle functions (like the momentum distribution function analyzed in
[84]) to the more advanced case of two-particle correlation functions. Therefore, we first
provide a short introduction to the HuBBARD model in the next chapter.



Chapter 3

Interacting electrons on a lattice

In condensed matter physics, one prime challenge is to describe the collective behavior of
electrons in crystals, which can lead to emergent phenomena such as superconductivity or
magnetism. While the fundamental interactions between the electrons (and the atomic nuclei
of the crystal) are well-known, the resulting many-particle effects are hard to describe because
the HILBERT space of the corresponding wave function grows expontentially with the particle
number. Therefore, we will need effective models and further approximations if we want to
tackle the problem of solving the SCHRODINGER equation for the many-body wave function.
One of the most fundamental models for describing quantum correlation effects between
electrons is the so-called HuBsARD model. It is a vast simplification of electronic dynamics in
solids as it describes the electrons as moving on a discrete lattice with tunneling between neigh-
boring lattice sites and the electric repulsion as short-ranged and hence only being effective
between electrons on the same lattice site. However, this interaction already induces corre-
lations. And though the HuBaARD model has many extensions (like e.g. nearest-neighbor
interactions or next-nearest-neighbor tunneling), it is very useful in its simple form, because
it describes correlations between electrons in a straightforward way. Further physical moti-
vation and a mathematical definition of the HupBaArRD model will be given in sec.

While this model can be written down for arbitrary dimensionalities of the lattice, actual
calculations get the harder the higher the spatial dimension. But when taking the extreme
limit of infinite spatial dimensions, things become simpler again [81] [89]. At first glance,
an infinite-dimensional lattice may seem unphysical. However, this approach has provided a
good description of real materials (e.g. transition metals and materials with f electrons) in the
framework of dynamical mean-field theory (DMFT) combined with the local density approx-
imation (LDA) [I73, [113]]. As we will make use of this approximation for some calculations
in this thesis, we shall present the main idea behind electrons in infinite spatial dimensions in
sec. 3.2

Finally, this chapter concludes with some references to how the HusaRD model can be simu-
lated in the lab using cold atom experiments in sec. [3.3|and how time-dependent phenomena
in real correlated materials can be studied by time-resolved and angle-resolved photoemission

spectroscopy (trARPES) in sec.

33
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Figure 3.1: Illustration of the HusBARD model in real space in d = 2 dimensions

3.1 The HusBarD model

In 1963, HusBARD introduced a simplified model to describe interacting electrons in narrow
energy bands [55]]. In a follow-up publication, he argued that his model contains a transition
between a metallic and an insulating phase, which depends on the interaction strength [56]].
This so-called metal-insulator transition was first discussed by MotT in 1949 [87]] and is there-
fore often called a MOTT transition (for a review, see [88]]). It is one of the main features of
the HuBaRD model that made it so popular for studying strongly correlated electrons.

To define the HuBBARD model mathematically, we start by introducing the fermionic an-
nihilation and creation operators ¢, c/:(r that depend on the momentum & € [z, 7]¢ and
the spin o € {1, ]}. The momentum £k takes on discrete values given by the reciprocal lattice
(with lattice dimension d). The fermionic character of the annihilation and creation operators
is expressed in their canonical anti-commutation relations (CAR)

[cko" CL-/O_/]"' = 6/6,/6/60',0" s (3.1)
[Cko—’ckIO'/]+ = [CZO', C/:ro./]‘l' = O ’ (3.2)

where [A, B]; = AB + BA is the anti-commutator.

The dynamics of the electrons that are described by the fermionic annihilation and creation
operators is governed by two competing energy terms (cf. Fig. [3.1):

First, the electrons can tunnel between neighboring lattice sites (z, 7), where the rate is given
by the corresponding tunneling matrix element 7. This is expressed by the kinetic Hamilto-
nian

Ho=-7 ) (C,Cjr+Cl Ci), (3.3)

ag
(iy)o
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where

1 (-
Ciy = F 2. Pers (3.4)

lo- \/_ Z —i(l- /e) T (3-5)

are the annihilation and creation operators FOURIER transformed to real space, and Q is the
number of lattice sites. In momentum space, the kinetic Hamiltonian is simply

Ho = Z EkCZO_C/eO. s (3.6)
ko
with
d
er =21 ) cos(k;), (3.7)

1=1

being the dispersion relation and the momentum sum }; running over the reciprocal lattice
points. In the following, we will use the kinetic Hamiltonian in momentum space from
eq. with a general dispersion relation €, which may differ from the specific one in
eq. (3.7). The Fermr1 energy is defined as ep = 0.

Secondly, two electrons repel each other if they are on the same lattice site 7. Due to the PauLr
principle, this can only affect electrons of different spin. This motivates the following form
of the interaction Hamiltonian

Hi, =U Z nitni|
= UZCZLT zTC Czl , (3.8)

where U is the strength of the on-site CouLoms interaction. In momentum space, this two-
particle interaction term looks like

Hin = Z Z Ckr Tclec/e (CaL Ok ket - (3.9)
k o1 kS e

The form of the Hamiltonian H; clarifies that the on-site interaction induces collision pro-
cesses (k1 T.k2 |) — (k] 1.k} 1), where the total momentum is conserved, i.c., by + by =
k| + k).

The full Hamiltonian

H=Hy+H;,

U KX
— T f T
= Z €€ Cho T o) Z ckiTcleckélckZlaki+k§’/€1+k2 (3.10)
kie1k) ke

is just the HuBBARD model, or FERmI-HUBBARD model, in order to distinguish it from the
bosonic analogue. The generality of €, allows us to describe arbitrary lattice structures, rather
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than being restricted to the simple cubic lattice depicted in Fig. and described by the
dispersion relation from eq. (3.7)).

In one dimension, the FErmMi-HUBBARD model is exactly solvable (for a textbook introduction
we refer to [35]), while in higher dimensions no known general solution exists. This moti-
vates the development of suitable approximation schemes like the perturbative treatment of
the weakly interacting case (with U < 7) that we will elaborate on in this thesis. Further
simplifications can be made by using the limit of infinite spatial dimensions, presented in the
following section.

3.2 Limit of infinite spatial dimensions

When we calculate expectation values of observables that are composed of the annihilation and
creation operators introduced before, we are often left with sums over momenta, };, that are
not easy to assess analytically, especially if we go to higher spatial dimensions. If the summands
depend on the energies €, and the only explicit k-dependence is given by some momentum
conservation constraint in form of a é-function, we can introduce one-dimensional energy
integrals, / ded(e — €r), which leaves us with some generalized density of states [[112] that
can, for example, look like

1
Diler e2.65) = 5 Z 6(€1 — €p,)0(€2 — €5,)6(€3 = €4, )0k iy oy 4k, - (3.11)
k1.k2,k3

So, the troublesome term in the calculation is the k-dependent §-function at the end. If we
go to the extreme limit of infinite spatial dimensions, d — oo, however, this §-function turns
into a constant factor and the whole expression can be written in form of one-dimensional
energy integrals [[81, 89]. An important prerequisite for the vanishing of the momentum
conservation constraint &gz, ¢ +£, 15 the rescaling of the HussarRD model that needs to be
done before taking the limit d — oo, which we will motivate in the following subsection.

3.2.1 Rescaling of the HuseaRD model

When looking at the dispersion relation from eq. 1 , € = =21 Zle cos (k;), the corre-
sponding density of states is given by

D(E) = é Z S(E —€p) . (3.12)
k

In the limit d — oo, the central limit theorem yields

d—oo

D(E) ‘2 : (3.13)

1 1 ( E )2
Vi ovaa P\ 2\ vaa
which is just a Gaussian profile with a width o = 7V2d. But this means that in infinite spatial
dimensions the density of states becomes infinitly broad and flat, and hence unphysical [112]].

Therefore, we need to rescale

T*

V2d

T = (3.14)



3.2. LIMIT OF INFINITE SPATIAL DIMENSIONS 37

with finite 7%, in order to get a meaningful density of states [81]]. Only with this rescaling, the
interplay between kinetic energy and on-site interaction in the HusBarD Hamiltonian from
eq. (3.10) is balanced and of the same order of magnitude in infinite dimensions.

3.2.2 Simplifications in infinite dimensions

We have already mentioned that calculations of expectation values simplify in the limit of
infinite spatial dimensions. If we take, for example, the generalized density of states from

eq. (3.11),

1
Diler, 2.€) = o D S(er—e,)5(€2 — €,)0(€3 = €40k by ks » (3.15)
ki.k2.k3

we can replace the §-function by a constant £, and hence the explicit k-dependence vanishes
[[112]]. For a detailed derivation, we refer to [89]].

Thus, in infinite spatial dimension, the generalized density of states factorizes into single-
particle densities,

d—ooo 1
Dy(ey,€2,€3) = o Z 0(€1 — €p,)0(€2 — €,)0(€3 — €,)
k12 ks
1
= oPenD(e)Des) . (3.16)

Now, the complicated sums over momenta can be fully replaced by one-dimensional energy
integrals.

3.2.3 Physical justification of the limit

The limit of infinite spatial dimensions may seem unrealistic with regard to real materials.
However, it maintains the two important features of the HussaARD model that we are inter-
ested in: First, we still have a discrete lattice structure. Secondly, with the rescaling, we have
a balanced contribution of kinetic energy and on-site interaction. Since these are the features
whose dynamical implications we want to study, the limit d — oo seems useful.

For instance, the previously mentioned metal-insulator transition was first formally shown to
be present in the HuBBARD model in the infinite-dimensional limit [[102]]. The critical param-
eter of the transition is the ratio U/, where for small U the kinetic energy dominates the
dynamics and thus the model is in the metallic phase. If one increases the interaction strength
U above some critical value, localization effects will push the model into the insulating phase.

In dynamical mean-field theory one also uses the rescaling for high dimensions. In fact, not
the real spatial dimension d but the lattice coordination number Z is the large quantity there.

The first order correction, when going to finite Z, is then given by O(%) [[112]. For a face-

centered cubic lattice, where £ = £, this correction is already small. Hence, this may serve

as another justification of the seemingly unrealistic limit of infinite spatial dimensions or co-
ordination number. Indeed, DMFT +LDA methods have been very successful in describing
real materials [[73], [113]].
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3.3 Experiments with cold atoms

Probing the dynamics of isolated quantum many-body systems like the HusBARD model in
experiments is very challenging because of the difficulties that lie in creating systems that are
isolated from the environment and at the same time accessible for measurements. An ideal
playground that meets these two criteria is found in experiments with cold atoms, where
model systems are simulated by atoms trapped in optical lattices [8]]. These experiments
also allow for a well-controlled tuning of model parameters, such as the hopping rate or the
interaction strength in the HuBARD model.

After equilibrium properties of many-body systems have extensively been studied in cold
atoms [9]], recent progress has been made in observing unitary dynamics [49, [61]], which
has opened up the field for studying nonequilibrium settings. When it comes to dynamical
observations, the advantage of cold atomic gases lies in their long coherence times due to their
isolation from the environment. These coherence times can reach several seconds, whereas
the dynamical relevant time scales of the atoms are much shorter, which allows for resolving
the atoms’ intrinsic dynamics [72].

3.3.1 Experimental setup
Optical lattices

The potential landscape of periodic many-body systems can be simulated in the lab by in-
terfering laser beams. When the lasers are arranged in a way that their electric field forms
a standing wave, the oscillating field at the anti-nodes induces a likewise oscillating dipole
moment on an atom that is released into this field. The dipole moment itself interacts with
the laser field again, which provides an optical trap for the atom. The dipole potential has
the same periodicity as the standing laser wave, which thereby forms an optical lattice for the
atom. Such an optical lattice can be generated in one, two or three dimensions [[]].

The lattice constant, i.e., the distance between neighboring lattice sites, as well as the depth
of the lattice potential can be tuned — also dynamically — with high precision by varying the
frequency or the intensity of the laser. Twisting the lasers against each other even enables the
generation of different lattice geometries going e.g. from simple cubic to hexagonal systems
[94].

Measurements

When one releases dilute atomic gases into the optical lattice, they are cooled down to very
low temperatures by the laser trapping. Individual atoms can be tracked e.g. by fluorescence
imaging [[103]] or scanning electron microscopy [44]], and hence site-resolved measurements
become possible [5, [107]]. This typically corresponds to a measurement of the density dis-
tribution 7(x) in real space. By time-of-flight expansions, where one suddenly turns off the
optical lattice and measures the particle positions after a certain amount of time, one has also
access to the momentum distribution 7(k) in FOURIER space [2, 29]. As one disrupts the
atomic gas during these measurements, they must be repeated for equally prepared systems at
different delay times in order to study dynamical features.

Beyond fluorescence imaging and scanning tunneling microscopy one can also use matter-
wave interference, which enables the measurement of observables that do not only depend
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Figure 3.2: Spreading of correlations in

2 Quench 3 quenched atomic MoTT insulator. a:
\./\.M/\./\./\.N g Each lattice sites contains exactly one
bosonic atom before the quench. b: Af-

Padion. ter lowering the lattice depth, entangled

pairs of doublons (red) and holons (blue)

® \o/ \o/ \@/ \@/ \o/ \o/ \o/ \o@ emerge and start moving apart with a rel-

é\ ° o/ \o/ \@ o/ \o g 3 ative Velomty V. [Reprinted by permission from

Springer Nature Customer Service Centre GmbH: Springer

Nature, Nature 481 ("Light-cone-like spreading of correla-
@/ \&/ \§/ \8/ \@/=® tions in a quantum many-body system", CHENEAU et al.) (©)

d=vt 2012]

on the absolute value of the quantum field (like the density and momentum distributions)
but also on the complex phase [50, [104].

Modeling of interactions

The high controllability of the optical lattice allows for inducing nonequilibrium dynamics
e.g. by implementing a quantum quench after the atoms have reached a certain distribution in
the lattice. Tuning the depth of the lattice potential, for example, influences the tunneling rate
for atoms between neighboring lattice sites. An important feature of cold atom experiments
is that even interactions between particles (like the on-site repulsion of the HusBarRD model)
can be simulated using FEsHBACH resonances [37}, 40]].

When two atoms come close to one another, their valence electrons interact with each other
and induce a scattering process. By applying an external magnetic field, one can tune the
scattering length, which drastically changes if the state of the two atoms comes close to a
molecular bound state, a so-called FEsHBacH resonance. Now, one utilizes that on the one
hand the scattering length depends on the external magnetic field, while on the other hand it
is directly related to the two-particle interaction potential. Thereby, one is able to freely tune
the interaction strength between the particles and even change the sign, going from repulsive
also to attractive interactions [26]].

3.3.2 Spatial correlation functions

An experiment that comes close to what we will study in this thesis — namely the spreading
of two-particle correlations in the HUuBBARD model out of equilibrium — was carried out by
CHENEAU et al. and published in 2012 [24].

They created a Bose-EINSTEIN condensate in an effectively one-dimensional optical lattice —
hence simulating the Bose-HusBARD model — where initally each lattice site was filled with
7 = 1 atom and the total number of lattice sites ranged between 10 and 18. A good control
of the lattice potential depth let them tune the model parameters J (hopping parameter) and
U (interaction strength) of the Bose-HusBARD model: A deep optical lattice corresponds to
a large U /] because hopping between lattice sites becomes more difficult.

The initial state was prepared deep in the MoTT-insulating phase with U /] = 40 and at low
temperature kg7 ~ 0.1U. A sudden lowering of the lattice depth, which corresponded to
a quantum quench to U/J = 9 (and subsequently also to U/] = 7 and U/] = 5), brought
the system out of equilibrium (see Fig. 3.2). After a variable amount of time they froze the
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density distribution by drastically increasing the lattice potential depth. In this state, the site-
resolved occupation number was measured with fluorescence imaging.
By repeated measurements, they were able to extract the two-point parity correlation function

Ca(t) = (sj(2)sja(t)) = (s;(£))(s2a(2)) » (3.17)

withs;(t) = e~ being the parity of the occupation number 7; of bosonic atoms at lattice
site .

As a result they found that the spatial correlation function has a certain peak that propagates
in time (see Fig. [3.3). From this they calculated the corresponding quasi-particle velocity,
which was compared to numerical results for an infinite lattice, performed with the density
matrix renormalization group (DMRG) method. It was found that the measurements and
numerical results were in good agreement.

The interesting physical behavior that was observed is that the propagation of quasi-particles
always stays below some maximal and finite velocity. In other words: the propagation is
restricted to an effective light cone due to causality. We shall return to this issue in sec.

3.3.3 Experiments with fermions

While the experiment by CHENEAU et al., described above, was carried out with bosons, quan-
tum simulations of the HuBBARD model are also possible with fermions.
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One of the first experiments was reported on by MopugNo et al. in 2003 [83]]. They prepared
fermions in a one-dimensional optical lattice and measured the momentum distribution for
different lattice constants. They found that for very tight lattice configurations the system’s
density of states changed to describe a quasi-two-dimensional FErmr gas.

A further experiment by KOHL et al. from 2005 [[64] simulated the attractive single-band
Fermr-HueBarD Hamiltonian in a three-dimensional lattice, while the repulsive analogue
could be simulated by JORDENS et al. in 2008 [58]].

Finally, Parsons et al. showed in 2016 [92] that they can assess the spatial spin correlation
function in the two-dimensional FErm-HuUBBARD model (in the MoTT-insulating regime at
U/t = 8). They performed their measurements at different low temperatures and found ex-
cellent agreement with results from the numerical linked-cluster expansion (NLCE) under a
local density approximation (LDA).

3.4 Time-resolved ARPES

Experiments with cold atoms in optical lattices are kind of artificial because in the end we want
to investigate the behavior of electrons in real materials. This can be done by angle-resolved
photoemission spectroscopy (ARPES), which is the state-of-the-art method to measure the
electronic band structure e(k) or momentum distribution 7(k) in correlated materials that
are e.g. described by the HuBsARD model.

Photoemission spectroscopy is based on the photoelectric effect that was discovered by HerTzZ
in 1887 [54] and explained by EimNsTEIN in 1905 [34]: Shining light on a solid may lead to
the emission of electrons from its surface because the photons transfer their energy onto the
electrons.

When the energy hiw of the photon is high enough to drive an electron out of the material,
the emitted electron will have a kinetic energy

Epn=hw—-Ep—¢, (3.18)

where Ep is the binding energy of the electron and ¢ is the electron work function, a constant
that depends on the surface of the material [69]]. The work function needs to be calibrated by
comparison with a well known sample (like gold or copper). Then, by measuring Ey;, with
a detector one can reconstruct the energy Ep of the former core or valence electron. The
density of states of the valence electrons at a certain energy Ep will be proportional to the
number of photoelectrons emitted with the energy Ey;,,.

In photoemission experiments, one distinguishes between x-ray photoelectron spectroscopy
(XPS), which is needed to emit core level electrons, and ultraviolet photoelectron spectroscopy
(UPS), which is sufficient for emission of valence electrons.

3.4.1 Angle-resolved photoemission spectroscopy

Photoemission spectroscopy allows for measuring the density of states of surface electrons.
In order to study the full band structure €(k), one needs to measure also the emission angle
of the photoelectrons. The polar angle 6, the azimuthal angle ¢ and the kinetic energy Ej;,
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define the wave vector K of the emitted electron,

V2meEn (si.n 0 cos 90)

(3.19)

sin 6 sin @
h
cosf

Now, the question arises how this vector K of the emitted electron is related to the former
momentum ik of the electron inside the solid. Because the momentum of the photon is much
smaller than the momenta of involved electrons, we can simply neglect it in the momentum
balance. The momentum component parallel to the surface of the sample is conserved due to
the translational invariance inside and outside the sample. This means that

For two-dimensional crystals, there is no perpendicular component &, which makes it easy
to measure hk.

For three-dimensional materials, we need to determine &, as well. This can be done in the
so-called sudden approximation framework, for which we refer to [69].

The momentum- and energy-dependent spectral function A(k, €) that is measured with ARPES
not only determines the band structure (k) but also the momentum distribution function
n(k) via the relation

n(k) = /def(e)A(/e, €), (3.21)

where f(€) is the FErmi-Dirac distribution.

An interesting question is how the momentum distribution function changes in time when
the system is driven out of equilibrium. Such scenarios can be studied by time-resolved mea-
surements with pump-probe spectroscopy.

3.4.2 Pump-probe spectroscopy

The possibility to create ultrashort laser pulses in the range of femtoseconds [45]] has opened
up the field of pump-probe spectroscopy, where one can perform time-dependent measure-
ments in materials driven out of equilibrium.

The general idea is to first pump energy into a system with an ultra-short laser pulse. This
excitation will induce nonequilibrium dynamics in the sample. After a certain delay time, a
second so-called probe pulse is sent to induce a photoemission spectrum. For example, one
can measure the electronic spectral function A(k, €) via ARPES. By varying the delay time
t, multiple measurements of the photoemission spectrum finally reveal its time-dependence,
A(k, €,t), where the resolution can reach the order of femtoseconds.

This so-called time-resolved ARPES (trARPES) has turned out to be a very useful tool to
study dynamical processes in systems with correlated electrons.

For example, in an experiment by PERFETTI et al. from 2006, a photo-induced phase tran-
sition from an insulator to a metal was discovered [93]]. The sample was the MoTT-insulating
material 17-TaS; that was excited and brought out of equilibrium by a pump laser. Then,
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Figure 3.4: Spectra of the transient electronic dynamics of photoexcited 17-TiSe;. The red

area shows the ultra-fast accumulation of electrons in the Ti 3d band. [Reprinted by permission from
Creative Commons Attribution 4.0 International License: Nature Communications 7 ("Self-amplified photo-induced gap quenching in a
correlated electron material", MaTHIAs et al.) (©) 2016. Only part of the original figure is shown.]

PERFETTI et al. measured the spectral function with trARPES and found that the electronic
band gap of the MoTT insulator closes within 100 fs after the excitation, which corresponds to
a phase transition to the metallic phase. Accompanying DMFT calculations confirmed that
this process is solely driven by the electrons and not by a distortion of the lattice.

In 2016, MaTHIAs et al. followed up with a similar experiment on 17-TiSe; [[79]. They asked
the question whether there is a universal relation between the size of the energy gap in the
correlated material and the relaxation dynamics of the electrons.

MatHias et al. cooled down the material to the temperature of liquid nitrogen, at which
17-TiSe; 1s in the charge density wave (CDW) phase and has a characteristic energy gap
~ 100 meV. After pumping energy into the system, they measured the photoemission spec-
tra shown in Fig. The energy gap between the occupied Se 4p and the unoccupied Ti 3d
bands closed extremely fast after intense optical excitation. They explained this by a positive
feedback effect: The carrier multiplication becomes faster with a decreasing energy gap.

A combined method of time-resolved x-ray diffraction and time-resolved ARPES was estab-
lished by GerBER et al. in 2017 [43]]. While x-ray diffraction allows for tracking the lattice dy-
namics, a simultaneous usage of both techniques enabled them to study the electron-phonon
coupling in iron-based superconductors. This coupling can be enhanced by electronic corre-
lations, as they found in their experiment.

Comparison to cold atom experiments

When studying the nonequilibrium behavior of correlated electrons, trARPES deals with
realistic materials while simulations with cold atoms are more artificial. A main difference is
that the samples in trARPES can be considered as open quantum systems that interact with
the environment. In contrast, cold atoms on optical lattices can be considered as isolated
systems for sufficiently long times. Another difference is that samples in trARPES are driven
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out of equilibrium by local photoexcitations, while in quantum simulations the usual setup
is a global quantum quench.

One also has to be aware of that one cannot directly measure correlation functions with
trARPES like in the cold atom experiment by CHENEAU et al. (see sec. [3.3.2). In this thesis,
we will study the general time evolution of fermionic operators in the HusarRD model. Our
results can be used for the calculation of a wide range of observables that may be accessible
either in trARPES measurements or cold atom experiments.



Chapter 4

Nonequilibrium phenomena

In isolated quantum systems out of equilibrium, it is not entirely clear how equilibrium or
thermalization is reached under a unitary time evolution.

Integrable systems do not thermalize at all because there are too many constants of motion
that constrain the dynamics and prevent chaotic motion. Actually, nonthermal steady states
in integrable systems are found in analytical calculations [31] as well as in experiments with
cold atoms [[61]].

While nonintegrable systems thermalize in the sense that some observables reach equilibrium
values that can be predicted by a thermal ensemble [97]], an interesting question is what hap-
pens to systems whose integrability is weakly broken, e.g. by a small perturbation. Here, one
observes a phenomenon called prethermalization that will be addressed in sec.

To analyze the dynamics of equilibration and thermalization, one ascertains the speed of infor-
mation that propagates through the system by considering the build-up of correlations. Their
spatiotemporal structure is often confined to an effective light cone, which will be clarified in

sec. [4.21

4.1 Prethermalization

In 2004, BErGEs et al. discussed the concept of prethermalization in complex quantum systems
far from equilibrium in the context of heavy-ion collisions [7]]. When a quantum system is
driven out of equilibrium, it can happen that on an intermediate time scale — long before
thermalization sets in — certain bulk quantities already equilibrate to a prethermal value while
momentum-dependent mode quantities are still far from equilibrium. As an example for
such a bulk quantity they considered the equation of state p(€), i.e., the relation between
pressure p and energy density €. When this function is almost constant in the intermediate
prethermalization regime, a closed hydrodynamical description becomes possible. At the
same time, mode quantities like the momentum distribution will still memorize the initial
conditions and only equilibrate on a longer time scale.

4.1.1 Time scale separation

Following the publication of BERGEs et al., MOECKEL and KEHREIN studied such a mode quan-
tity in the context of condensed matter physics (184,85, [86]]. They considered the time evolu-
tion of the momentum distribution function in the HuBARD model out of equilibrium (see

45
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sec. [3.1).

The initial state was the zero-temperature ground state of the noninteracting Hamiltonian,
i.e., the FERMI sea. At time ¢ = O, they implemented a weak interaction quench and let the ini-
tial state evolve in time under the interacting Hamiltonian. By means of unitary perturbation
theory (see sec. [2.2.1)), they calculated the momentum distribution function in a second-order
expansion in the interaction strength U and got the expression

def

ANSEU) = e (e () - <c,€T<0>ckT(0)>

4U2/ g Sn (Ef_)’e) 1 Eom) + O (4.1)

with I,(E, n) being some phase space factor that defines the bound of integration and that

depends on the initial momentum distribution 7. The perturbative result is stable up to and

including the prethermalization time scale ¢ < p'U™2, where pr is the density of states at

the Ferwmr level.

Then, MoeckeL and KEHREIN worked out the momentum distribution function of the inter-
. . ey EQ .

acting HuBBARD model in equilibrium and at zero temperature, AN, ", and compared it to

the time average AN /i\I FQ 6f the nonequilibrium function from eq. 1D As the time average
only refers to the prethermalization regime, it is exactly the prethermal value. They found
that

AN, = 2AN 2 + O(UP) . (4.2)

This means that the prethermal value of the momentum distribution after a weak quench
differs from the equilibrium value at zero temperature by a factor 2.

By means of the HELLMANN-FEYNMAN theorem, they established respective relations for the
kinetic energy Ey;, = (Ho) and the interaction energy E;,; = (H ),

E}:EQ 2B+ 0(U?), (4.3)
ENRQ 2 EER L oY) | (4.4)

MokckeL and KEHREIN concluded that the nonequilibrium momentum distribution function
and the kinetic energy do not reach their zero-temperature equilibrium values within the
prethermalization regime, while the interaction energy does. This fits in the picture by BERGES
et al. because the momentum distribution function is a mode quantity, while the interaction
energy is a sum over local terms.

MokckeL and KEHREIN argued that thermalization sets in on a much longer time scale ¢ >
pz>U™*, which is described by the quantum BorrzmanN equation. Here, the heating effect of
the quench increases the temperature to T oc U and the above relations, where the equilibrium
values are associated with zero temperature, no longer hold.
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To sum up, MoeckEeL and KeHREIN identified three separated time regimes after the interac-
tion quech:

(1) 0<st < plle ~2: formation of quasi-particles,
(i) pg Ww2<r< p;3 U~*: quasi-steady prethermalization regime,
(111) p? U~* < t: thermalization regime.

If one decreases the interaction strength U and comes closer to integrability, thermalization
will be massively delayed. This fits to the picture that integrable systems do not thermalize.
The analytical findings by MoOECkEL and KEHREIN were numerically confirmed by EcksTEIN,
KorLar and WERNER, who performed their calculations in the limit of dynamical mean-field
theory (DMFT) [32,133]]. A comparison of the DMFT results and the analytical prethermal-
ization values is shown in Fig. Here, one also sees that the prethermalization plateaus
become broader with decreasing interaction strength.

4.1.2 Generalized Gibbs ensemble

The prethermalization value of the momentum distribution function from eq. differs
from the equilibrium value and is therefore not related to the thermal density matrix p,y, .
However, KoLLAR et al. demonstrated in a follow-up publication that expectation values
for prethermalized states can be predicted by a generalized Gibbs ensemble (GGE) [[65],
which originates from the description of nonthermal steady states in integrable systems [[100].
Hence, prethermalization plateaus are illustrated as near-integrability induced bottlenecks in
the thermalization dynamics.

Indeed prethermalization is a universal concept in weakly perturbed systems that not only
applies to condensed matter systems but also e.g. to the reheating of the post-inflationary
universe [I70, 96} 99]].

Following the argument of KoLLAR et al., let us consider a weakly perturbed system H =
Ho + gH;, that is close to integrability, i.e., 4 < 1. Then, the exactly solvable part of the
Hamiltonian can be written as

Ho = Z el , (4.5)

a
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where I, are nearly conserved quantities in the perturbed system. For the HusaARD model

from eq. (3.10), for example, we have I, = cTac/w. If one replaces the thermal ensemble
from eq. (I.2) by the so-called generalized Gibbs ensemble

1 _
PGGE = ¢ Zadala, (4.6)
7 = Tr[e” Zadalo] | (4.7)

with some generalized inverse temperatures A,, expectation values of prethermalized quanti-
ties are obtained by

(0) = Tr [pgeeO] - (4.8)

The predictability of prethermalized expectation values by means of a GGE has been con-
firmed both in experiments [50, [108]] and corresponding analytical calculations [[63]].

Many-body localization

While weakly perturbed systems will thermalize when they are tuned away from the inte-
grable point, many-body localized states provide an alternative to study nonthermal steady
states that are described by a GGE [[111]].

Many-body localization occurs in disordered systems and was first proposed by ANDERSON
in 1958 [3]], who considered free fermions in a random local potential,

H=-1 Z(cllci +h.c)+ Z WUin; . (4.9)

He showed that the disorder of the random potential localizes all single-particle wave func-
tions in space. Because excitations cannot move and transport energy through the system,
thermalization fails. Interestingly, this is also the case for nonintegrable systems with disorder.
An underlying reason is that the excited eigenstates satisfy an area law for the entanglement
entropy [16, [106]], which violates the eigenstate thermalization hypothesis (ETH).

In the many-body localized phase, there is an infinite number of local conserved quantities,
so that one can speak of local integrability [[106].

The appearance of many-body localization was recently confirmed in experiments with cold
Fermi gases in optical lattices [66]].
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4.2 LieB-RoBinsoN bounds

The prethermalization behavior in the HuBARD model has been analyzed for the momentum
distribution function and now the natural question arises how correlations between particles
build up after the interaction quench, which will be examined in this thesis.
In 1972, Lies and RoBINsON evinced that information in quantum spin systems can only
propagate with a finite group velocity v [[74]. The considered a general quantum lattice system
with only local interactions in the Hamiltonian. For any two local observables O x and Oy
that are defined over two disjoint sets X and Y, one can derive the following bound for the
commutator,

I0x(0). 0y O < e min (X1 1Y DIOx 110yl exp (XL =E) g
In this notation that follows the lecture notes by Hastings [53]], || - || is the operator norm,
¢ and ¢ depend on the type of interactions and the lattice geometry, dist(X,Y") measures the
distance between X and Y and v is a characteristic velocity.
The interpretation of this bound becomes clear, when we look at the argument of the expo-
nential. If dist(X,Y") is larger than v[¢|, the upper limit of the bound will decay exponentially
in the spatial distance at fixed time ¢. This leads to the notion of an effective light cone, where
the speed of light is replaced by the group velocity v. The commutator from eq. only
has relevant contributions inside the effective light cone and becomes exponentially small out-
side because the latter region is causally disconnected if v is the maximum speed for spreading
of information.
While the original proof by Lie and RoBINsON is only valid for translational invariant spin
systems with a finite HILBERT space, more recent versions also include lattice bosons and
infinite HILBERT spaces [90].

4.2.1 Connection to linear response theory

It turns out that the commutator from eq. (4.10) also appears in the Kuso formula and is
closely connected to linear response theory [68]].
For a Hamiltonian

H(t)= Ho+0()V(t) (4.11)

that is weakly perturbed by some potential V(z) for times ¢ > O (here, ©(¢) is the HEAVYSIDE
step function), the time evolution of an observable A can be estimated in a linear expansion
inV as

(A)) = <A(O)>—i/O de’([A@), V(£')]-) . (4.12)

Assuming a singular perturbation V' (¢) = 6(¢)B(¢), this motivates the notion of the suscepti-
bility
xa5(t) = —1([A(), BO)]) . (4.13)

It is the linear response of the observable A to a small perturbation B. For local operators

A and B, this susceptibility is subject to the LieB-RoBINSON bound from eq. (4.10). It means
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Figure 4.2: Spatiotemporal behav-
ior of the spin susceptibility (com-
mutator) in the Konpo model at .
zero temperature. The commuta-
tor vanishes exactly outside the ef-
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permission from MEDVEDYEVA et al. Physical Review
B 88 (2013), 094306, Copyright 2013 by the Ameri-
can Physical Society. Only part of the original figure 00 05 10 LS 20 25
is shown. | (a) !

that the linear response only propagates with a finite velocity and that no response is given in
causally disconnected regions.

This was shown for the spin susceptibility in the Konpo model by MEDVEDYEVA et al. using
exact results at the integrable point of the model [[80]. In Fig. (4.2 it is shown how the suscep-
tibility vanishes exactly outside an effective light cone.

It is important to note that the original Lies-RoBINSON bounds are only formulated as bounds
on the commutator, i.e., on response functions. In equilibrium, these are directly connected
to correlation functions, i.e., anticommutators, via the fluctuation-dissipation relation. How-
ever, this relation is no longer exact in nonequilibrium settings [[105]].

4.2.2 Equal-time connected correlation functions

In current experiments with cold atoms, one can measure correlation functions (cf. Figs.
and [3.3)) [24]], which motivates further analysis on respective bounds for the equal-time
connected correlation function of two observables A and B, which is defined as

Cap(t) = (A)B(t))c = (A(£)B(1)) — (A())(B(2)) - (4.14)

Motivated by the Lies-RoBiNsoN bounds, Bravyt et al. developed an estimation for the spa-
tiotemporal structure of these correlation functions [12]. They made the assumption that for
any two local observables O x and Oy the initial correlations decay at least exponentially in
space, Le.,

(4.15)

(OX()0yO)] < cexp (—M) ,

3

with some constants ¢ and £. Then, they showed that the time evolution of the correlation
function under a local Hamiltonian is bounded by

(4.16)

[{Ox(£)Oy(t))| < '(|X]| + Y]) exp (_dlSt(X, Y)- 27)|t|) ’

éf/
with different constants ¢’ and ¢’. This bound implies the same light cone effect as the original
LieB-RoBINSON bounds, only with a changed velocity 2v.
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Figure 4.3:  Spatiotemporal be-
havior of the spin correlation
function (anticommutator) in the
Konpo model at zero tempera-
ture. The anticommutator decays
algebraically outside the effective

llght cone. [Reprinted figure with permission
] from MEDVEDYEVA et al.  Physical Review B 88
! i (2013), 094306, Copyright 2013 by the American

B T T S T X Physical Society. Only part of the original figure is
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If the initial state is entangled such that the assumption in eq. does not hold, this entan-
glement can enhance the spreading of correlations outside the effective light cone (see Fig.[1.3)).
A likewise behavior was found in the Konpo model (see Fig. for unequal-time spin cor-
relations [180] and in the exactly solvable LuTTINGER model [[1]].

KASTNER also provided a general bound for equal-time correlation functions for entangled ini-
tial states that allows for spreading of long-range correlations that decay algebraically outside
the effective light cone [59].

In the following part of this thesis, the boundedness of susceptibilities as well as the depen-
dence of equal-time correlation functions on initial entanglement will be analyzed for the
HusearD model and accordance with the considerations above will be found.
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Chapter 5

Flow equation analysis of the HuBBarRD
model

In this chapter, we will work out the dynamics of the HussaRD model in d > 1 dimensions

as defined by eq. (3.10),

_ i Y f i
H = Z €CLyCho * Z €1 ChiTC | Coal Ok 4kl ks » (5.1)
ko kik1.kl ke

in the framework of unitary perturbation theory, introduced in chapter[2] The purpose is to
study nonequilibrium dynamics in this model, which can be induced by implementing a weak
interaction quench. That is, we prepare the system in a thermal state of the noninteracting
Hamiltonian and then suddenly switch on the interaction U. We will further define this
quench protocol in sec.

However, for the perturbative solution of the HEISENBERG equation of motion the details of
the quench setup do not matter because the time evolution of the observable does not depend
on the initial state. Before solving the equation of motion, the first step is to approximately
diagonalize the Hamiltonian by means of the coupled flow equations and (2.47)). As
these cannot be solved exactly, all calculations will be carried out perturbatively, where the
interaction strength U (or more precisely the ratio between U and some average €;,) will serve
as the expansion parameter. We will first work out the generator of the flow in sec. [5.2|and
then solve the flow equations that diagonalize the Hamiltonian in a systematic second-order
expansion in sec.

As any dynamical observable of the HuBARD model depends on the fundamental annihilation
and creation operators, we will calculate the real-time evolution of the annihilation operator
cy(t) by means of the forward-backward scheme that was explained in sec. For this
purpose, we will calculate the unitary flow of ¢4 to the energy-diagonal basis in sec. [5.4|and
subsequently its time-evolution and backward transformation in sec. While some parts
of this calculation have already been carried out by Moecker and KeHreIN [85]], our second-
order expansion of c(¢) enables the calculation of all observables that contain products of
at most four annihilation and creation operators.

In sec. we will show that our perturbative approach is stable up to and including the
prethermalization time scale t < pp'U™2.

55
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Normal ordering

In order to have a better control of the vast number of terms that are created throughout the
flow equation analysis, we will use normal ordering and hence work with the Hamiltonian

_ oo Y ol e
H = Z €p €L Cho 't +§ Z : CkiTCleCkélC/ezl : 6k{+/€§,/€1+k2 . (5.2)
o R ek ks
The characters : ... : denote normal ordering due to Wick [[116] with respect to the initial

state |o) that the system is prepared in. The main features of normal ordering are explained
in App. |Al where we also show that normal ordering of the above Hamiltonian does not
affect the dynamics.

5.1 Quantum quench protocol

A common approach to inducing nonequilibrium dynamics in quantum many-body systems
is to implement a quantum quench, which is easier to treat than realistic photoexcitations.
The system is prepared in the thermal equilibrium state |¢o) of a parameterized Hamiltonian
H(A)at A = Ag. Then, at time to, the value of the Hamiltonian parameter is suddenly changed
to A%, such that

H(t) = {H(/lo) fort < tg, (5.3)

H(1%) fort > tg .

The time evolution of |yo) for times ¢ > tg is then governed by the Hamiltonian H(1*). As
lo) 1s not a thermal state of this quenched Hamiltonian, we will usually observe nonequilib-
rium behavior.

In this project, we implement an interaction quench in the HussarD Hamiltonian from
eq. (5.2). That is, we prepare the system in the thermal state [o) of the noninteracting Hamil-
tonian H g, hence at U = 0. This means that

(Woley, Choltbo) = i = (for o =1,1) (54)

eber + 1

is given by the FErmi-Dirac distribution, where B is the inverse temperature. We will see
that throughout the flow equation analysis all information on the initial state will be encoded
in this distribution 7.

At time ¢ = 0, we switch on the interaction to some final value U, so that the quench protocol

is given by

H fort <0,
H(t)y={"° ort < (5.5)
Hy+ H;,, fort >0.

Using the HEISENBERG picture, we calculate the time evolution of observables O(z) given by
the HEISENBERG equation of motion

OO _ 1.0

(5.6)
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While the perturbative solution of the HEISENBERG equation of motion in this chapter is
independent of the quench protocol and the initial state, the normal ordering will simplify
the calculation of expectation values,

(O()) = (Yol O@)lo) (5.7)

if the initial state is the reference state of normal ordering.

5.2 Canonical generator

Now, we are looking for the generator of a flow that approximately diagonalizes the Hamil-
tonian H = Ho+ H;y, for times ¢ > 0. We use the approach by WEGNER (see sec. [2.3), where
our ansatz for the flowing post—quench Hamiltonian up to first order in U is

H(B) = Z €r(B):cl cpo i+ Z Ugs kokser(B) < €], TCmck \Chal * Ok wky ki vk
ko /e *;

Ho(B) Hin(B)
+0(U?), (5.8)
with the initial conditions €,(0) = €, Ukt ko sk, (0) = U. Hence, the canonical generator
from eq. is given by
n(B) = [HO(B) H; (B)]-

=5 Z Z €L(B)Upk: ko, ks k) (B) [ /eTc/eT e /:{Tclec};glckzl =]_ Otk ey +r

Z Z €L(B)Up: ky ks /ez(B)[ le/el L), Tcleck \Ckal : ] Okt ey +kr

+ 0(U2) . (5.9)

The products of normal-ordered expressions in the commutators can be calculated with Wick’s
second theorem specified in App. Terms with six normal-ordered annihilation and cre-
ation operators commute and cancel out. This is also true for the contractions that result in
terms with two normal-ordered operators. Only the contractions that leave terms with four
operators do not commute, and we get

n(B) = Z A€k, by by B)Uky ksl (B) 2 €, TC/echk (Chal * Okt k) ek

/e ;i
+0(U?), (5.10)
with
def
A€kt oy by ky(B) = €11(B) — €, (B) + €4;(B) — €,(B) . (5.11)

At this point, the coupling of the flow equations becomes clear: The generator of the flow
itself has not yet an explicit form but depends on the parameters €,(B) and Uy ¢, x; 4,(B) from
the Hamiltonian, whose flow it generates. Thus, we need to calculate the transformation of
the Hamiltonian under the flow, before we are able to explicitly write down the generator of
the flow.
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5.3 Transformation of the Hamiltonian

The flow equation for the Hamiltonian from eq. (5.8)) reads

dH (B)
dB

= [n(B), H(B)]_ (5.12)

We will first calculate the flow of the Hamiltonian up to first order in U, which allows us to
write down the canonical generator explicitly. Then, we will turn our attention towards the
second-order expansion of the flowing Hamiltonian.

5.3.1 First-order expansion

Let us separate eq. (5.12) like

dHO(B) + dHlnt(B)
dB dB

= [n(B), Ho(B)]_ + [n(B), Hin(B)] . (5.13)

We start with calculating the contribution from H o,

[n(B), Ho(B)) Z D A€kt ks Bk ke (B (B)
k ki ko

X[ Ck; Tcleck Skl H3 € €l Chor * _ Okjky ke

The calculation of the commutator of the normal-ordered expressions is completely analogous

to the calculation from eqs. (5.9) - (5.10), so that

2 o+
[n(B). Ho(B)]- = - (AEk;,kl,/e;,kz(B)) Ukt by ks by (B) - C,:”C/enckél%zl DOk k) i+

kL k;
+O0(U?) . (5.15)

The contribution from the interaction part,
[n(B). Hin(B)]_ = O(U?), (5.16)

is already of second order in U.
Now, we compare the operator structures that appear in eq. (5.13). To leading order, the
resulting effective flow equations for the Hamiltonian coefhicients read

de(B)

a3 0

+0(U?), (5.17)

AUk ke kyba(B)

2
dB - (Agki’kl,ké,kz(B)) Ukt ey oy ) (B)

+0(U?). (5.18)
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As by eq. (5.17)) €(B) is constant, we can easily integrate eq. (5.18)), so the solutions to the
flow equations are

E/e(B) =€
+OW?). (5.19)
—(Aeyr ’ ZB
Uk ki kykr(B) = Ue (A€k! by k) ky)
+OW?). (5.20)

Therefore, the flowing Hamiltonian reads

¥ U ~(A€gr 4o 47 4, B 5
= .ol . klky.k)k . f .
H(B) = kg €k €L, Cho - +5kgk e prLRpR2) c/e{Tclec/eélckZl : 5k{+k§,/€1+/€z
o ki

+0(U?). (5.21)

The exponential function leads to a decay of the collision terms in the interaction part through-
out the flow, where highly inelastic terms with a large energy difference A€y g, z; %, decay
fastest. In the limit B — oo, only elastic collision terms with A€xs oy by k, = O survive. In the
one-dimensional HusBARD model, where the dispersion relation is linearized [35]], the energy
difference A€ps ky kyky 15 already zero at B = 0. This would make the flow featureless, and

hence we only consider dimensions d > 1.
The canonical generator can also be written down explicitly now,

Y ~(Aeys k)’ B | i
n(B) =5 Z A€kl kikyla€ €L CRChy (Chal ¢ Oki ks
bk

+0(U?). (5.22)

In the limit B — oo, the generator is completely zero, meaning that Ho and H;,; will com-
mute in first order.

5.3.2 Second-order expansion

The contribution to the flow from eq. (5.16)) induces new types of interaction terms in the
flowing Hamiltonian that are of second order in U, which motivates the ansatz

1
_ o : o + :
H(B) = § €r(B) ey Chy ity § Ukjkikyka(B) : €iaChitChr Chal * Okekpkres
ko s

! 7 7
o /;; Z Vit kv ey ey (B) - ClroCrioChy e Claor Okt +ks ey +ks
ki
+ higher-order interaction terms

+0(U) . (5.23)

The higher-order interaction terms contain normal-ordered products of at least six annihi-
lation and creation operators and will not contribute to a second-order expansion of two-
particle functions, as we will see later. Hence, we will not consider their explicit flow.
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To second order the canonical generator is given by

1
_ o # :
n(B) =5 E A€k ki ks BIUks iy r(B) 2 €1inCloitCry Chl 2 Ok vy
kok,

! i t
9 D0 At ks B) Vi (B) - ChroCh1r €y Chaor © Ok breks
klk; O
+ higher-order interaction terms

+0(U?). (5.24)

The flow equation contribution from Ho(B) is

1 2 7 t
1B). Ho(B)]- = 55 D (At kb Ukiiibya(B) = €L1€hitCly Chot © Okpobyby s
bk
o 3 S Akt Vet o B € il s 0
Ek{,kl,ké,kz k{,k]Jeé,kz . C/e{gcklockégckzo . /e;+/eé,k1+/e2
klik;, O
+ higher-order interaction terms

+0U?), (5.25)

while H;(B) generates the following terms,

202 _ )
MB). HinB). = 5 2 D Acpigre s
koo ki) k)
T

X ((1 = np g (1= ng,) + np, (1= ngg)ng,) c¢) Cho

U2

_(A€ )ZB _(Aek/,k kL k )ZB
irey) D (A€hy ks = Dy oo Artrieha B Bttty

krk;

Lo g :

X (mp,mp, — (1= mp,)(1 = mp,)) : Chr1CRiTC g Chal
X Okt oy +hy Okt 4k ks +oy

U2 —(Aék bkl E )ZB —(Aék/k bk )ZB
2 Z(A€k3,k1,k§,k4 — A€ po ke T e R
krk,

ot i :
X (Mg = 1ky) © CChitChy Chol * Okjrkphr vk Ok whiks ko

U? (D€ okt k3)*B (D€ 12 )P B
L e

k;,/e,' o
x:c!, cpocl ¢ P 0L b Op /
. ki‘f /elo' /eéa' /ez(r . k1+/€2,k1+/€2 /€3+/€2,/€3+/€2

+ higher-order interaction terms

+0U). (5.26)
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Here, we have already inserted the first-order results for €(B) and Ukt ke er (B)- The above
expressions yield the effective second-order flow equations

de,(B) 2U? dAers v VB
dB = _QZ Z Aek’kl,ké,kze fk,/q,kz,/ez ((1 - ﬂkl)nké(l - ﬂkz) + nkl(l - nké)nkz)
kadepks
+OW?), (5.27)

AU ks k) (B) 5
—— o = ~(D€r ey kpks) Uk by yer(B)

dB
U2 —(A ZB —(Aékrk 1393 )ZB
- H Z(Aek3,/€1,/€4,kz - A€/€i’/€3,k£v/€4)e ( 6k3’k1’k4’k2) € 1T
Fyks
X (pynpey = (1= 1, )L = 18,)) Okt kg sk
U? —(A b PB —(Aey 2B
— H (A6k3,/€1,/€£,k4 _ Afk{,k3,k4,k2)e ( E/e3,/e1,/e2,k4) e ( fkl,k3,/€4,/€2)
Foks
X (Mpy = 1y )0kt thy s +ky
+0(U’), (5.28)
dVikijlr(B) @ 2y, B)
—ag = Bkikikgk bt key kg ko (
U ~(D€ps k1) B ~(A€ps oy ks ) B
ey Z A€k hrpse U e TN (g — 1 )0k vk s
kL ks
+0(U) . (5.29)

Integrating these decoupled equations, we arrive at

U? 1—
Ek(B) = €p + E Z -
/€1,ké,k2 k,k1,k2,k2

+O(U?), (5.30)

- ;)2
e Z(Aek,kl,kz,kz) B

(1= mp gy (1 = np) + mp (1= mpy )y,



62 CHAPTER 5. FLOW EQUATION ANALYSIS OF THE HUBBARD MODEL

—(Aeyr ’ ZB
Ukiakbké,kZ(B) = Ue ( Ekl,/q,/ez,/ez)

U2
Loy D (A€t by = A€k ri,)
bk

2 — 2 — 2
e_(Aek&kl’kéth) Be (Aeki,k3,ké,k4) B —e (Afk{,kl,ké,kz) B

X
(A€ oy kpky)* = (D€ks ey logker)® = (B€R7 oy by 1)
X (1, = (1= mp )L = 12,)) Sk kg s s

UZ
- E (A6k3,k1,k§,k4 - Aeki,ks,k%kz)
k3,k4
e—(AE/e3,1e1,/e§,k4)zB e—(Afk;,k3,/e4,1e2)23 B e—(Afk;,kl,ké,kz)zB
X
(A€ by kpky)* = (D€ ey ey)* = (D€R7 s )
X (Mpy = Mk, )0kt sky s+
i O(U3) , (5.31)
€ e_(Aelei,/el,kg,/Q)ZBe_(Aeké,kz,/eg,,/eé)2B _ e‘(Afk{,kpk}kz)zB

Vet ki jor(B) = = ) Ae€pr ik
e Q L TS (A€ gy ) F (D g s ) = (D€l gy 1 2,)°
393
X (hy = 1 )0k ey by
+0U?) . (5.32)

5.3.3 Energy-diagonal Hamiltonian

We have applied the flow equations in order to diagonalize the Hamiltonian. From egs. (5.30)
- (5.32)), we can read off the following second-order structure of the Hamiltonian at B = oo,

TN ot e 2 LN ol
H = Z €p:Cp Cho - +§ Z : c/e{TcleckélckZL : 6€k1+€késfk1+fk25/€{+k§,/€1+/€2

ko kok,
+ higher-order interaction terms
+0(U?), (5.33)

with a renormalized one-particle energy

5 U? 1 3
€L =€, + a k;k W((l - ﬂkl)ﬂké(l - ?’lkz) + ﬂkl(l - nké)nkz) + O(U ) . (534)
1,K5,k2

We realize that the interaction part of the Hamiltonian greatly simplifies throughout the flow.
While the second-order corrections to Ukl ey ey ey (B) and Vi ki kg ler(B) flow to zero, only the
energy-diagonal part of the original interaction that resembles elastic collision processes (with
€k, + €k, = €4 + €};) remains. However, we cannot get rid of this remaining term, which still
induces secular terms, when calculating the time evolution of observables.
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The elastic collision term is exactly the one that appears in the quantum BortzMANN equa-
tion that describes the thermalization dynamics and only becomes relevant at a time scale
t ~ pp>U™* [85,98]. In sec. we will see that our perturbative approach is only stable up
to and including times ¢ < p;'U~? and hence we omit these elastic contributions.

The higher-order interaction terms in eq. will not influence second-order expansions
of two-particle functions anyway.

The energy-diagonal dispersion relation from eq. has a second-order shift. For observ-
ables O(¢) = 09 + UOW(¢) + O(U?), whose time-dependence only appears in the first- or
higher-order correction, the energy-shift does not affect the second-order expansion of O(t).
Hence, at B = oo, the time evolution is only due to Ho = Y1, € : czﬂc ko - This Hamil-
tonian may seem trivial, so let us mention again that the complex dynamics of the HuparD
model is encoded in the generator from eq. that affects the flow of the observables and
therefore indirectly also their dynamics.

In the next section, we will see how an observable, more precisely the annihilation operator,
transforms under this flow.

5.4 Transformation of the annihilation operator

According to eq. (2.48) the unitarily transformed annihilation operator is subject to the flow
equation

dey1(B)

T = [n(B).cwy(B)] - (5.35)

We realize that the canonical generator from eq. (5.24)) generates new types of interaction
terms, which motivates the following ansatz for the flowing annihilation operator,

CkT(B) = hk(B) Cppt

ey ot :
+ ) P pyin(B) : ChitChy Chol * Okrkpkrths
Fok;

. T .
+ Z Glokyhyky(B) : Chi1Chs1Chat * Oy by +hs
ik,

. i i :
+ Z Rk ko s (B) 2 Coit€h €yl €hrrChit © Okskiaktfrrkrths
bk

. T T .
+ Z Sk,kbké,kz,ké,k}(B) . Clec/eélclecks’lckSl . 6k+/€é+/€é,k1+k2+/€3

ks

+0(U?), (5.36)

where initially /(B = 0) = 1 and all the other coefficients are zero at B = 0. We analyze that
he(B) = O(1), (5.37)

Fpopoy kyiey(B) = O(U) (5.38)

Gl dyhy(B) = O(U?) (5.39)

Rie ks bres s (B) = O(U?) (5.40)

Skierkpkrdes by (B) = O(U?) . (5.41)
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The coeflicients R bk er b s (B) and Skky by g ks (B) do not contribute to a second-order
expansion of two-particle functions. Hence, we will not consider their flow, which would
depend on the higher-order interaction terms in eq. (5.24).

Now, we insert the ansatz for the annihilation operator from eq. into the flow equation
(5.35). Comparing both sides of the equation results in the following effective flow equations

for the coefhicients,

dh(B) U ~(Aepp, 1 1) B
B " Q D Aerpigpe U E L g (B)
krpks
X ((1- np g (1= ng,)) +np, (1 - nké)nk2)6k+/€§,k1+k2
Lo, (5:42)
dfpp ek, (B) U 2
NIWIS —(Ae ', )°B
d—é = _EAfk,kl,ké,kze kkrkyks hi.(B)
UZ
- & Z Aek,kl,ké,kz(A6k3,k1,k4,/€2 - AEk,k},ké,két)hk(B)

k3.ks
_ 2 _ R
o~ Beks ki kyiy)’B (A€kjes by B _ p (A€ kg ky) B

X
(A€h oy s y)* = (B€ky oy by o)) = (A€ oy ks 1)
X (npynpy = (1= 1 )(1 = 12,)) Opsky s oy

UZ
e D A€ttty Dy ey = A€oy e (B)
s

2 2
e—(A5k3,k1,ké,k4) Be—(Afk,Ie3,k4,k2)zB _ e_(AEk»/%kévkz) B

X
(A€kky kpky)? = (A€ky oy by ) = (DR k)
X (n/eg, - nk4)6/€+/€4,/€3+k2
U ~(Beps ks iy)’B
Q Z A€y rhse 2 Fppr o k) (B)
ki
X (s = ey )0y ks ks
u ~(Aepy py k! ky)°B
aire) Z A€py ik 2 Fp s g (B)
Frks
X (1= 1) (1 = 7gy) = 14 s ) Oy sk
+0(U), (5.43)
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dGrpksh(B) U

1.k).k2 Ak’k /e’/e

——— A€Ls ks ks ke siphy)” Fkk1k3k(3)
/e T

X (e = My )Oky k! oty

Z(Afkklk k)D€t oy = D€ps ko ko )i (B)
kiks

e—(Afk,kl,kg,szB o~ (Beks Ry ks k] VB e_(AE/e,/elJeé,/ez)zB

QZ

X
(A€l foy oy k) + (D€L oy s )P = (D€ oy oy k)
X (ks = Ty Ok ey by e
+0U?). (5.44)
In order to solve these equations perturbatively, we start with eq. (5.42), where we can read

off that /2,(B) = 1+O(U?). Using this zeroth-order result for the first-order part of eq. ( -,
we can directly integrate and get

l T ] R1:RHR2
kklk kz(l)

Q Afk,kl,ké,kz
+0(U?) . (5.45)

This first-order expression for Fi, z; £,(B) can now be used for a second-order solution of

egs. (5.42) - (5.44). A simple integration results in

~(Aegp i i, B\
0?2 P
hy(B)=1- 202 Z ( )
kndiks

x ((1- np g (1—ng,)) +np, (1 - n/eé)n/ez)5/e+/e§,/e1+/ez
+0U?), (5.46)

A€l ey oy ks
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Ul- e—(Afk,k1,ké,k2)zB

Fp oy fer(B) = Q A€p oy ks ks

U2 Z A€l oy by oy (A€ oy by koy = D€lfes k) k)
Q2 (A€p ey kyey)* = (B€ky oy by o) = (D€ oy ks 1)

1- €_(A€k31k1,k4,/€2)23e_(AEk’k3’kﬁ’k4)ZB 1- €_(Aek’k1’ké’k2)23
X —_
(A€ky orkosker)” + (Mg pr ) (A€kk; kpky)?
X (1gy g, = (1= 1) (1 = 124)) Ok ks ey sy
U? Z A€p oy by oy (A€ks oy kg oy = Dl s by ky)
Q2 S (A€p ey kyey)* — (Aekg,kl,ké,h)z = (A€l oy by k)’

1— e_(AeksJﬁvkéJm)zBe_(AEk,k3,/e4,k2)ZB 1- e_(AEk,kb/eé,kz)zB
>< —
(A€ks ky k) + (A€ s fopky)? (A€kk; kpky)?
X (Mpy = M, )Oksky by
2 A€ty ks (1 _ e_(Afkg,/el,/eé,/%)zB 1 e—(Afkg,kl,ké,k3)zBe—(Afk,kg,k3,/e2)zB)
)

Q2 £7 Dekkboka | (A€kikikyk;) (D€L oy kss)* + (DR ks k)

X (s = 1y )0y o
A€, by i (1 B e—(Afk3,k1,kg,/€2)zB 1 e—(Afk3,k1,k§,k2)zBe—(Afk,k3,k§,/e§)zB)

’ ’ ’ 2 B ’ 2 ’ ’ 2
L7 Berkskpk; | (Bkskikik:) (A€py oy ki oy)” + (D€Rpy s k7)

x ((1- nkg)(l - np,) — nkgﬂk3)5k+ké,k3+k;
Lo, (5.47)

U2 Deprpiy 1 — ¢ Cotshorgta B - BernnislB g ~Beiuin)’B
Grp k’k(B)—_Z : B
SRR @ S Ak | (D€l + Bekpdod)? (Derippr,)?
;

X (Mpy = ks )Oky sk kyths
U? (A€k ks oy (D€l foy ks oy = DERS Ry oy ;)
)
QO L (Do pyfes* + (A€ fres by = (A€l ey )

1 e—(Afk,kl,kg,/e3)ZBe—(AE/eé,kz,/e3,kg)23 [ e_(AfleJel,/eé,/ez)zB
(A€ oy oy bs)* + (A€ s ks k7)? (A€l kyy)*

X (Mhy = 1 )0k ey by
+0(U%) . (5.48)
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In the limit B — oo, where the Hamiltonian becomes energy-diagonal, the coeflicients of the
flowing annihilation operator are

~ U2 1
ST —————— (1= np )y (1 = mp) + mp, (1 = g )1, ) O oy
2 kl’kzé’kZ (Aek’kl’ké’/@)z ! 2 2 1 2 2 5R1+R2
o, (5.49)
~ U 1
Fk,kbké,kz =

Q A€k, k) ks

U2 Z A€l for kg for (D€s oy by oy = D€l s ks ky)
QO L (D€t iy, = (A€ ks = (A€hosey )

1 1
* ((A€k3,/€1,k4,k2)2 + (A€k oy i ky)? (Afk,kl,kg,kz)z)
X (g ey = (1= 1, )1 = 12,)) Ok s s
U? A€l for g for (D€ oy ks oy = D€l by k)
T ,63%“4 (A€ oy oy k) = (D€ by k) = (A€ k)

1 1
X —
((A6k3,k1,/€§,/€4)2 + (AL s oy k) (Afk,kl,kg,kg)z)

X (Mg, = 1 )Oktky ks +hy

U2 < D€rki ks 1 1
P
kik

h 2 2
T BChkikiky \(Dekppikipy)  (A€kif kyks)” + (Akpsbk,)

X (s = My )0tk ok

4 U? Z Aeks,khké,kz 1 1
Q? EF, Dekrakyk (A€l i ky)® (D€ by s k) + (A€k sy £7)?

X (1= 724 )(1 = 724) = 724y Pk ) s ey

+0(U?), (5.50)
- A ’ ’ 2
& U2 — Derspes ks 1 1— ¢ Aektaryin) B
bk = o3 D -
P02 67, Dekkibk A€k oy rer)” + (Mg oy ) (D€pgpyprr,)

X (ks = 7k )0k oty

U? (A€p oy ko) (D€L oy k1 oy — AERS oy ey 17)
+ —_—
02 kz, 7 (A€ bs)? + (A€t oy ) = (A€k k)
37

1 1
N\ Perr o e 2+ Beprer ) Bepr )
b1kl ks ky ko ks k1 ks ks
X (ks = 7k )0k ey sty
+O0(U?) . (5.51)
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Now, we can calculate the time evolution of the annihilation operator at B = oo, which is
governed by the Hamiltonian H from eq. (5.33).

5.5 Time evolution of the annihilation operator

At B = oo, the HEISENBERG equation of motion for the transformed annihilation operator
reads

dépq(t .
CZ—TI() =i )] (5.52)

As already mentioned, up to and including the time scale that is covered by our approach, ¢ ~
pg'U™2, we can omit the elastic collisions in eq. (5.33). Because the remaining Hamiltonian
is quadratic in the annihilation and creation operators, we simply get

ha(t) = ety (5.53)
~ —i(gk —gk/+€]e )’
Frghypy(0) =€ 70 522 g ek (5.54)
x —i(&y &, &)t A
Grpbpy(t) =€ 2T GLp g (5.55)

5.5.1 Backward transformation

We want to calculate expectation values of observables that depend on the annihilation and
creation operators in the original basis at B = 0, because then the initial state o) does not
need to be transformed under the unitary flow. According to the forward-backward transfor-
mation scheme, presented in sec. (cf. Fig. [2.3), we still have to calculate the backward
flow of the annihilation operator after the time evolution.

The flow equations are just the same, given by egs. - (5.44). The only difference is that
we have to integrate them the other way around from B = oo to B = 0, where the initial
values at B = oo are given in egs. (5.53) - (5.55). The backward integration is done in the same
perturbative manner like the forward integration and we finally get at B = 0:

hi(t) = e

Ut .,

L1 )2
by (PCkkikyk:)

1— el(AEIe,kl,kéJ@z)t

X ((1 - ”/el)”ké(l - nkz) + nkl(l - nké)nk2)5k+/€£,/€1+/€2
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1 _ el(AEk»kl»kéxkz)t

U

—leLt
Fopyfey () = e

A€y oy ks
U Z A€l foy g for (D€s oy ko = D€k s ks ky)
oz’ S (Bep ) = (Bepy oy oyf))? = (B€pfyfr k)
ei(Afk,kl,ké,kz)t 1 ei(AEIe,/el,ké,kz)t 1
((A6k3,k1,k4,k2)2 + (Aepppre)?  (Deppprk,) )
X (ngymp, = (1= mp )1 = 17,)) O kyy sk
. U? Z A€l for g for (D€ oy ks oy = D€l by k)
¢ PG Tl GOSN Wl GUNN W
( ei(Afk,kl,ké,kz)t 1 ei(Afle,/el,ké,kz)t _ 1)
X

(A€kykykyl)” + A€y oy’ (D€ppykyr,)

X (Mg, = )0k sk, ks +hy

2 ’ ’
LU i Z A€ oy ks ks
2 ’

Q 7 Dekkiksk

ei(Afk,kl,/eé,kz)t _ ei(AE/e,kg,/e3,1e2)t ei(Afkqukékz)t -1
X —_
(A€Ls by kpks)? (A€ ks kpks)* + (D€k s ks k)
X (Mg = 1y )Okes fr s

2 ’
LU i Z A€y k) k!
2 ’ ’
Q 7 Dk

ei(Afk,kl,ké,kz)t _ ei(Aek,k3,k§,kg)t ei(Afk,kl,ké,kz)t 1
X Ber i) T Ber )+ Berp
bk ks ke k) ks ks ]
X ((1 = mpy)(1 = 7py) = s 121y) Ok s ey
+0(U?), (5.57)

U? . A€ ks 1 ks
Gk,k],ké,kz(t) = —Ee lfkt Z AE 3 2
ki kk1kes

1— ei(Afk,k1,k§,k2)f ei(AE/e,/el,/e3,k§)t _ ei(Afk,kl,ké,/ez)t
* ((AEIe;,/e3,/e§,/e2)2 + (Aepp k) (D€L, ks s y) )
X (s = 1k )Oks ket ys
. U? it Z (A€p oy ko) (D€L oy k1 oy — DER7 oy ey 17)
Q2 7 Bt s (A€kp sy = (A€o ey )
( ei(Afk,kl,ké,kz)t 1 ei(AEk,kl,ké,kz)t _ 1)

(A€ oy s bs) + (D€ps k) (D€p kyk,)?

X (ks = 1k )0k ey by
+0(U°). (5.58)
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This result is the perturbative solution of the HEISENBERG equation of motion for the annihi-
lation operator that has a structure given by eq. (5.36)).

The difference to the calculation by MokeckEeL and KEHREIN [85] up to this point lies in the
evaluation of the second-order contributions to Fp ey by by () and Gy ke (2)- They are im-
portant for the calculation of density-density correlations.

Consistency check: preservation of the canonical anti-commutation relation

The sequence of forward flow, time evolution and backward flow, which was applied to the
annihilation operator, only consists of unitary transformations. Hence, the canonical anti-
commutation relation

sl (0] = oup + O (5.59)

should be preserved, at least in a perturbative manner. In App. [B.1]we show that this consis-
tency condition leads to a relation between /(t), Fl key ks by () and Gy ke er (2) that 1s indeed

fulfilled by the solutions from egs. - (5.59).

5.6 Time scale analysis

We will analyze the stability of our perturbative expansion by considering the second-order

correction term for A (¢) from eq. (5.56),

2 el(Afk,kl,/eé,kz)t 1

U~ _.
Ahy(t) = — e ikt
2 2 : Y
Q i (A€p ke, by ky)

X (1= np )mpy (1= mp,) + mp (1= g )2, ) kg ey oy - (5.60)

We introduce energy integrals and assume the DMFT limit, where &y, ik, = Q! (cf. sec.

5.22),
Ahk(t):Uze_iekt/del/dGZ'/dEQD(El)D(EQ/)D(GQ)

elAep i)t _ 1

(A€p122)?

Next, we substitute £ = €1 — € + €2 and get

(1 = n)n2(1 = n2) + ni(1 = na)nz) . (5.61)

i(ep—E)t _

Ahk(t) = U2€_i6kt /dEe(Ek——E)zll(E) s (562)

with a phase space factor

I(E) = / dey / dex / dexD(en)D(e2)D(ex)(1 - n1)(1 - ny)(1 - n2)
X (6(e1+€r+e—E)+6(e1+ex+e2+E)) . (5.63)
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At zero temperature and for a constant density of states

Die) = {pp, for |e| <

’ 5.64
0, for |e| > (5.64)

2

N[>\

which is the zeroth order approximation around the Fermr level, with A™! = pr being the
density of states directly at the FErwmr surface, the phase space factor

A2 A2 A2 do
I(E) = p%/ deq / dey dexd(ey + € + €2 — |E|) = p%/ — (5.65)

0 0 0 x4y+z=|E| V3

is the surface integral over an equilateral triangle with side length V2|E|, and Hence

2
I(E) = p;% . (5.66)
Then, the correction term for 4 (z) is
U? . 5 eila@-Ex _1

Ahy(t) = pp—e~%" [ dE————F*. 5.67
/e( ) pF 2 e _% (ek _E)2 ( )

The integral only converges at the FErMm1 surface, where €;, = 0. Away from the FErmI surface,
the integral has a pole and hence formally diverges. But, we can rewrite it as

2 i(ep=E)t _ 1 L_e —iEt _ 1
/2 dES— "= /2 dEE—"2(E + &)

A (ep — E)? A, E
2 2" €k
2% Et)—isin(Et) -1
:/2 SN Tt ED “ L2 ope ). (5.68)
~A_g, E

For 0 < €, < 4, we can split the integral as follows,

A . A
3 eile—Ex _q ) 2% cos(Et)-isin(Et)-1, _, ,
_A dEW - ./_é_e dE E2 (E +2E€/e +Ek)
2 k 2 €k
A
27% _cos(Et)—isin(Et)—1
i [Mk dE E2 (E*+2Ee, +€;) . (5.69)
2

Only the latter part contains the pole (£ = 0), but the integration area is symmetric around
it. So, we can omit the antisymmetric parts of the integrand,

A . A
2 elabr “2*%  cos(Et)—isin(Et)—1
[latet g [ it

(E? +2F¢€; + ei)

A

7€k
16 Et)-1 in(Et

+2-/02 dE (cos(Et)—l+%ei—2ieksmé ))

“3te cos (Et)—isin(Et) -1
dE
_ E?

(E? + 2FE€¢, + e/i)

A
77

¢ Et)-1 in(Et
+2./02 dE (cos(Et)—l+%ei—2ieksmé )) .

(5.70)
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These integrals are well-defined. To analyze the time-dependence, we substitute ¢ &g t,

/% dEei(f/e‘E)t —1.5_ /_%”ekt cl¢cos (¢p) —isin(¢) —1

1
- 2 2.2\
3 (e — E)? £ Sr-eyt ¢? (7 +2¢€t + €t )t
St—ept _ )
e2 [T dofeostor -1+ SO )
(5.71)

In the long-time limit, the leading term is

4 i(ek—E)t _ ét—ekt
/2 dr T g /2 460 2, o(0)

o (e — E)? St—ept ¢?
cos (¢) %t—(z‘k[
~ |- — SinIntegral(¢) . eit +0(t%
¢ —St—ept
~ — [Sinlntegral( (% - ek) t) + SinIntegral( (% + ek) t)] 6/‘7;1?
+0(t%
~ —ﬂéit . (5.72)

Hence, the second order correction term for /(t) becomes comparable to 1 for times

1

t ~ .
37722
ppU%e;

(5.73)

This implies that the perturbative nature of our approach is valid for times ¢ < p;'U~? for a
worst case estimate. However, one often considers only contributions in the vicinity of the
Ferwmt level, €, ~ 0, which much improves the stability of the time evolution.

At finite temperature 7', the FErmMI-DIrRAC distributions in eq. (5.63)) are smeared out in a
domain o« 7. Therefore, the phase space factor gets a correction term o T2, so that /,(t)
becomes comparable to 1 for times

} . (5.74)

t~min{

This does not change the worst case estimate from above.

1
PrUe;

1
p%Usz

2




Chapter 6

Build-up of density-density correlations

With the results from the preceding chapter, i.e., with the annihilation operator of the Hus-
BARD model evolved in time, we can turn towards the calculation of actual observables. Here,
we draw on the quench setup because expectation values will be evaluated with respect to the

initial state |yo) defined by eq. (5.4), i.c.,
O(t) = (O(1)) = (YolO(1)lo) - (6.1)

In previous work, one-particle functions, namely the momentum distribution function 74 (¢) =
(cZT(t)ckT(t)), have been calculated [85]]. With the results from egs. (5.56)) - (5.58), we are now

able to go one step further and calculate two-particle correlation functions. The most acces-
sible ones are correlations between on-site particle densities 7, », and hence we will analyse
the density-density susceptibility
ooy def . _
Xx'x (t) = _Z< [nx’,o”(t)’ nx,cr(o)] _> =23 ((nx',o“(t)”x,cr(o») (62)
and the equal-time connected density-density correlation function

def

C;]::g(t) = <nx’,o"(t)nx,0'(t)> - <nx’,o"(t)><nx,0'(t)> , (6.3)
both of them in a leading-order expansion for small U. Here, the operator
def 1 ik’ —k)x .t 6.4
neo(t) € 5 3 e (e (1) (6.4)
k' k

describes the density of spin-o- particles at lattice site x.

The susceptibility is interpreted as the linear response of the particle density at lattice site
x” at time ¢ to a small perturbation at lattice site x at time ¢ = 0. For finite group velocities
v, = Vi€, we expect the susceptibility to vanish for sufficiently large distances x’—x at a fixed
time ¢ due to causality. In contrast the equal-time correlation function might be enhanced on
arbitrary large distances by entanglement between particles in the initial state. In chapter
we will analyze how the susceptibility and the equal-time correlation function decay for large
distances x” — x.

In our analysis, we will distinguish four cases that are depicted in Tab. Both the sus-
ceptibility and the equal-time correlation function will be evaluated for antiparallel spins and

73
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for parallel spins respectively. Due to the symmetry of the HusBarRD model the case [T is
equivalent to T] as well as || is equivalent to 1T. We will see that for antiparallel spins both
functions have first-order contributions in the expansion for small U, while for parallel spins
the leading order is quadratic in U, apart from a zeroth-order contribution from the initial
state.

| anti-parallel spins 1| | parallel spins 17
susceptibility yy.(2) o) oU?)
correlation function Cy,(¢) | O(U) oU?)

Table 6.1: Leading order of the different density-density correlations

The first step in the calculation of the correlation functions from egs. and lies
in working out the general structure of the one-particle density operator ¢;, cp, what will
be done in sec.

Then, we will turn our attention towards the density-density susceptibility in sec. [6.2|and the
equal-time connected density-density correlation function in sec. where we will derive
closed expressions for both antiparallel spins and parallel spins.

In sec. the equal-time correlation functions will also be evaluated for the equilibrium
HussarD model by calculating the expectation values in the energy-diagonal basis from the
flow equation analysis. This was explained in sec. and we will compare the equilibrium
values to the prethermalization values of the nonequilibrium functions derived before.

In order to analyze the long-range behavior of the correlation function farallel spins

C 9I,T,x(t), further approximations will be necessary. As pointed out in sec. _ the limit of
infinite spatial dimensions simplifies the analysis. In addition, we will transform the spatial
correlation function to momentum space by means of a FOURIER transformation in sec.
The small-momentum behavior of the FOURIER transformed correlation function in infinite
dimensions then provides information about the decay behavior in real space, which we will
discuss in chapter
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6.1 General structure of the one-particle density operator

Let us start by calculating the product CZ,T(t)c/eT(t), which will allow us to construct the

susceptibility from eq. (6.2)) and the equal-time connected correlation function from eq. (6.3)).
The general structure of the time-evolved annihilation operator can be read from eq. (5.36)).
It is given by

c/eT(t) = hk(t) PChp
+ Z Fpofoy by y (1) : Cknczé (Chal * Okt
ki ks
. # .
+ Z Gk kyks(£)  Ch 1€ 1Chi  Okrkphr vk,
by ks

+ higher-order interaction terms, (6.5)

where
he(t) = e + O(U?),  Frppyp (1) = OU) s Gy (1) = O(U?),

and the higher-order interaction terms are at least O(U?). The explicit expressions for the

coeflicients are given in eqs. (5.56) - (5.58)), but we are not yet using them.
In asecond-order expansion, we get the following contributions for the product of the creation
and the annihilation operator,

Chn(Dery(t) = iy (Ohe(0) ¢, 5 epy

: ot e ol :
D B (O P (8) Corp 7 CkiTChy Chal * Okrkyfr ks
ks

) e DGk ey k(1) 2 €y 2 CiTCLClrt * Ohskpler ks
ik

* . o .
+ Z F/e’,/el,/eé,/ez(t)hk(t) P Ch, kU g T CRT 6/€,+/€£,/€1+/€2
ki

: ot P i .
+ Z Fp by O F bk ks (£ 1€ €y 1 CTC k| Chsl * Ok kil Okl g s
krk;

* ol o .
+ Z Gk’,/ebké,kg(t)hk(t) : ckchkéTcle HCRpt 6/e’+/e§,/e1+kz
kndiks

+ "irrelevant terms"

+0U?). (6.6)

Here, the "irrelevant terms" are products of /4(t) : ¢py : and the higher-order interaction
terms from eq. (6.5). If we calculated these products of normal-ordered expressions, the solu-
tions would be at least quartic in the annihilation and creation operators and of second order
in U. We will see that they are indeed irrelevant for the calculation of the density-density
correlations in the sense that they do not contribute in a second-order expansion.

Next, we calculate the products of the normal ordered expressions in the equation above using
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Wick’s second theorem (cf. App.[A.3). In order to keep the overview in the calculation of the
equal-time correlation function in sec. we will mark terms that have the same operator
structure by the same color. Thus, we get

2 2
CZ,T(I)CkT(t) = | (O g O, + Z | For ey ey oy (72, (L = 74 )02y Or g ey ey Ok e
krkyk)
+hE()hy(t) - cli,TckT :

. ot :
+ Z o kpder O F ke oy ()L = 10012 2 €nCli 2 Ok vk, Okl ek
krk;

+ Z P () (Gl by by () = Gy ey o (8)) 7 C;”Cm DOk ihey ok
ke

+ Z hk(t)(G/:/,/e,kl,/e{(t) - /:’,/e;,/el,k(t))nk : C/;{TCkIT : 5k’+/e1,/e+/e;
ki

+ Z Py () Fp e gy ey (O Cé;ickll DOkt tkyftk!
kiky

+ Z hk(t)F;k.klki(t)nk : Cé;l%i DOtk btk
Erky

+ Z F,j,,kz_kz,,,e;(I)Fk.kz.ké./el(t)(l — ng ), C/i,;lcle,l DOk oy+hy Ok +hy k+k]
kk

- Z iy dey O F bkt o (0701 70y = €y Clyl 2 Ok ks Okl ok
Bk

+ "irrelevant terms"

+o0UY, (6.7)

where all normal-ordered expressions that contain at least four annihilation and creation op-
erators and that are of second order in U were shifted into the "irrelevant terms". From the
contractions we got the factors 7, which are given by the initial condition of the pre-quench

state |yo) 1n eq. .
Consistency check: total spin-up particle number

At this point, we can check whether the total spin-up particle number

def

Ni(5) S ) ey(tem(®) (6.8)

k

is conserved. In App. we show that this operator commutes with the HussarRD Hamil-
tonian by definition. Hence, it should be time-independent. Indeed, we find that the black
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and red terms in eq. (6.7)) are consistent with this in the sense that a summation over &’ = k
results in a conserved quantity.

6.2 Susceptibility

The density-density susceptibilty from eq. (6.2)),

xZ9(t) = 23 ((nyr o ()12, (0)))

2 . ’_ ’ ; ’_
:Ek; g(ez(k B’ iq q)x(c/:,g,(t)ckal(t)c;,U(O)cq(,(O))), (6.9)
"k.q'q

is easy to calculate because the second operator in the expression, n, (0), is evaluated at time

t = 0, where eq. (6.7)) reduces to
c;,U(O)ch(O) =ng0g 4+ c;(rcq(r D (6.10)

In the evaluation of (c/:,cr, (t)c /w/(t)c;,g(O)c 4o(0)) only full contractions of products of normal-
ordered expressions survive (cf. App.|A.4), hence we can neglect the orange terms in eq. (6.7)).

6.2.1 For antiparallel spins

For antiparallel spins, the susceptibility has contributions of first order in U, so we can drop
the second-order terms for a leading-order expansion. The terms from eq. (6.7) that com-

pletely contract with the operator c;, 1(0)c41(0) from eq. (6.10) in first order are only

i _ 2 2
Crn(B)eky(t) = Ve (O np Opr g + Z | Ebr dey g oy (720 (1 = 7240 )20 O g g ey Ok
kuky ks

+ Z Ny () Fppr ey oy ()1 C/;HC/\»,.L DOy ok
ki

+ Z hk([)F/;’,/e./\)l.kq([)nk : C/\’Ilckll : Ok/+/€1-/\’+ki
oy
+ "irrelevant terms"

+0(U?) . (6.11)

where the "irrelevant terms" do not have an operator structure proportional to : c/:, \Chyior L.
Actually, only the olive terms in the equation above contribute, because the black terms drop
out when calculating the imaginary part in eq. (6.9). As much as the number of terms has
decreased, we omit the color coding for the calculation of the antiparallel spin susceptibility
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from now on. Then, we have

oy 2 ik —k)x’ i(q'~q)x g o i )
PUROE QZMZ ] N R O A IO
"k.q"q

2 e
= 25 2 S F I (0 g g (a1 = 1100

k' kg’ g

2 l ,_ x,_x *
+ 5 D s(e (k") )h/e(t)Fk,’k,q,!q(t)nk(l—nq/)nq5/€,+q,’k+q)

k'k.q'\q
+0U?) . (6.12)

Finally, we can insert the solutions for /;(¢) and Fle ke ke den(2) from egs. (]5.56[) and (]5.57[) to
get

. U - ’ ’ ; 1 -
W) = iy 3 MR )
k' k 9’9

+0U?). (6.13)

e_i(AEk/,/e,q’,q)t

(ngr = 1g)0krsq e+
At iy q' ~ "q)O0k'+q' k+q

6.2.2 For parallel spins

For parallel spins, there will be no contribution to the susceptibility of first order in U.
Therefore, we consider also the second order terms from eq. (6.7). However, only the black
and red terms completely contract with C;E,T(O)ch(O) from eq. (6.10), i.e., we only use

2 2
ch®er(®) = Vi OPmeSha + D ot dgn( O, (1= 7)1 Ok kg 1Ok e
k5 ks

+h7, (Oh(2) - cz,TckT :

o :
+ Z sty ks (O F e ples (L = )12k 2 €401 Ct * Oy ks Ok ket
k7,

+ Z P (Gt e ey (8) = Gl () 721 CrrChit * Ok ki ferky
ki

+ D (G () = Gl (D) 2 €€t = Ok
k! ki
+ "irrelevant terms"

+0U?). (6.14)
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The black terms drop out again for the same reason like above. We waive the color coding
again and get

) _2 i(k'—k)x’ i(q'—q)x ¢t i )
X (0) = QZ“Z 3(F R el D3] (eg(t)e] 1)1 0))
"R.q'q

. 1 l ’_ xl_x s
=i Z e R g, — B (6 (2)
k'R

. 1 N ’_
- z& Z elk'—R)(x x)(nk, —ny)
k'R

X Z Fs ety O F e ko by (071 (1= 7200 )0k k) sy Ok sk ek

s
2 i(k'—k)(x'—x)
ra e (g = mz)
k'R
X Z N (h/:{(I)leaki»k’»k(’t))”kiék’”%k”e{
oy
2 L ’_
_ & Z ez(k k) (x x)(nk, _ nk)
k'R
X klzk N (h/:i(t)le’k’kr’ki(t))nkiék,Jrkl’kJrk{
1

1

+O(U?) . (6.15)
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Next, we insert the solutions for the coeflicients from egs. (5.56)) - (5.58), which yields

] 1 c1 ’ (€& €
PANOE ey Z el R R =) g iE =8 (3, — gy

k' k
2072 L V)
+ 1—4 ez(/e —k)(x —x)ez(ek/—ek)t(nk, _ nk)
k'l
1— ei(AEk,/el,/eé,/Q)t
x 2,

2

ks (DEkkikLR)

x ((1- nkl)nk§(1 — ngy) + mp, (1 - ”ké)nkz)5k+k§,/€1+/€z

U? 1, , .
_ Z@ Z el(/e —k)(x —x)ez(ek/—ek)t(nk, _ nk)
k' k

e_i(AEk,skivkéakz)t _ ei(Aekvklﬂké»kz)t + e_i(Aek,Jﬁkl’ki )t

1 —
x ),
— (A€ps o ks o) (D€L oy 11 1y)

X s (1= 1) )0k sk oy +key Ok ey ]

(k' —k)(x’ —x) 1(epr—ep)t _
Lo Z FTR (g — )

bk
x )

s A€t oy k)

A€ b oy b 1 — o Ak ki) 1 — o 1 Bkrkty )t
RoR2:R)

(A€ pforky)? + (A€kr i kyk)?  (A€prfopypy)?
X (g = 1 )(ky = 1) )Okr ke fosk, Ok vy otk

. U2 N ’ .
_ Z@ Z ez(/e —k)(x —x)ez(ek/—ek)t(nk, _ nk)

bk
x Z

A€pr by ks k 1 — ¢ (Aekiky k)t 1 — o i Beritigiy)t
A€p oy ks ks

(Afk k)t (D kr k) (D€pr gy ks ky)?
X s (s = 1))k oy ky Ok e

U? o, , .
_ l@ Z ez(k —k)(x —x)ez(ek/—ek)t(nk/ _ n/e)
k'k

Z Aek,kl,ké,kz 1— e—i(Afk’,k,Iel,/ei)t 1— ei(Afk,kl,ké,kz)t
S Ny \ (B o )? + (D)) (D€ pr,)

X gy (s = 7y )0k ks by aky Ok ey k!
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lj2 N ’ .
_ 1—4 Z ez(/e —k)(x —x)ez(ek/—ek)t(nk/ _ nk)

Q k' .k
%2
Py (Aeg,

.U2 L7 ’ ;
+ l& Z el(k —k)(x —x)ez(ek/—ek)t(nk/ _ n/e)
k'R

1 _ el(AEk,k/,ki,kl)t

Mpr (Mpr = M) )OR k! byl Okt 4oy fot!
k)t (D€ pprp,)? T2 TR A

(A€ky k) A€k, ks k)

X
£7 Beriptyh) + (D€ fr ey b)* = (A€, ko))
1 — o' Perrrkypy)t o ekt _ iler —eptep)t
X —
(A€py ks ) + (A€ 7 oy y)? (A€py bk k)

X s (Mhy = 7k, )Okg sk oy ik Ok vy k!

.U2 (L ’ ;
_ l& Z el(k —k)(x —x)ez(ek/—ek)t(nk/ _ n/e)
k'R

(A€ps ko oo (A€R: o oy k1)
x )
(7 Beripr bk + (Depp yh)? = (A€, ok

1 — ¢ {B€kkkay)t iegt _ ek—errtept

e

X —
(A€ kr oy ) + (A€l oy by 1) (A€ky ok k)
X 1y (Mhy = Mk )Okythey by +k Ok vy k!

U? (L / :
+ Z§ Z el(k —k)(x —x)el(ek/—ek)t(nk/ _ n/e)

iy
(A€p o k) ) (D€L 1 11 1y)
X
£7 Berbipph,? + (Depy iy ) = (A€, pprk)
1= e_i(AE/e’,/e,/el,ki)t e_iekit _ e—i(fk'—€k+fk1)t
o _
(A€kr ks kpby)* + (D€l o k) (A€py ok k)

X g (7hg = Mpy)Oky sk keyrhy Ok ey k)

2
+ ZU— Z ei(k’—/e)(x’—x)ei(ek/—ek)t(nk/ _ n/e)

4
Yo
(A€p kb (D€L, oy k)
%)
G (B oo )P+ (D€pr s ) = (A€ fopr )
y 1— e—i(Afk’,k,kl,ki)t ol _ ei(fki_fk“rfk)t
(A€h ks kpky)” + (D€ s k) (A€ky ok k)

X gy (hy = Mpy)Oky sk kjrk! Ok ey k)
+0(U) . (6.16)
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6.3 Equal-time correlation function

For the calculation of the equal-time connected density-density correlation function from

eq. (6.3), all terms from eq. (6.7)) contribute. We need to calculate all full contractions in

C7(t) = (o (O3 (£)) = (M (8)) (o (2))

1 DN s i
= Z ol k=R’ ilq q)x(c/:,g,(t)ck(r,(t)cj],a(t)cqa(t»
/e’,/e,q’,q
1 (L o +
- Z ik =R’ ,i(q q)x(ck,g/(t)c/w,(t))<c;,a(t)cqg(t)). (6.17)

k' k.q’'.q

The substraction of (n,5/(¢))(nxq(t)) spares us the black terms in eq. (6.7).

6.3.1 For antiparallel spins

For antiparallel spins, the equal-time correlation function has a first-order contribution in U.
Therefore, we neglect the second-order terms in eq. (6.7). The orange terms only completely
contract among each other, which would be of second order, hence they are irrelevant. We
only need

Con(DeR1(0) = by (Oh(2) s ¢ ey -

+ Z W Ok ke (O 2 €4 Chil = Ok ks
/\’;./ﬂ

+ Z /fl/c(t)}‘/\:z,.k.klki(t)n/\, : C/"\’{lck'i : (Sk/+k|./c+/c{
ko
+ "irrelevant terms"

+O(U?) . (6.18)

We omit the color coding and calcuclate the contractions between the above equation and its
spin-down counterpart, yielding

1

clt.) = RE > EPE b (b (R (6 F g et (O (L = ) O g
k'kq'q
]_ (L ’_ % *
t o D, IR b hg(OF), 4 O (1= )840k g1 g
k'kq'q
1 . ’_ ’_ w ®
‘o Z e/ E R p (R (RS (F 1 g () (1 = 1) 140011 kvg
k'kq'.q
1 (L ’_ % *
t o D P RO hy OF O (L= 10y Gy
k' k.q'q

+0U?). (6.19)
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When we insert the coeflicients from eqs. (5.56]) and (5.57)), we arrive at

)1 _ ei(Afk’,k,q’,q)t

U Y
Cl’l,x(t) Y Z el(k R nk’(l - nk)(nq’ - nq)ék’+q’,/e+q

3 ’ ’
k' k,q’q Aek k'
U L, , 1 - e_i(Aek',/e,q’,q)t
+ = Z e k'=R)(x"=x) A np(1=np)(ng —ng)04 g kg
bkg'q k' kq'q
+0(U?) . (6.20)

Now, let us interchange the summation indices, (k’, k) < (¢,q’), and use that g’ —q = kb — F’
due to the §-function. Then, the expression above changes to

U (L ’_
Clr (1) = > Z ! KR (1, — ) Z
k' .k 9’9

1 _ e_i(Aek’.k,q’,q)t

(1 =ng)ng0psq k4
Afk/’k’qr’q q q

U i(k/—k)(x'—x) 1 _ ei(Aek',k,q’,q)t
+— Y e (np — np) (1= 1)y Ot

@ ;,; qz,’; Ae/e’,k,q’,q q' 7" q %k’ +q" k+q
o (6.21)

Finally, this can be written as

. 1 — cos (A€pr g q)t)
Tl _ U }‘ (k' —k)(x"-x) Z k'k.q'q
Coalt) =55 [y ¢ e P Aepipgq (1= 710140k g/ krq

+0(U?) . (6.22)

6.3.2 For parallel spins

For parallel spins, the equal-time connected correlation function is of second order in U and
hence all terms in eq. (6.7)) are relevant, except for the black ones. Calculating all full contrac-
tions, we find that

Moy L (k' —k)(x'—x) B 2 2
Coxt) = Ze np (1= ) g ()71 (2))]

ok

2 (L ’_
+E Z el R =0, (1 - ny)

ok
X Z R (A (O (0 F e ey der OF, e, () (1= 720 )71, Ol -y Ok ek
krk;

2 i(k'—k)(x'—x)

+§Ze np (1 —nyp)

k' k
x> %(h;;,(z)h,e(t)hk,{(t)(G,j;lki’k,W) - G,:h,e’,e,ki(t)))n@MLM1
ko ky
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2 ; ’ ’
+§ Z ¢! kR =) (1= )

kk
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Erk
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+@Ze np (1 —mny)
ok
X Z P O F e b kO (O ey b e (70 Ok kg ey Ok ks ke
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kok,
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X Z Py (OF gy g o Oy (O F ey b kb (D70 1k Ok kb ey ks e

1 (k' —k)(x'
T e‘( & =) 0,(1 = )
bk
X Z h/e1(t)ng’klv/e’k/(t)h/ez(t)Fé’kzgk/’k(I)nkl”/ez6Ie{+ké,k1+k25k’+k1,k+k1
kR,

Z l(k’fk)(x’fx)nk
k’.k

X D R(B (O () kg oy () Ft b (1)

/e k;
X(1 =g gy (1 = 78,0k k) oy +hy Ok 4y ok,
1 (k' —k)(x' 2 2
g @I P P g (O (1= g (1 = 1)t
k’.k k1.k)k2
L i(k'—k 2 2
o Z e ETRE) N g ()| P gty (1P (1 = 7)1, (1 = 7)1 O oy
k1) ks
+0(U 3) : (6.23)

At this point, one realizes how lengthy calculations can get when using unitary perturbation
theory.
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Now, we insert the solutions from egs. (5.56) - (5.58)) and the result is

1 1(k'—k)(x'—x
cllw= o Z e E R (1 )
k’k

AU b

o Z etk =R =) (1)
k'

1= cos ((A€p e kyky)t)

X
L1 )2
ki (A€p by k,)
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X1k, (hy = 1)) Ok oy ey Ok ey k!
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X(1pr = 1 )(ky = Mp))Okr iy kosk! Ok vk ks
+ = > R (1= ) + (1= )y,
kk
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U? (BB (x—x
il Zez(k k)(x '\’)}’Z/\,/(l —np)

4
Sl
1 = cos ((A€ps ks ky)t) = OS (A€ ks k,)E) + OS ((A€ks oy ky))
o5 - -
& (A€k oy o (A€ ks ky)
X(gy = g, J(py = 1y )0k ik ok Ok ks oy
+0U?). (6.24)

Consistency check: variance of total spin-up particle number

For consistency, X,/ CJI,T .(t) should be time-independent, because by definition

el @) = (N1 (©)) = (N2’ (6.25)

x’,x

is the variance of the conserved total spin-up particle number. In App. we show that
indeed

Sl =3 m-n)+ 0, (6.26)

k

which is constant in time.

6.4 Correlation function in equilibrium

We have calculated the build-up of the equal-time connected density-density correlation func-
tions after a weak interaction quench in the HussaARD model for an initial temperature 7,
where the results are given by eq. for antiparallel spins and by eq. for parallel
spins. An interesting question is how they relate to the correlation functions for the interact-
ing HuBBARD model in equilibrium at temperature T, denoted by C ;qul and C ;quT

We can calculate equilibrium quantities in the energy-diagonal basis, at B = oo, of the flow
equation scheme, as indicated in sec. As our reference state o) is a thermal state of
the quadratic Hamiltonian H (B = co) = H specified in eq. , it will be a thermal state
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of the interacting Hamiltonian if we transform it back from B = o to B = 0, at least in
a perturbative sense. This means that for any observable O — transformed to the basis at
B = oo — its expectation value with respect to |yo) is equal to the expectation value of the
original observable O(B = 0) with respect to the thermal equilibrium state of the interacting
Hamiltonian, i.e.,

0% = (0| O o) (6.27)

To calculate the equilibrium correlation functions, we take the general expressions from
egs. (6.19)) and (6.23)) with the only difference that we insert the coeflicients from egs. (5.49)
- (5.51)).

6.4.1 For antiparallel spins
For antiparallel spins, this means that we modify eq. (6.19) as follows,

. ]. (b’ _ ’_ N* ~ ~* ~
Cequ - Z el(k k)(x X)hk/h/eh q,q’,k,k'nk/(l - nk)nq’6k’+q’,k+q

x’,x 2 q’
Q k'k.q'.q
1 . /el_/e ’_ ~ ~ ~ ~
+ o0 Z ol (R'=R)(x x)h/:'h/eth;’,q,k’,/enk'(l - nk)nqék,w,’kw
k'k.q'.q
1 ; /e/_/e ’_ ~ Ny
+ E Z el( )(x x)hkrh/:hZqu7q’kr,knk/(1 - nk)nqé‘k/_'_qr’k_'_q
k'k.q'.q
1 . k/—k ’_ ~ ~ ~ ~
+ E Z el( )(x x)hk'h/:hQ'F;,q'Je,k’nk'(l — nk)nq’5k’+q’,k+q
k'k.q'.q
+0(U?) . (6.28)

If we inserted the time-evolved expressions for hy(t) and ﬁk,kl,ké,kz(t) from egs. (5.53) and

(5.54), we would realize that the time-dependent factors cancel out meaning that the correla-
tion function is indeed stationary. We get

Tl U bl ’_ 1
Ceq - Z el(k k)(x X)A—nk,(]‘ — nk)nq'ék’+q’,/€+q

X’ X 3 v €q.q" kR
~ %k/;,,q ei(k’—k)(x’—X)%nk/(l = NE)NqOkri g kig
_ %k/%}/,q ei(/e'—k)(x’—x)mnk/(l = Np)NgOkr i g kig
B % k,’k%“,’q ei(k’—k)(x'—x)mnk/(l — )G Orig hig
+0(U?)
_ z_{i /;; ei(kf_k)(x'—x)(nk/ —np) ; m(l - nq’)nq(sk’+q’,/€+q

+O(U?). (6.29)
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Now, we calculate the time average of the nonequilibrium correlation function from eq. (6.22)),
def . 1 [T
clh= lim — /O drcll ). (6.30)

As our perturbative approach only covers time scales up to and including the prethermaliza-

tion regime, t < pg'U~2, this time average equals the prethermalization value Cf,r’ (;Tl of the
correlation function. The integration to ¢ = co makes the initial transient of the correlation
function play no role for the time average.

It turns out that the cos-function in eq. drops out, so that

oy 2U N0 itk k) 1
Cx/’x(t) - § % el X =X (n/e’ - nk) % m(l - nq')nqék'+q’,k+q

+ 0(1}2) : (6.31)

This is exactly the same expression as for the equilibrium correlation function. Hence, we
have found that, to leading order, the prethermalization value of the nonequilibrium function
with an initial temperature T is equal to the equilibrium value at the same temperature,

cit=clo
=ci3Mrow?). (6.32)

We note that this cannot be the thermal value of the nonequilibrium correlation function
because the heating effect of the quench will increase the temperature in the long-time limit.
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6.4.2 For parallel spins

For parallel spins, the strategy is the same as above. We modify eq. (6.23) by putting a tilde
on the coeflicients. Again, the time-dependencies would cancel out, and we get

. 1 (L’ _ ’_
CE%,IT = 5 Z ik —k)(x x)nk/(l — )
k' k
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Uz i(k’—k)(x"—x)
+§Ze ~ np(1—mnyp)
k'
1 . i
’ 1;; (Aek’.k.k[./\’l)(Aek’.k,kﬂ.ko)(nki ™ i)y = DOk ok Ok ke
+0(U”) . (6.33)

When taking the time average of the nonequilibrium function from eq. (6.24)), the cos-functions
drop out again, but we cannot directly relate the nonequilibrium case to the equation above
because different terms have different prefactors. Indeed, we are left with a difference

- 2

CTT _ Ce(LTT _ _2U i(k'=k)(x"—x) 1—

xl’x(t) x'x Q4 e nk/( nk)
k' k

1

X —A 3
i (AR lr)

X((1 = g )y (1= mp,) + 1 (1= 7 )0,y ) ko sk

+0(U°). (6.34)

However, in the next section we will evaluate the long-range part of the parallel-spin corre-
lation functions, i.e., the behavior for |x’ — x| — oo, where we will use the limit of infinite
spatial dimensions. With this further approximation, we will be able to compare the equilib-
rium result to the prethermalization value of the nonequilibrium correlation function.

6.5 Correlation function in infinite dimensions

We have seen that the correlation functions for parallel spins from egs. (6.24) and (6.33)) are
very extensive in their analytical structure as written down so far. We will see that their spa-
tial decay for |x” — x| — oo differs from the antiparallel-spin correlation functions and the
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susceptibilities. In order to get more analytical insight into the parallel-spin correlation func-
tion, we take the limit of infinite spatial dimensions that we have introduced in sec. [3.2|and
that simplifies the manifold k-summations.

In this limit, we will analyze the behavior of the FOURIER transformation to momentum space
for small momentum because this is closely related to the decay behavior for large distances
|x" — x| in real space (cf. sec. [.2). In the small-momentum limit we will be able to directly
compare the equilibrium correlation function to the prethermalization value of the nonequi-
librium function.

6.5.1 FOURIER transformation to momentum space

We will first perform a FOURIER transformation of the correlation functions from egs. (6.24)
and (6.33]) to momentum space, where the dependence on the spatial distance x” — x will be
replaced by a dependence on the momentum ¢. The FOURIER transformation is defined as

Ely & = ! Z e a0l (1) (6.35)

x —X

Lookmg at €gs. (6-24) and (6.33)), this effectively means that we get a 6, ¢ from the summa-
tion over x” — x so that &’ can be replaced by & + g.

Nonequilibrium correlation function

For the nonequilibrium correlation function from eq. (6.24) we get

A 1
Cl0) = o5 D mierg(1=12)
k
4U?

04
Q k

n/e+q(1 - nk)

1 - cos ((A€pk, kpk,)t)

X A 2
e (Dkkikpk:)

X((1 = np gy (1= mp,) + mp, (1= mpg) 0k, ) Oy oy sk

202
+—r Z Nprq(1—np)
%

1 —cos (AEkJrq/e *; kz)t) cos ((Aek,h,ké,kz)t) + Ccos ((A€k+q’/€’/€1’k{)t)
<2
(A€kig s ks by D€Ly ks k)

X1y (1 = 1k, )0tk oy 4k O~

202
“of Nprg(1—1p)
k
A€psqhiphy [ 1= 08 (A€pighprr,)t) 1= cos ((A€piqpisky)t)
xD, -
S Ak oy \(D€highoryp,) + (D€psp, oy ky) (A€lsq ey k)

X(ngy = g, N gy = 14y)Okr—ky Ok —ker g



92 CHAPTER 6. BUILD-UP OF DENSITY-DENSITY CORRELATIONS

2U°
o Z (7hvq(1 = mp) + (1= mpyy)g)
k
A€ oy by 1= cos (A€kigpknk))t) 1 = cos ((A€pk, kyk,)t)
X —
E7 Dekrqhphyhy \(D€kighihph,) + (D€kp, byk)” (A€l foy oy k)

X1k, (kg = My Ok oy +er Ok k1.

2U°
o Z Npig(l—mp)
k

y Z (A€kr kyksky) + (D€ksqipky) [ 1= oS (A€krghkik))t)
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1 2 1 2

Z (71q(1 = mp) + (1 = mpy )
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x Z
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2U*

B Q4 Mh+q

k
Z 1—cos (A€/€+q/€ Y k,)t) — Cos ((AE/ek *; k,)t) + cos ((A6k+q/ek Y )t)
X
(A€pig b ks oy (D€l oy ks k)
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+0(U”). (6.36)
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Equilibrium correlation function

Analogously, we get for the equilibrium correlation function from eq. (6.33)),
Aeq. 1
C = oy} Z Nprg(1— 1)
k

2U?
S g1 )
k

1
X E ——————— (1 = mp g (1 = mp,) + mp, (1 = 2p )00, ) Opsk ey iy
(A€p o, ko ky)? 2 2 2
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S g = )

4
S
A€pig ks ks 1 1
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Sy Z Nprg(1 = 1)
k
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2U?
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’ 1
+7an+ (1 _H/Q)Z (7’1/3/ _nk )(ﬂk”’ _7/[/67)(5/‘)/718 (5/18,7/(q7
% ! 7 (Bpigiofr o) D€bigpopsf,) ! /AR 2)Ok!—k1.q%%k;—k2.q

+0U). (6.37)
6.5.2 Energy integrals in infinite spatial dimensions

Now, we take the limit of infinite spatial dimensions, based on the considerations made in
sec. Hence, we can introduce energy integrals,

Z...—>/d€i25(€i—€/€i)..., (6.38)
k; k;

and make use of eq. (3.16), 1.e.,

d—oo 1
0(€1 — €p,)0(€2 — €4,)0(€3 — €1, )0k by otk = a 0(€1 — €p,)0(€2 — €,)0(€3 — €p,)
k2.3 kik2.kes
= O’D(e1)D(e2)D(e3) . (6.39)

Furthermore, we will use the relation

d—oo 1
Z 0(€1— €, )0(€2 = €4,)0k,—prp = ) Z 6(€1 — €, )0(€2 — €,)
kiks k1.ka
= QD(e))D(ea), (6.40)

which only holds if & # 0 [89] [112]. This means that from now on we restrict the domain of
the FOURIER transformed correlation functions to values g # 0.
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Nonequilibrium correlation function

For the nonequilibrium correlation function, we get

A d=c0 1
G0 & Z Mg (1= 1)
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2
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(1 =ny)ny(1-ny)

Equilibrium correlation function

For the equilibrium correlation function, we get
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6.5.3 Expansion for small momentum

The final step in this section will be to show that the FOURIER transformed correlation func-
tions from egs. (6.41) and ((6.42) are nonanalytic at zero temperature when the momentum ¢
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Figure 6.1: Geometrical interpretation of A, in d = 2 dimensions

goes to zero in the sense that
é;eq') TT(t) « |q]|, forg~0. (6.43)

To see this, we will expand the correlation functions in orders of ¢. First, we take a closer
look on the g-dependent term

def
Ag S Y mpg(1=myp) . (6.44)

k

For small g and at zero temperature, where

0 f >0,
np = { o <k (6.45)

1 for e, <0,

the term A, can be interpreted geometrically, as shown in Fig. The dashed lines are the
Fermr surface and the Ferwmr surface shifted by the momentum g respectively. The factor
(1—ny) is zero inside the FErMI surface and equal to 1 outside, which is indicated by the blue
area. The factor 7, is non-zero only inside the shifted Fermi surface, which is the red area.
The dark red area is the overlap of both and hence equal to A, as defined above.

We see that A, o |g], at least for small g. So let us write

Ay =clql, (6.46)

with some constant c.

Now, we expand the FOURIER transformed correlation functions for arbitrary temperature
and we find that most of the terms are at least quadratic in ¢ except for the following contri-
butions.
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Nonequilibrium correlation function

For the nonequilibrium correlation function from eq. (6.41), we find
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) (s = g, Mgy = 1p,)
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def
where A€y = €10 — €.

Equilibrium correlation function
For the equilibrium correlation function from eq. (6.42), we find
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Now, we can finally relate the two functions. As the cos-functions drop out when taking the
time average, we get

Cretl = Elery
=ML ogh) +oU?) . (6.49)

Again, this cannot be the thermal value of the nonequilibrium correlation function because
of the heating effect of the quench that increases the temperature in the long-time limit.

In the next chapter, we will argue that the nonanalytic behavior from eq. means that
the correlation functions decay algebraically in real space at zero temperature. With the solu-
tions from egs. (6.47)) and we will then be able to show the real-time evolution of the
long-range correlations, i.e., the algebraically decaying tails of the correlation functions in the
limit |x” — x| — oo.



Chapter 7

Spatial decay of density-density
correlations

In this chapter, we will analyze the decay behavior of the nonequilibrium density-density cor-
relations outside the effective light cone that is dictated by the Lies-Rosinson bounds (cf. sec.
M.2). The general result is depicted in Tab. where R =[x’ — x| is the spatial distance.
The susceptibilities decay faster than any algebraically decaying function outside the light
cone, which is consistent with the Lies-RosinsoN bounds. The correlation function for an-
tiparallel spins also decays faster than algebraically, which is explained by the absence of en-
tanglement between antiparallel spins in the initial state.

In contrast, the initial entanglement between parallel spins enhances the parallel-spin corre-
lation function in the sense that it decays algebraically if the initial temperature is zero. At
finite initial temperature, the parallel-spin correlation function decays faster than algebraically
because long-range entanglement is broken by thermal fluctuations.

‘ anti-parallel spins T ‘ parallel spins 17
susceptibility yy.(2) O(R™™) O(R™™)
correlation function Cy/,(¢) | O(R™) OR HforT =0
OR®)forT >0

Table 7.1: Spatial decay of different density-density correlations

We derive the faster-than-algebraic decay of the susceptibilities and the antiparallel-spin cor-
relation function by performing a stationary phase approximation for large distances R. In
sec. [7.1| we will demonstrate that it fails for regions outside an effective light cone and hence
implies the fast decay.

The algebraic decay of the parallel-spin correlation function at zero temperature is obtained
from the non-analyticity of the FOURIER transformed function, which we will point out in
sec. At finite temperature, the FOURIER transformed function becomes analytic again.

7.1 Stationary phase approximation

In this section, we will argue that the susceptibilities for antiparallel spins from eq. (6.13) and
for parallel spins from eq. (6.16)) as well as the equal-time correlation function for antiparallel

101
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spins from eq. (6.22) as functions on the spatlal distance x” — x decay faster than algebralcally
in space outside some effective light cone, 1.e., for distances |x" — x| > vt, where v is the
maximum group velocity.

For the argument, we assume some general correlation function C(R, t) depending on spatial
distance R = |x’ — x| and time ¢. Furthermore, we assume that it has the following structure,

C(R, t) — Z ei(k;_kX)Rii(ek/_Gk)tf(/e,,k, t) , (71)
k'R

where k;) are the x-components of the momentum vectors k") and f (k' k,t) is a smooth
function of &£’ and k. In the continuum limit, we can replace the sums by integrals,

QZ (k! — +i(epr—€ ’
C(R,t) = AT / de’ / dke!krROREi € =€t £ (B2 | 1) | (7.2)

Now, we assume that the spatial distance R is much larger than the lattice constant. As the
latter is dimensionless in our case, this means that we take the limit R — oo. In this limit, the
integral above can be evaluated in a stationary phase approximation [39]. In the integration,
we will only get contributions in the vicinity of the stationary phases, where

Vi (FxR £ €,1) =0. (7.4)
These conditions are equivalent to
0 R
F— — 7.5
Tok K T T 7:3)
9 R
F—€p=—. 7.6
TRk T (7.6)
Now, we assume a maximum group velocity v such that
(96/e
< Vk . 7.7
.| =7 (7.7)
This is e.g. given for the dispersion relation from eq. (3.7)), where
k| _ |27 sin (k)| < 27 Vk . (7.8)
Ok,

With this condition we will not find any stationary phases if the spatial distance lies outside
the effective light cone, i.e., for R > vt. This in turn means that

VneN: Rlim R"C(R,t)=0 for finite ¢ . (7.9)

In other words, the correlation function C(R, t) decays faster in space than any algebraically
decaying function [39]], which we write symbolically as

C(R,t)=OR™) forR>vt. (7.10)

In order to show now that the susceptibilities from eq. and and the equal-time
correlation function for antiparallel spins from eq. have such a decay behavior, we will
demonstrate that they have a form like in eq. (7.1)).

For this, we assume that the vector x” — x points in x-direction so that all expressions depend
on R = |x" — x|.
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7.1.1 Susceptibilities

Clearly, the susceptibility for antiparallel spins from eq. (6.13) is of the same form as eq. (7.1)),
with the amplitude

e_l(AE/e’,/e,q',q)t

U 1-
f fest) = =i = mp) )
9’9

Q3 Aek,,k’q,’q (nq/ - nq)akr_‘_q/’k_Fq . (7.11)

At finite temperatures, the momentum distribution 7, is analytic and so is the whole expres-
sion above. At zero temperature, the momentum distribution turns into a nonanalytic step
function. However, the composition (7, — n;) is analytic again in the vicinity of the station-
ary phase.

The same argument applies to the susceptibility for parallel spins from eq. (6.16).

7.1.2 Correlation function

We rewrite the equal-time correlation function for antiparallel spins from eq. (6.22) as

ei(fk’_fk)t _ e—i(eql—fq)t

U - l_ /_ _' ,)—
Ch.) = 3 Z e KR TR (g, — ) Z (1= 7ng)nq0krsq kerq
k' k 9’9

U N ’ -
+ E Z ez(/e —k)(x —x)el(ek/—ek)t(nk/ _ nk) Z e
k'R 9’9

+0U 2’) : (7.12)

Aek/’k’ql’q

—i(epr—ep)t _ ei(eq/—eq)t

(1 =g )ng0prigr i+
Aek’,k,q’,q q q

Now, the same argument as for the susceptibilities applies.
The correlation function for parallel spins from eq. (6.24) does not show a smooth factor
(ny — ny), but instead a factor

np (1= nyp) . (7.13)

This is nonanalytic in the vicinity of the stationary phase at zero temperature (cf. sec. [6.5.3)).
In the next section, we will show that the correlation function for parallel spins decays alge-
braically in space.

At finite temperature, the above factor is analytic again so that the stationary phase argument
applies.

7.2 Algebraically decaying functions in FOURIER space

We calculated the FOURIER transformation of the parallel-spin correlation function in the
limit of infinite spatial dimensions. At zero temperature, this function was expanded for
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small momentum ¢ in sec. [6.5.3] resulting in

A 1
Cy'(1) = 5clal

2U?
St / dey / dey / dey / deaD(er)D(e)D(ex)D(ey)
A€y ( 1 = cos ((Aeyq)t) 1 - cos ((Aex2)t) ) ( ) )
— ny —n ny —n
Aer 22 \(A€x2)? + (A€ 12)? (A€ 2)? : VR
2U?
+Srelal [ dev [ der [ der [ daDienDienDieDe)
X(Ael’,l,Z,Z’) + (Ae22) ( 1 — cos ((A€y,1)t)
(Aey1) (A€ 122')? + (Aernr)?
UZ
+§C|q| /delr / deq / dey / dexD(e1/)D(e1)D(€2)D(€3)
» 1—cos ((AE]q)t) — COS ((AEg/Az)Z) + Cos ((AE']’.Lz’z/)[)

(A€ 1)(Aey )
+0(g*) + o) . (7.14)

) (nr = g, )(npy — 1p,)

(n1r = ny)(ny — n2)

Now, we will argue that this form in FOURIER space is equivalent to an algebraic decay for
large distances x” — x in real space.

For the argument, let C(x) be a general correlation function depending on distance x and
let

C(g) = HIC)(q) (7.15)

be its FOURIER transformation.
For power functions ¢”, one can derive the following two rules for the inverse FOURIER trans-

formations [[14]],

Fo g™ 1(x) = ()" V2r 6" (x) VneN, (7.16)
) 2 1
Tq_l[sgn(q)q”](x) = (—z)””n!\/;xn+1 VneN. (7.17)
We combine these rules to
- V218 (x) foreven n , 518
7 == .
1 [lg1"] ) z'n!\/gxnl+1 for odd » . (7-18)

This provides helpful insight into the relation between the decay in real space and the analyt-

icity around ¢ = 0 in FOURIER space. We can simply expand f (q) for small g until we get a
contribution |g|” with odd 7. This corresponds then to the leading algebraic decay for large
x. If we only get analytic contributions with ¢”, the real-space function will decay faster than
algebraically.
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For the parallel-spin correlation function in eq. (7.14)), the leading-order contribution is pro-
portional to |¢| and hence we argue that

©) @)
fO0) 2 0

w—xP T =P

with some functions £©(z) and f@(t) that are defined by eq. (7.14).

cll ()= +O(x’ = x| )+ O(U?)  forR— o0,  (7.19)

The time-dependent factor £@(¢), i.e., the integrals in eq. (7.14), can be calculated numer-

ically, where we assume the semicircle density of states D(e) = (2n7%)71V472 — €2 of the
BETHE lattice, for simplicity [42]. The algebraically decaying part of the correlation function

is plotted in Fig.

Equal-time correlation function (long—range part)
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e
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Figure 7.1: Time evolution of the quadratically decaying part of the parallel-spin correlation
function C ﬂx(t) at zero temperature and after subtracting initial correlations. The result is
obtained by a second-order expansion in U. The nonequilibrium correlation function (red)
reaches a prethermalization value that is equal to the equilibrium value (blue) at zero temper-
ature.

We realize that even after subtracting the initial correlations, i.e., the O(U°)-part, long-range
correlations build up immediately after the quench. After fluctuating for a while, the long-
range correlation reaches the prethermalization value at a time scale t ~ 771 ~ pr.
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Chapter 8

Conclusions and outlook

In chapter |5 we solved the HEISENBERG equation of motion for the annihilation operator
Cpo(¢) in the fermionic HuBBARD model in d > 1 dimensions and with a generic dispersion
relation €y,

_ i Y f t
H = Z €rChCho + o Z CrpChitChy ChalOkirhpkr b » (8.1)
o kRS

perturbatively in a second-order expansion for a weak interaction U, as compared to an av-
erage €. Our solution from egs. - can be used to calculate expectation values —
with respect to the thermal state [yo) of the noninteracting Hamiltonian — of any observable
that is composed of products of at most four annihilation and creation operators. For ob-
servables that contain products of six or more annihilation and creation operators one would
need to take into account the higher-order interaction terms in eq. (6.5)).

8.1 Reliability of the method

We obtained our perturbative result for the time-evolved annihilation operator ¢ (¢) by ap-
plying the unitary perturbation theory scheme, where the Hamiltonian and the annihilation
operator are unitarily transformed into an energy-diagonal basis with the aid of the flow equa-
tion method. No secular terms appear in the result from eqgs. - (5.58).

The only approximation that we made, apart from the perturbative expansion, is the omission
of elastic collision terms in the Hamiltonian,

u t i
Hg, = o) Z ckiTcknckélckZléEk{+€k§’6k1+€k26k{+ké’kl+k2 , (8.2)
K ey

because they would generate secular terms in the time evolution. However, the elastic col-
lisions only start to affect the dynamics of observables on a time scale ¢ ~ p>U™*, which
is reflected in the quantum BorrzMaNN equation that describes the thermalization dynamics
[98]]. Here, pr is the density of states at the FErwmr level.

A time scale analysis of our perturbative result shows that it is stable for times t < pp'U™
in a worst case estimate. Hence, our result includes the prethermalization regime [184]]. If we

109



110 CHAPTER 8. CONCLUSIONS AND OUTLOOK

consider the dynamics of ¢, (¢) at low temperature T of the reference state |¢o) and in the
vicinity of the FErmi level, €, ~ 0, the stability will increase to times

t < min{ } ) (8.3)

8.2 Calculation of density-density correlations

1
U

1
p%UzT2

In chapter[6] we used our perturbative result for ¢y, (¢) to derive closed expressions for density-
density susceptibilities,

X2 9(8) = =i{ [ (t).ner(0)] ), (8.4)
and equal-time connected correlation functions,
CU- O-(t) - <nx Noud (t)nx O'(t)> - <nx Nosd (t»(nx O'(t)> (8-5)

in first-order expansions for antiparallel spins, 0’0~ =1|, and second-order expansions for par-
allel spins, 0’0" =11. Here we assumed a quench setup where the initial state is the thermal
state of the noninteracting Hamiltonian and the time evolution starting at ¢ = 0 is governed
by the weakly interacting Hamiltonian.

The results from egs. (6.13)), (6.16), (6.22)) and are valid for arbitrary dispersion rela-
tions €;, dimensions d and initial temperatures 7" on a time scale up to and including the
prethermalization regime, t < pp'U™2

8.3 Prethermalization of correlation functions

In chapter[f|we also calculated time averages of the equal-time correlation functions, which are

equal to their prethermalization values CY,"” ” because our perturbatlve approach only cov-
ers time scales up to and including the prethermalization regime. We compared the prether—

malization values of the nonequilibrium correlations with the equilibrium correlations C
of the interacting Hamiltonian. For the nonequilibrium functions we assumed an initial tem-
perature 7" of the pre-quench state, which is the thermal state of the noninteracting Hamilto-

nian. We assigned the same temperature T to the values C; 7 for the interacting HUBBARD
model in equilibrium.
For antiparallel spins, we found that

xx

chelt=calt yow?) . (8.6)

This means that to leading order the nonequilibrium correlation function reaches its equilib-
rium value at the pre-quench temperature within the prethermalization regime. However, in
the long-time limit, which is not covered by our approach, we expect the heating effect of the
quench to further increase the temperature.

For parallel spins, we only found that in the DMFT limit of infinite spatial dimensions

Crell = &9 1 o(g?) + o(U?), (8.7)
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where éq =Q 'y, e ¥C,. . is the FOURIER transformation of the correlation func-
tion to momentum space. Hence, to leading order, the nonequilibrium correlation function
for parallel spins reaches the equilibrium value in the limit of small g. This limit is associated
with the long-range correlations in real space.

We conclude that our findings are close to the original picture of prethermalization by BERGES
et al. [I7], discussed in sec. While in the prethermalization regime mode quantities like
the momentum distribution from eq. still differ from equilibrium, local quantities like
the interaction energy from eq. (4.4), which is a sum over local terms, and the density-density
correlation functions from egs. and already prethermalize to their equilibrium
values. Admittedly, these prethermal equilibrium values are not the thermal values because
the heating effect of the quench will increase the temperature in the long-time limit when
thermalization sets in. In accordance with the image of prethermalization plateaus as near-
integrability induced bottlenecks in the thermalization dynamics, the prethermal equilibrium
values are the more robust, viz for times ¢ ~ p7'U™2, the closer the system is to the integrable

point U = 0.

The discussion of prethermalization of correlation functions is published at [67].

8.4 LieB-RoBiNsON bounds

In chapter[7] we analyzed the spatial decay behavior of the density-density susceptibilities and
correlation functions.
Based on a stationary phase approximation, we demonstrated that

)(l{x(t) =0((x" —x)™") + oU?) for x" —x > vt (8.8)
)(lTx(t) =0((x" = %)) + O(U?) forx" —x > vt . (8.9)

This means that both susceptibilities decay faster than algebraically in space for distances x"—x
that lie outside the effective light cone defined by the maximum group velocity

v = mkax (IVeerl) - (8.10)

This holds for arbitrary initial temperatures and is in accordance with the Lie-ROBINSON
bounds [[74], discussed in sec. The interpretation is that the linear response to a pertur-
bation at lattice site x propagates with a finite velocity v through the system.

We also showed that the equal-time correlation function for antiparallel spins decays faster
than algebraically outside the light cone,

Cl )=0('-x)™)+0U? forx' -x>wvt, (8.11)

again for arbitrary initial temperatures. This is consistent with the generalized Lies-RoBinsoN
bounds for equal-time correlation functions [[12]], also discussed in sec. because there are
no correlations between antiparallel spins in the initial state.

This is not the case for parallel spins at zero temperature. Though the initial state is a product
state in momentum space, it is highly entangled in real space. In fact, the initial correlations
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between parallel spins are given by

1 L LNt
cllt=0= ¥ D ETE (1= ) (8.12)
k' k

At zero temperature, the nonanalyticity of 7;,(1—7;) leads to an algebraic decay in real space.
These algebraically decaying correlations spread to new long-range correlations that build up
after the quench,

cl-Cll=0(x-x)?)+0U forlx x| >o.  (8.13)

In Fig.[7.1] we visualized that at arbitrary small times after the quench new long-range corre-
lations emerge in the system. This underpins the claim that entanglement in the initial state
can enhance the spreading of correlations outside the effective light cone [59,80], see Fig.
At finite temperature in the initial state, the factor 7.(1 — ;) is analytic so that both ini-
tial and new correlations decay faster-than-algebraically. This coincides with the findings by
MEDVEDYEVA et al. for the Konpo model, where the initial temperature decreases the entan-
glement in the system [80].

8.5 Outlook

As pointed out before, the general solution for the time-evolved annihilation operator ¢, (¢)
has just opened the playground for further investigations of the HusBarRD model in d > 1
dimensions. For the setup of a weak interaction quench, one can calculate expectation values
of any observable that contains products of at most four annihilation and creation operators,
in expansions to second order in U. For example, one can directly compare susceptibilities
to correlation functions for unequal times,

([ne(t),mx(D)])  vs. ([ (), me(D)]}) (8.14)

in order to study fluctuation-dissipation relations in nonequilibrium [95]]. This can serve for
benchmarking against other methods if one is interested in time scales up to and including
prethermalization, given by eq. (8.3). Our perturbative approach also provides a prediction
for experiments with cold atoms.
A promising ansatz for a hybrid method is to combine unitary perturbation theory with
numerical methods. Here, one solves the HEISENBERG equation of motion for an operator
with unitary perturbation theory and calculates the initial state with numerical DMRG-like
methods. In this way one is not restricted to weak interaction quenches starting from a free
system. For example, one can calculate the thermal state of the strongly interacting HUBBARD
model numerically and implement a quench from strong to weak interaction by calculating
expectation values of observables obtained with our approach.
In search of a full dynamical description of nonequilibrium systems, which also includes the
thermalization regime, a worthwhile endeavor is investigating the connection between the
flow equation method and the quantum Borrzmann equation. The flow equation method
diagonalizes the Hamiltonian with a remnant
v i 7
Hg, = 5 Z ckﬁckl’[ckélckzl(seki+€k§,6k1+6k26k{+k§,k1+k2 (8'15)
k! ekl k:
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that cannot be dealt with without producing secular terms. The omission of H ., restricts
the time evolution in unitary perturbation theory to times ¢ < p'U™2. Interestingly, the
energy-conserving contributions in H ., are exactly the same that appear in the collision term
of the quantum BorTzMANN equation, which describes the thermalization dynamics that sets
inatt ~ p?U‘4 [98]].



114 CHAPTER 8. CONCLUSIONS AND OUTLOOK



Acknowledgements

I thank my supervisor Stefan Kehrein for supporting my studies and research throughout the
years. He kindled my curiosity about many questions of condensed matter theory and always
motivated me to stick to research. He not only provided excellent supervision while keeping
enough space for me to develop own ideas, but he also financially supported my participation
in conferences and summer schools and gave me the opportunity to intermit my PhD project
for a research stay in South Africa and an internship in Hamburg,.

I also thank Laura Covi for assuming the duties as my co-supervisor.

I greatly benefited from my research stay at the National Institute for Theoretical Physics
(NITheP) in Stellenbosch, South Africa. I thank Michael Kastner for magnificient hospital-
ity and support. The encounters with the people at NITheP fueled both my academic and
personal development.

I am also extremely grateful for the support of the people of the CMT group in Gottingen.
Especially, I thank Nils and Michael, my office colleagues, for cheering me up during my
writing phase and Jan for his assistance in language issues.

My sincere thank goes to the Cusanuswerk that financially supported my PhD and offered
numerous opportunities for further development also in other fields.

Last but not least, I thank Alex, my friends and above all my family for unconditional support.

Funding information

This work was supported through SFB 1073 (project B03) of the Deutsche Forschungsge-
meinschaft (DFG) and the Bischofliche Studienférderung Cusanuswerk.

115



116 CHAPTER 8. CONCLUSIONS AND OUTLOOK



Appendix

117






Appendix A

Normal ordering

As pointed out by KEHREIN [60], one needs an effective method to organize the higher-order
interaction terms that appear when one works out the coupled flow equations. A convenient
method is normal ordering, which was introduced by Wick in 1950 [[116]. Our notation of
normal ordering follows the one presented in [60].

A.1 Definition for fermionic operators

We define normal ordering as a linear operation : - on an expression O that depends on the
fermionic annihilation and creation operators ¢, c . Our reference state |yq) is the thermal

state of Ho = Y, €4C Iwc bo- Then, we have the followmg fundamental contractions,

(WoleroChrorlfo) =0, (A.1)
(Woleprer, W0y = (1= ng)0p O - (A-2)
Woley Chrolho) = npOh oo (A.3)
(Wole} cl, lwoy =0, (A.4)

with the FErmi-Dirac distr1but1on np.

Normal ordering is now defined by a recurrence relation. The inital step is just

(Chy ' = Che s (A.5)
el = . (A.6)
Then, for a known normal-ordered expression : O : we can recursively define
00
Cro 1O : =:¢c1,0 :+(1 —np): 5, (A7)
ac/:
o
a0
ci :0:=:cl O:+ny: : (A.8)
7 Ocky

When taking the derivatives, it is important to bear in mind the following rule for fermionic
operators Ag, Ay,

0 0
—A A A9
oA, k= Opl — Ap = 94, (A.9)
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The fermionic anticommutativity also yields minus sign, whenever we exchange two opera-
tors in normal-ordered expression, i.e.,

CLGARA = - LA A (A.10)

A.2 Normal-ordered expressions

Here, we write down two examples for normal-ordered expressions that are obtained by the
recurrence relation from eqs. (A.7) and (A.8).

1. One-particle interaction:

T S .
C/e{(rcklo' = C/e{o- : C/elo' :

T

=:C
kio

Chio - +nki5ki,kl . (A.ll)

2. Two-particle interaction:

i i _ of T .
Ckl’Tclec/eélckZl = CIQ;TC/ech/€£l $Chy ¢

_ .F AT . T

= c/eiTCle : c/eélckZl : +ck{TCk1Tnk£6ké’k2

=l tepncl e ivict ey d
T k11 ) kal T - k(T kil = 7ROk, ks
+ 7t Okt by ks Ok by

_ . AT T ea AT .

= C/e{Tcleckélckﬁ e ckélckZl : nkiéki’kl

LAt .
+ ck{Tcle : nkééké,kz + nkiéki’hnkééké’k? . (A.12)
Now, we immediately see that normal ordering of the Hamiltonian from eq. (3.10), i.e.,

_ f u i f
R T
Py kb ks

_ U\, s LU o t :
—Z €kt 5 CheCho ity Z PO CRiTC by Chal * Ok{ ks vy
ko ki1l

UQ
+2) mpep+——, (A.13)

only shifts the ground state energy and does not affect the dynamics.

A.3 Products of normal-ordered expressions

In the flow equation analysis, one encounters products of normal-ordered expressions, : Oy ::
O3 :. Here, one can apply Wick’s second theorem [[60, [116], which can be written as

92 ,
10110y =1 exp ;Cklm O1(A0:(A):| . (A.14)
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where C; = (Yol ApA;|Yo) is the contraction of Ay and A;. For example, we get
P el e c=-cl e et e cd L el LS
FChgChio O Chao T O Chio € Chao 2 CliorCrr i TR{ Ok ko

+: C}Lia_ckzg :(1- nkl)ékl,ké + nkiék{,kz(l - nkl)ékl,% . (A.15)

A.4 Expectation values of normal-ordered expressions

The main advantage of normal ordering is that expectation values of normal-ordered expres-
sions will vanish if the expectation value is taken with respect to the reference state |yo), 1.e.,

(Yol : O : o) = 0. (A.16)

This will hold if the reference state is an eigenstate or thermal state of a bilinear Hamiltonian
[60], which is the case here.

When calculating the expectation value of a product of two normal ordered expressions O
and Oy, 1.e.,

(Yol : O1:: Oz ¢ |yo) , (A.17)

we use the fact that the above expression is only non-zero when Oy and O; share summands
with the same amount of annihilation and creation operators because otherwise we do not
have full contractions after applying Wick’s second theorem. In other words, the above ex-
pression can be easily evaluated by only calculating the full contractions between O and O».
For example, we have

o ot : o i : : P
<lr//0| . c/'eio'cklo— .. C/eéo-c/ezo' . |'7[/O> <l//0| . ck{acklackéacszf . |lrllo> + <l//0| . ckla-ckétf . |'7[/O>n/€16/€1,/€2
.?
+ Wol €y Choo * [0 (1 = 18 )y g + 72k O (1 = 712, )y

s Ot oy (1 = 7240 )0 oy - (A.18)
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Appendix B

Consistency checks

B.1 Preservation of the canonical anticommutation relation

The application of the forward-backward scheme, depicted in Fig. 2.3 on the annihilation and

creation operators ¢, and C/:O_ is a sequence of unitary transformations. Hence, we expect
the canonical anticommutation relation

[CkT(t),CZ,T(t)]+ 2 Oppr + O(U3) (B.1)

to be preserved at least up to second order in U. This motivates a consistency check for the
time-evolved solutions from eqs. (5.56)) - (5.58) after the unitary perturbation theory scheme
has been applied to the annihilation operator. With its general form we get

i _ A PR
cxr(efy (0] = hehp0) | e nicly |
: : f Lot P
+ Z Fkakl,ké,kz(t)Fk’,k3,k4,k4(t) [ cleckélC/Ql e ck4lckilck3T 1,
krk;
X Ofesks oy-they Okt oy

* . — o
+ Z hk(t)Fk’,kl,/eé,kz(t) [ Chp 5t Ckzlckﬁlckﬁ .]+ 5k’+k§,/e1+k2
Eks

* . i N
+ Z P (O Fp ey ey by (2) [ ChitChy Chal % Cpp -L Oktk) kit
krE;
+ h(t)G? ) |: LT 7o 5
k [N CRT c/ezTckéTcle R R+ e+
ET;

: il RS
+ Z D (G, ky k(1) [ Chi1Chy1Chat &7 Cpny -L Otk ky+ks
Ek;

+0(U?) . (B.2)

Now, we calculate the products of the normal-ordered expressions, where we only consider
i

terms that have an operator structure proportional to 1 or : ¢ bt
1

Cp,1 © after the contractions.
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This yields

cer(ehepy(0)| | = h(Oh (Do

+ D FriaysOFL a1, (1= mi i (1= i) + my (1= m)my)
k) ks

X Okl ik Ok 7

ot :
- Z Fie e yles (DL ey () P2ky = 12y) 2 €rrClit © Ok oy sky Okl ok

ik
o .
+ Z Mt (Gl (8) = Gl g () CrChil * Okrak vk
s

ot :
+ Z R (Gl by by () = Gl (1)) CrnChil * Okrky k]
Erkr

+ linearly independent terms

+O0(U) . (B.3)

Thus, we have two consistency conditions,

12 (o))

2
+ Z | Fh ey e er (17 (1= 72 1 (1= 1,) + 72, (1= 10 )01, ) Sk ey
krky ks

+0UY), (B.4)
!
0=- Z | Pt e den (O (g = 7)) Sl ey
ki
+ (Gl oy () = Gl e (1))
+ () (Grkr oy (8) = Gl oy (2))
+0(UY), (B.5)

which are two relations that our three solutions from egs. (5.56)) - (5.58) must fulfill.
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We insert the solutions into the first relation and get

!
1=1
. e_l(AEk*kl’kéykZ)t

U? Z 1
o —
Q ks (A€p ks ky)

x((1- ﬂ/el)”/eg(l — npy) + g (1 - ”ké)nkz)‘sk%g,kﬁkz
_ ei(Akae],kéJez)t

U? 3 1
ey} —
O G, Bekikk)

X (1= ng Iy (1= np,) + np (1= 208, )0k ks by 1y

~ 2
‘1 _ el(Afk,kl,ké,kz)t

(A€t k1 k,)? (L= 720, ) (1= 7)o+ 724 (1 = 74 )10k, ) Oyl s
/@1 k! kz K 1,K5,~k2

+0U?Y). (B.6)

We recognize that the last three terms cancel out. Thus, the first consistency condition is
fulfilled.

The second relation requires

; 2
‘1 _ el(AEkvklﬂké»kz)t

O0=-— (hr = Mhy))Oksk! by
2 , 2 2 2 + 29 1tR2
Q k5.2 (Aek’kl’kz’kz)

=Gk k()
= Grprk (1)
+0UY, (B.7)

where we have used that G g, ,(t) = 0+ O(U?). Furthermore, eq. (5.58) implies

Gy k() = Z

Aek sk 1 — ! (Bkip by )t

' Dep sy \ (A€, ki) + (D€k e, ks k;)?

1(Ae t ]
e( kky ks iy o (B€kiyhy p)t

(A€Ls sy k)
X (n/eg - 7l/e3)5/e1+/e§,/e+/€3
+O0(U?)
U2 [ ei(AEk,kl,ké,kz)t
_ _E (”Ie§ - nk2)5k+k§,k1+kz

, 2
i (Bekkikie)

+0U?). (B.8)
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With this result, the second relation reads

- ’1 B ei(Afk,kl,ké,kz)t 2

!

0=-— (Mpr = 1)) Ok skl oy 4k
o2 s (AL fr k) 2T
U2 1— e—i(Afk,kl,ké,kz)f( 5

+ — Npr = N, )ORik! fy+k

Q2 &r (A€ pyry)® 72 T TR
U2 1— ei(Afk,kl,ké,kz)t

— (Ppr = Mg, )0k k! by 4k
Q2 £ - (A€ oy ry)? 72 7 TR
27

+0(U?), (B.9)
which is clearly fulfilled.
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B.2 Total spin-up particle number

The total spin-up particle number
def
NT = Z CZTCkT = Z CITCZ'T (B.lO)
k i

is a conserved quantity in the HuBBARD model because it commutes with the Hamiltonian

from eq. (3.10),
HO,NT ZZEk [ c/eO"C/:/TC/e’T]_

ko R’
=0, (B.11)
[Hiwee Np|_=U Z Z [CZTCiTCZCw C}Cn]_
]
=0. (B.12)

This provides a consistency check for eq. (6.7) because we can directly derive the time-evolved
total spin-up particle number operator, where we only focus on terms with an operator struc-

; .ot .
ture proportional to 1 or : CrpChil 5

2 2
Ni(t) = Z ()7 + Z | Eb foy g oo (O 124y (L = 7240 ), O oy 4k
% kv k:

2
+Z g, (2)] :clecle :
3

2 ot :
+ Z |\ Frp ey g ey (L= 72 )0, 2 € 1Cip t Okt gy

kikl’ké»kz
: AT .
+ Z hk;(t)(Gk{»/e{Jel,kl(t) = Gy kyer ) (8)) 1 IR
ki ki
A -G; o )
+kzk: h/e{(t)(Gk{’/C;,kl,k1(t) Gk{,k],k],k{(t))nk; . Ck]TCk1T .
el

+ linearly independent terms
+0(U”) . (B.13)
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Now, we insert the expressions from egs. (5.56)) - (5.58)) and get

2 1 —cos (Afk,k Ek )t
NT(t)=Zn —£ Z ( e )

2 —
k O e (Bekkikk)

X g (1= mp gy (1= 1) + 1, (1= 181024 )) Sk sk
2U? Z 1 —cos ((Aele,/el,/eé,/ez)t)
2 RY
O T (Bekkikgk)

AT .
+Z : Ck]TCle :
ki

2U2 1 —cos ((Aék/,/e],/e’,kz)t)
= Z 1 2

oy (1= 14y )1y Ok oy 4k

’ ’ 2
k{,k[,ké,kz (Aekl,/el,kz,/ez)

ot :
X((1 = ), (1= ngy) + mpr(1 = mp, )mps) 2 €4 Chy t Oprkp oy
2072 Z 1—cos ((Afk{,kl,ké,kz)t)
[ , , 2
bbike,  AekmkR)

L= np)ng, €y Chip t Okpaksbyrky

202 1 —cos ((Afki,kl,k}kz)t)
_I__
: : ’ 4 2
S A

PR1R
Xngr (g (1= mp,) = (1= ngy)mp,) : C/;T%T DOkt ik g+
+ linearly independent terms
+0(U) . (B.14)

We convince ourselves that after interchanging indices most of the terms cancel out, yielding

Ni(t) = Z n+ Z : C}LTC/QT . + linearly independent terms + O(U?) . (B.15)
k k

As the black and red terms are time-independent, this part of the calculation is consistent with
the conservation of the total spin-up particle number. In order to check that also the linearly
independent terms vanish, we would need the second-order corrections for Fleky k> which
are irrelevant for our calculation of the density-density correlation functions.
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B.3 Variance of the total spin-up particle number

As the total spin-up particle number N1 is a conserved quantity, also its variance
2
(N7) = (N7) (B.16)

should be time-independent. We can derive the variance from the equal-time connected

density-density correlation function for parallel spins, C ;I/T,x(t)’ by a summation over x’ and
x’

Dl @) =Y (nen®na () = Y (men())(na(e)

x’,x x’,x

= (N2) = (Ny)*. (B.17)

Hence, the solution for C ,I,T,x(t) from eq. (6.24) should be consistent with this. The summa-
tion over x” in eq. (6.24) yields a ;. and we get

Y.cll@ =) n=np)
x’,x kb
4U? 1= cos ((A€p, kyk,)t)
> m(l=np) -
T v, (Bekkikik,)

vy

X((l - ”kl)”ké(l — nkz) + ”k1(1 - nké)nk2)5k+ké,k1+/€z

402 1—cos ((Afk,kl,k’,kz)t)
o > ompi=ng) Y 51k (1 = 7)) Sk sk by 1k

Ry
/e klké,kz (Aekvkl,kz,kz)
4U? 1 — cos ((Aele,/el,/eé,/ez)t)
o2 Z np(l—ny) (Ae 72 7y (Mg = 7y Ok oy ks
k k1 ik by ks

+0(U%) . (B.18)



130 APPENDIX B. CONSISTENCY CHECKS

The orange terms cancel out directly and the red terms can be rearranged such that

DGl = ) m=my)

4U? 1 —cos ((A€gp p£,)t)
—ar L 2 o
k krkepks by ks ks

X((1 = np Inpy (1= mp,) + mp, (1= mpg) 0, Oty oy ks

2 1 - cos ((AG/e,kl,/eé,/ez)t)
+— ) mp(l—nyp)
Z/e: kl,kzlkz (Aek’k“ké’kz y

X((1 = g, )y (1 = mg,) + 1, (1= 74 )0k, ) O ey sk

+0U?) . (B.19)

This is clearly time-independent and hence consistent with the conservation of the variance
of the total spin-up particle number.
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