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Abstract

The present theoretical work is organized in two independent parts:

Part I belongs to the field of condensed matter theory and deals with the spectral signatures
of collective states in one dimensional (1D) metals.

In ordinary metals, electrons behave like free particles in many aspects. The excitations
are characterized by a certain Fermi velocity as described by Fermi-liquid theory. In contrast,
electrons in 1D metals fractionalize into spin and charge degrees of freedom, giving rise to a
different state of matter: a Tomonaga-Luttinger liquid (TLL). The spin-charge separation leads
to a splitting of the dispersion which reflects the distinct velocities of collective spin and charge
excitations. A further collective phenomenon which can occur in 1D metals is the formation
of a macroscopic charge-density wave, a periodic modulation of the electron density due to the
electron-phonon interaction.

Several experimental realizations of 1D metals and TLLs are known so far. More recent
candidates are 1D grain boundaries in two-dimensional surface systems. In our work, we re-
port on the spectral signatures of a TLL found in mirror-twin boundaries of monolayer MoSs.
This result was obtained by a collaboration between experimentalists and theorists. Scanning
tunneling spectroscopy (STS) was used to record the local density of states along the grain
boundaries. The STS spectrum of a short grain boundary indicates a doubling of energy levels
which are well-separated in energy due to the finite length of the boundary. As a part of the
collaboration, we calculated the local density of states as predicted by three different models: a
model of non-interacting electrons, a charge-density-wave model and a TLL model. As a result
of the comparison of measured and theoretical spectra, we identify the doubling of the energy
levels as signature of spin-charge separation and, thus, the presence of a TLL in the short grain
boundary. We also include the analysis of longer grain boundaries into our discussion and show
how the Luttinger-liquid parameters can be estimated from the Fourier transformed spectra.
To conclude, we address further questions or points of criticism regarding our work.

Part II belongs to the field of non-equilibrium physics and deals with the effective description
of equilibration in macroscopic systems at late times.

Isolated interacting many-body systems are expected to relax to a thermal equilibrium state
after a sudden perturbation. In the last stage of this relaxation process, the approach of
the equilibrium state is hampered by the diffusive transport of locally conserved quantities as
described by fluctuating hydrodynamics. As a consequence, the buildup of the characteristic
equilibrium fluctuations occurs only algebraically slowly, giving rise to hydrodynamic long-
time tails o %2 in d dimensions. The standard Boltzmann equation is tailored to transport
problems of various kinds, but fails to describe the relaxation process in the hydrodynamic
stage as it omits crucial correlations. Exponentially fast relaxation is predicted wrongly. This
problem can be solved by adding a noise term which results in a stochastic Langevin-type
Boltzmann equation. As the full Boltzmann equation is difficult to solve numerically, we
propose a simplified version: a fluctuating relaxation-time approximation (fRTA). In our work,
we derive the form of the required noise term. We also show that the numerical solution
involves a further noise term if the integration scheme is stabilized by an artificial diffusion
term. Finally, we demonstrate that the numerical solution of the fRTA is in agreement with
the predictions of fluctuating hydrodynamics.

As an addition, we discuss slow changes of system parameters in time ¢,. The adiabatic limit
tq — oo is characterized by a vanishing entropy production. We show that the adiabatic limit
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Abstract

is reached only algebraically oc t;* due to the presence of hydrodynamic slow modes. Thus,
the ideal case of adiabatic state preparation cannot be realized with exponential accuracy for
arbitrarily slow changes of state. In our calculation, we employ the Fokker-Planck equation of
fluctuating hydrodynamics.

Our work also includes a more general review of the linear theory of irreversible processes
which is then applied to derive fluctuating hydrodynamic equations and the fluctuating Boltz-
mann equation as well.
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Kurzzusammenfassung

Die vorliegende theoretische Arbeit gliedert sich in zwei unabhéngige Teile:

Teil I fallt in den Bereich der Theorie der kondensierten Materie und beschéftigt sich mit den
spektralen Merkmalen kollektiver Zusténde in eindimensionalen (1D) Metallen.

In gewohnlichen Metallen verhalten sich Elektronen in vielerlei Hinsicht wie freie Teilchen.
Die Anregungen sind durch eine Fermigeschwindigkeit gekennzeichnet, wie von der Fermifliis-
sigkeitstheorie beschrieben. Im Gegensatz dazu zerfallen die Elektronen in 1D-Metallen in
Spin- und Ladungsfreiheitsgrade, wodurch ein andersartiger Vielteilchenzustand entsteht: eine
Tomonaga-Luttinger-Flissigkeit (TLF). Die Spin-Ladungstrennung fiihrt zu einer Aufspaltung
der Dispersion, die die unterschiedlichen Geschwindigkeiten der kollektiven Spin- und Ladungs-
anregungen widerspiegelt. Fin weiteres kollektives Phdnomen, das bei 1D-Metallen auftreten
kann, ist die Bildung einer makroskopischen Ladungsdichtewelle, eine periodische Modulation
der Elektronendichte aufgrund der Elektron-Phonon-Wechselwirkung.

Bisher sind einige experimentelle Realisierungen von 1D-Metallen und TLFs bekannt. Neue-
re Kandidaten sind 1D-Korngrenzen in zweidimensionalen Oberflichensystemen. In unserer
Arbeit berichten wir von spektralen Merkmalen einer TLF, die in Zwillingskorngrenzen einer
MoSs-Monolage gefunden wurden. Dieses Ergebnis wurde durch eine Zusammenarbeit zwi-
schen Experimentalphysikern und Theoretikern erzielt. Mit Hilfe der Rastertunnelspektrosko-
pie (engl. scanning tunneling spectroscopy, STS) wurde die lokale Zustandsdichte entlang der
Korngrenzen aufgezeichnet. Das STS-Spektrum einer kurzen Korngrenze ldsst eine Verdop-
pelung der Energieniveaus erkennen, die aufgrund der endlichen Lénge der Grenze beziiglich
ihrer Energien deutlich voneinander getrennt sind. Im Rahmen der Zusammenarbeit berechne-
ten wir die lokale Zustandsdichte, wie sie von drei verschiedenen Modellen vorhergesagt wird:
ein Modell nicht-wechselwirkender Elektronen, ein Model einer Ladungsdichtewelle und ein
TLF-Modell. Als Ergebnis des Vergleichs von gemessenen und theoretischen Spektren identi-
fizieren wir die Verdoppelung der Energieniveaus als Kennzeichen der Spin-Ladungstrennung
und damit als die Realisierung einer TLF in der kurzen Korngrenze. Wir beziehen auch die
Analyse langerer Korngrenzen in unsere Diskussion ein und zeigen, wie die Luttingerfliissigkeit-
sparameter aus den fouriertransformierten Spektren abgeschéitzt werden kénnen. Abschlieflend
gehen wir auf weitere Fragen bzw. Kritikpunkte zu unserer Arbeit ein.

Teil II gehort zum Gebiet der Nichtgleichgewichtsphysik und beschéftigt sich mit der effektiven
Beschreibung der Aquilibrierung von makroskopischen Systemen zu spiten Zeiten.

Isolierte, wechselwirkende Vielteilchensysteme neigen dazu sich nach einer plétzlichen Sto-
rung in einen thermischen Gleichgewichtszustand zu begeben. In der letzten Phase dieses Re-
laxationsprozesses wird die Anndherung an den Gleichgewichtszustand durch den diffusiven
Transport lokal erhaltener Gréfien erschwert, ein Vorgang, der durch die fluktuierende Hydrody-
namik beschrieben wird. In Folge dessen vollzieht sich der Aufbau der charakteristischen Gleich-
gewichtsschwankungen nur algebraisch langsam, was zu hydrodynamischen Langzeitschwénzen
o t~%2 in d Dimensionen fithrt. Die Standard-Boltzmann-Gleichung ist auf verschiedenartige
Transportprobleme zugeschnitten, kann jedoch den Relaxationsprozess in der hydrodynami-
schen Phase nicht vollstdndig erfassen, da sie wichtige Korrelationen aufler Acht lasst. Falschli-
cherweise wird eine exponentiell schnelle Relaxation vorhergesagt. Dieses Problem kann durch
Hinzufligen eines Noise-Terms gelost werden, der auf eine stochastische Boltzmann-Langevin-
Gleichung fiihrt. Da die volle Boltzmann-Gleichung numerisch schwer zu l6sen ist, schlagen
wir eine vereinfachte Version vor: eine fluktuierende Relaxationszeitnidherung (engl. fluctuating



Kurzzusammenfassung

relaxation-time approximation, fRTA). In unserer Arbeit leiten wir die Form des erforderlichen
Noise-Terms ab. Wir zeigen auch, dass die numerische Losung einen weiteren Noise-Term erfor-
dert, wenn das Integrationsschema durch einen kiinstlichen Diffusionsterm stabilisiert werden
soll. Schliellich zeigen wir, dass die numerische Losung der fluktuierenden Relaxationszeitna-
herung mit den Vorhersagen der fluktuierenden Hydrodynamik {ibereinstimmt.

Als Ergénzung diskutieren wir langsame Anderungen der Systemparameter innerhalb einer
Zeitspanne ty. Der adiabatische Grenzfall ¢, — oo ist durch eine verschwindende Entropie-
produktion gekennzeichnet. Wir zeigen, dass der adiabatische Grenzfall aufgrund langsamer
hydrodynamischer Moden nur algebraisch oc ¢, erreicht wird. Der Idealfall einer adiabati-
schen Zustandsdnderung ldsst sich also bei beliebig langsamen Zustandsédnderungen nicht mit
exponentieller Genauigkeit realisieren. In unserer Berechnung verwenden wir die Fokker-Planck-
Gleichung der fluktuierenden Hydrodynamik.

Unsere Arbeit umfasst auch eine allgemeinere Betrachtung der linearen Theorie der irrever-
siblen Prozesse, die dann zur Ableitung fluktuierender hydrodynamischer Gleichungen und der
fluktuierenden Boltzmann-Gleichung verwendet wird.
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Preface

The purpose of this preface is to briefly outline the scope of the present thesis and to show
how its various subjects may be linked by the concept of scale invariance. We touch upon
several concepts here, but introduce them carefully in the main text to the extent that they are
needed.

One of the remarkable phenomena observed in condensed-matter or many-particle systems is
the emergence of scale invariance [1]. A scale invariant state of matter may be detected by
considering the correlations of fluctuations in space and time. Correlation functions measure
how strongly the fluctuations at a given point in space and time affect the fluctuations at a
distance or at a later time. In many-particle systems, correlations are often expected to decay
exponentially fast on short microscopic scales in space and time. In a fluid, typical scales
are given by the time elapsing between the collisions of the particles or the mean-free path,
respectively. For larger distances or longer times the fluctuations are essentially uncorrelated.
In more interesting situations, the correlations are long-ranged and their decay follows a power-
law. Here, characteristic scales are absent. Rescaling of time or space coordinates is equivalent
to multiplying the correlation function with a scale factor, i.e. the correlation function is a
homogeneous function of space and time coordinates [2]. Owing to this property, we recognize
a scale invariant state. We want to highlight three examples of emergent scale invariance:

e The paradigmatic example of scale invariance is critical points of continuous phase transi-
tions. According to Landau’s theory of phase transitions the free energy can be expanded
in terms of an order parameter ¢ close to the transition [2].! The scenario of a second-
order phase transition is described by the free energy F[¢] = [, [r¢? + ¢*(x ¢)* + ug?]
with © > 0. F[¢] is minimized by (¢) =0 in the disordered phase for r > 0 and by
(¢p) = /—r/2u # 0 in the ordered or symmetry broken phase for » < 0. The continuous
transition occurs at the critical point 7 = 0. When the critical point is approached from
the disordered side of the transition, the order parameter still vanishes on average, but its
fluctuations are enhanced. Within the Gaussian approximation v = 0, the fluctuations
of the order parameter decay as

1 x—x

000N o (- PXT) 0.1)
in d dimensions [2-4]. As the correlation length diverges as &copr. x r~% for r — 0,
the correlations follow a power-law directly at the critical point. The divergence of the
correlation length is driven by the softening of the ¢(q = 0) Fourier mode. The values of
the critical exponents, n = 0 and v = 1/2, are predicted wrongly when the fluctuations
loose their Gaussian character, e.g. in low dimensions d < 4. The true values are less
universal than Landau’s theory suggests. Still, critical systems that fall into a certain
universality class share the same exponents. Apart from this refinement, the power laws

at and in the approach of critical points remain.

e Fermions in one dimensions loose their identities as single particles that are merely dressed
with particle-hole excitations. Instead, they form collective density excitations. The
resulting long-ranged correlations of the original fermions are reflected in the power-law

!We restrict ourselves to classical criticality with scalar order parameters, e.g. the Ising ferromagnet.
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behavior of the fermionic Green’s function [5]. For spinless, right-moving fermions close
to the Fermi momentum kp, the time-ordered Green’s function is of the form

1 1

(TU(z, )P (2", 1)) e 7
{(a: —2/)—vp(t—t)+ ia} [(:c —a')+op(t—1t)+ ia}

(0.2)
with exponents o = 1 and 8 = 0 in the non-interacting case. a denotes a short cutoff
scale. Most prominently, the power-law behavior of the Green’s functions entails a power-
low suppression of the density of states at the Fermi level. The expression (0.2) is valid at
zero temperature and in the thermodynamic limit. The power laws are cutoff at higher
temperature at a scale « vp/T which diverges for T — 0 [6]. At T' = 0, the fermion
system can be viewed as exactly at a critical point. More specifically, the fermions
tend to order in a density-wave pattern, but the order is suppressed by strong quantum
fluctuations [5]. Similarly to critical exponents, the values of o and  change when
interactions are included. They are non-universal and depend on the actual interaction
strength.?

e Scale invariance is not only restricted to isolated points in phase diagrams where the
temperature or other parameters have to be fine tuned to a critical value. Besides critical
points, an ubiquitous source of scale invariance is conservation laws. In the ultimate long-
wavelength and low-frequency limit, the transport of conserved quantities is described by
the equations of fluctuating hydrodynamics [7]. In the simplest case, we think of a
single conserved quantity [, p(x) and its density p(x), governed by a fluctuating diffusion
equation O;p — DO2p = Oy - (. Here, D is the diffusion constant. The correlations
of the fluctuating current ¢ are determined by a fluctuation-dissipation relation. The
equilibrium correlations of the conserved density in d dimensions,

1 Ix — x'|?
T -
(0p(x,t)dp(x', ")) o TR—ITIE exp ( Di—1]) (0.3)

exhibit a so-called hydrodynamic long-time tail o< |t — ¢/|~%? for long time intervals.

Similar to classical criticality, the source of the long-ranged temporal correlations is a
soft @ = 0 Fourier mode: As the total quantity p(q = 0) = [, p(x) is conserved, the
correlations of Fourier modes decay arbitrarily slowly for ¢ — 0.

The present thesis covers two subjects which are discussed largely independently of each other.
Still, they have in common that they are more or less closely related to the scale invariant
phases mentioned above. The following aspects are addressed:

e We mentioned that the power-law correlations related to criticality and the ones in low
dimensions are cutoff at a length scale essentially set by temperature or some other control
parameter. The system size introduces an further length scale L. As a consequence, the
spectrum of the fluctuations exhibits a gap of size o 1/L. The softening of any mode
stops at this scale. The related power-laws eventually turn into exponentials at scales
comparable with L. Strictly speaking, critical behavior — and scale invariance in general —
is only possible in the thermodynamic limit of infinite system size, i.e. 1/L — 0. However,
this fact is not particularly relevant for macroscopic systems.

In Part I of the thesis, we deal with the opposite extreme case, a one-dimensional
metal of small finite length. Such systems were recently realized as mirror-twin bound-
aries (MTBs) of MoSy monolayer crystals [8, 9]. These nm-sized line defects host one-
dimensional metallic states which are well-isolated from the surrounding bulk crystal.

2 Additionally, for spinful fermions, the Green’s function factorizes into contributions of the charge and spin
sector. The exponents are replaced as o — (e + @s)/2, 8 — (Be + Bs)/2.
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Due to the short length of the MTBs the energy levels are separated by gaps o< 1/L. The
separation is large enough that isolated levels are resolved in scanning tunneling spec-
troscopy (STS) at low temperatures. Away from the thermodynamic limit, the power-law
suppression of the density of states related to (0.2) is hard to detect. Instead, the distri-
bution of energy levels in the finite-size spectrum is more informative. We calculate the
local density of states of a one-dimensional metallic wire of finite length. Comparison of
the theoretical spectra of three different models with the STS data allows us to identify
the precise nature of the one-dimensional states hosted by MTBs.

The correlation functions (0.3) characterize fluctuations of thermodynamic equilibrium
states. These states are completely defined by the total amount of the conserved quanti-
ties of the system, e. g. the total energy. When a system is prepared in a non-equilibrium
state, our generic expectation is that the initial correlations will relax to their equilibrium
form.

Part IT dwells on the formation of hydrodynamic equilibrium correlations (0.3). The long-
ranged equilibrium correlations build up only slowly, hampered by the diffusive transport
of the conserved quantities. As a consequence, long-time tails (§p?(x,t)) — (§p?(x, t))eq X

t=4/2 also emerge in the approach of the equilibrium state as a function of the absolute
time t. A microscopic theory has to reproduce the algebraic buildup of fluctuations in
the hydrodynamic regime. The Boltzmann theory is a first step in this direction. It
provides an equation of motion for a general momentum distribution function of particles
fx(x,t) which can also assume a non-equilibrium form. The Boltzmann equation in its
standard textbook form [3, 10, 11] neglects correlations and, therefore, does not comprise
the scale-invariant stage of the relaxation. However, close to equilibrium the missing piece
of information is restored by a fluctuation-dissipation relation, similar to the equations
of fluctuating hydrodynamics. Here, we derive a simplified version of the fluctuating
Boltzmann theory: a fluctuating relaxation-time approximation. We show how it can be
solved numerically and demonstrate the consistency with fluctuating hydrodynamics.
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Chapter 1

Introduction |

A beginner’s course on quantum mechanics often starts by discussing particles in one dimen-
sion (1D). One of the first problems to be solved is a particle confined to a 1D box of given
length. At first glance, this seems to be a rather artificial scenario, intended only for a smooth
introduction. One might think that the 1D case is trivial from a theoretical point of view and,
more importantly, irrelevant in a three-dimensional world. The study of 1D metals leads to a
different conclusion: The interacting electron gas in 1D metals is predicted to behave very dif-
ferently from electrons in ordinary, higher dimensional metals, which is already an interesting
aspect from theory side. Moreover, the scientific interest in 1D metals is significantly increased
by the fact that they can actually be produced and investigated in the lab.

1D metals and ordinary higher-dimensional metals are distinguished by the role of interac-
tions. In ordinary metals electrons, behave essentially like free fermions despite the fact that
they strongly interact. This remarkable fact is explained by Fermi-liquid theory [12, 13]: The
low-energy excitations of the interacting system are long-lived fermionic quasiparticles. The
quasiparticle states are in a one-to-one correspondence to the states of free fermions. There-
fore, interactions do not have much impact. Interacting fermions in 1D behave differently. It
turns out that no stable quasiparticles exist in 1D which invalidates the Fermi-liquid concept.
Instead, the single-particle excitations fractionalize into spin and charge degrees of freedom.
The elementary excitations are no longer fermionic quasiparticles. They are replaced by non-
interacting spin- and charge-density waves with bosonic statistics. This many-particle state is
called Tomonaga-Luttinger liquid (TLL). Similar to a Fermi liquid, the TLL is characterized by
a small number of parameters: the velocities of spin- and charge-density waves u., us and two
further Luttinger-liquid parameters (LLPs) K., K, which encode the interaction strength of
the of electron system. The fact that spin and charge appear as independent entities is referred
to as spin-charge separation. It was first realized by Tomonaga [14] that fermions in 1D can be
described in terms of bosonic degrees of freedom. Later, Luttinger [15] came up with a model
of interacting fermions in 1D and showed that the model can be solved exactly. Haldane [16]
recognized that the TLL model is the effective low-energy theory of the 1D interacting electron
gas. The exact solution of this model shows that the low-energy excitations are bosonic density
waves and the Fermi liquid is replaced by the Luttinger liquid in 1D. Still, one could suspect
that solving a 1D problem is a purely academic exercise. Luttinger himself regarded the 1D
model as “unrealistic” [15].

Meanwhile there are quite a few examples of 1D metals which could be realized and Luttinger-
liquid behavior was observed. Prominent examples are anisotropic crystals which conduct
electrons primarly along one crystal direction (quasi 1D materials), e. g. purple bronze [17, 18]
or Bechgaard salts [19, 20|, carbon nanotubes [21, 22], the edge channels in quantum Hall
systems [23-26], semiconductor nanowires (fabricated by cleaved edge overgrowth) [27, 28], or
self-assembled wires of metallic atoms on semiconductor surfaces [29]. More recently, a further

7



1 Introduction |

possibility of realizing a 1D metal has been found: grain boundaries in monolayer materials.
Monolayers of transition metal dichalcogenides (TMDs) MoSes and MoS; are two-dimensional
(2D) semiconductor materials which exhibit one-dimensional line defects [30]. These line de-
fects are identified as mirror-twin boundaries (MTB) where two grains of the 2D crystal merge.
The band structure of MoSey and MoSy was calculated using density-functional theory (DFT)
[31-33]. The band structure calculations indicate that a single electron band crosses the Fermi
level localized at the MTB. This implies that MTBs host 1D electronic states in an otherwise
insulating environment. Thus, MTBs in MoSe; and MoSs are predicted to resemble 1D metal-
lic wires. However, the precise nature of the 1D states has been under debate.

Liu et al. [34] studied a dense network of MTBs in MoSes with scanning tunneling microscopy
(STM) and spectroscopy (STS). They observed a standing-wave pattern in the STM signal
with approximately linear relation between wavelength and energy. The authors explained the
dispersing behavior by the confinement of electrons to MTBs of finite length. Following their
argument, the result can basically be understood with a model of particles in a 1D box. Barja
et al. [35] came to a different conclusion. They performed similar measurements on MTBs in
MoSes and found a pronounced gap in the energy spectrum at the Fermi energy, accompanied
by a periodic modulation of the electron density close to an integer multiple of the lattice
constant. They attributed their findings to a Peierls instability. An instability of this type is
induced by electron-phonon coupling and leads to a gapped state with broken translation sym-
metry. The symmetry-broken ground state is characterized by a macroscopic charge-density
wave (CDW) in real space. The explanation of the standing-wave pattern as a result of ele-
mentary quantization was rejected. In general, a CDW state is not necessarily commensurate
with the underlying lattice as reported there. Ma et al. [36] extended the STM measurements
to a broader temperature range. They detected CDW transitions at T'= 235K and T' = 205 K
related to incommensurate and commensurate CDW states, respectively. Furthermore, they
studied the dispersion of the 1D states above the CDW transitions at 7" = 300 K by means
of angle-resolved photoemission spectroscopy (ARPES). In order to predict the ARPES signal
a refined 1D model was used which is valid also at high energies and converges to the TLL
model at low-energies. The theoretical modeling allowed the authors to identify split bands of
spin and charge excitations in the ARPES signal. They argued that the observed spin-charge
separation proves the 1D nature of the electronic states even at high energies.

The results of the above-mentioned DFT calculations suggest that MTBs in the related com-
pound MoSs also represent 1D metals. The questions arises what kind of 1D state is realized
in MTBs of MoSs. We pursued this question within the framework of a collaboration between
experiment and theory [9]. The 1D states localized at the MTBs were investigated by STM and
STS measurements. STS was used as a tool for recording the local density of states (LDOS).
The LDOS is a very informative quantity which can be seen as the fingerprint of the 1D system.
We contributed the theoretical calculation of the LDOS as predicted by different models. The
comparison between the theoretical LDOS and the STS signal provides strong evidence that
the 1D state is a TLL. In the present work, we explain how this conclusion was drawn. We
discuss three possible scenarios for the 1D states:

e non-interacting electrons,
e a Peierls-type CDW, and
e a TLL.

For each scenario, we present the calculation of the LDOS and discuss the agreement between
the predicted LDOS and the STS data.



Structure Ch. 2 provides an introduction to the peculiarities of the 1D electron gas. We
start by reviewing the quasiparticle concept of Fermi-liquid theory and its breakdown in 1D.
Subsequently, we present two collective phenomena which occur in 1D metals: First, we discuss
the possibility of a symmetry-broken CDW state as a result of electron-phonon coupling. Here,
we analyze the CDW transition on the mean-field level. We then turn to the phenomenon of
spin-charge separation. To this end, we introduce the low-energy model of the 1D metal, the
TLL model, and show how it can be solved exactly using the bosonization technique. The ele-
mentary excitations are found to be independent spin- and charge-density waves. We include
a derivation of the so-called bosonization identity which relates fermionic and bosonic degrees
of freedom. The identity is an important tool in the calculation of the LDOS of the TLL model.

In Ch. 3, we turn to the experimental platform, the MTBs in MoS;. We briefly discuss the
experimental conditions, the preparation of monolayer MoSs, and the formation of MTBs. We
continue to explain the working principle of STM and STS and relate the LDOS of the sample
to the tunnel current in an STM measurement. Finally, we summarize the electronic properties
of the MTBs as known from DFT calculations and STS measurements.

The main chapter Ch. 4 contrasts the STM signal of a short MTB of length L = 6 nm with
the theoretical LDOS of three models: non-interacting electrons in a box, a CDW model, and
a TLL model. We proceed in the following way: We write down the respective model for a
finite geometry of length L. For the non-interacting and the CDW model, we obtain the LDOS
directly in terms of the energy spectrum and the wave functions. In order to calculate the
LDOS of the TLL model, we use the Green’s function method and employ the bosonization
identity. For each model, we discuss the similarities and discrepancies between the calculated
LDOS and the measured LDOS. Finally, we find that the TLL model describes the experimen-
tal findings best. We will interpret the doubling of energy levels in the measured LDOS as a
signature of spin-charge separation. After the discussion of the short MTB, we consider longer
MTBs. Here, we argue that the Fourier transform of the LDOS is better suited for detecting a
splitting of the dispersion. We also use the Fourier transform to estimate the value of K.. We
conclude the chapter by discussing possible objections that could be raised against our TLL
interpretation.

Ch. 5 summarizes our conclusions about the nature of the 1D states in MoSy MTBs.






Chapter 2

Collective Phenomena in
One-Dimensional Metals

In previous studies of MTBs in MoSe,, two different types of 1D collective states were re-
ported: a CDW and a Luttinger liquid. In the present chapter, we discuss the theoretical
concepts which are needed to describe such 1D states from a general perspective. Through-
out the chapter, we consider periodic boundary conditions. In Sec. 2.1, we start by reviewing
the quasiparticle concept of Fermi-liquid theory which describes the properties of ordinary
metals. With this background, we show that the quasiparticle concept breaks down in 1D,
indicating that 1D metals deserve a special treatment. In the following sections, we deal with
the collective states of 1D metals: In Sec. 2.2, we introduce the CDW state using a minimal
model of a fermionic chain. We continue to develop the BCS-type mean-field theory of the
CDW transition which relies on an attractive interaction channel. Finally, we explain how the
attractive interaction is mediated by optical phonons and point out the relation to the Peierls
structural instability of the underlying lattice. The CDW order breaks translation symmetry. In
Sec. 2.3, we turn to the generic, translation symmetric many-particle state of 1D metals: the
Luttinger liquid. We set up the TLL model which describes the low-energy excitations of the
1D metal and show that the elementary excitations are independent spin- and charge-density
waves using the bosonization technique. We conclude by deriving the bosonization identity
which provides the relation between fermionic and bosonic operators.

2.1 What is a one-dimensional metal and why is it different?

2.1.1 Definition of a 1D metal

In classical mechanics, the usual way to confine the motion of particles to one-dimension is
to apply suitable forces perpendicular to the desired one-dimensional trajectory. Such forces
appear in the Lagrange equations of first kind. In a more realistic modeling the restoring force
is generated by some steep potential barrier. Already small deviation from the one-dimensional
trajectory are charged with a large potential energy. Only particles with large kinetic energy
can move significantly in the perpendicular direction, which happens in an oscillatory way.
Low-energy particles follow almost perfectly the one-dimensional channel with vanishing per-
pendicular oscillations.

For a quantum mechanical system, one has to argue differently, see e. g. Refs. [37, 38]: Here, we
consider the wave functions of the particles, 5= (—02 — 85 —02)(x,y,2) = Et(x,y,z). For an
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infinite wire with cross-section w x w, the eigenvalues are E, ,, (kz) = % + I (ng +n2),
where £, is the momentum of the particle moving along the wire and n,,n, € N label the
standing-wave states which extent in the perpendicular directions. In a generic situation,

many standing-wave bands cross the Fermi energy Er at a multitude of Fermi points. As a
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2 Collective Phenomena in One-Dimensional Metals

consequence, many perpendicular degrees of freedom are excited. In the limit of a thick wire,
w — oo, the Fermi points merge to a continuous two-dimensional Fermi surface of a three-
dimensional metal. In the opposite case of a very thin wire, only the lowest-lying standing-wave
band Ej; crosses the Fermi energy, giving rise to two Fermi points +kp.! The bands higher

in energy are gapped out with the band gap AE = E1o — E11 = %% The wire is a 1D
metal if the higher bands are energetically inaccessible for low-energy electrons close to the
Fermi points, which is fulfilled for sufficiently low temperatures, T’ < AFE. In this situation,
the transverse dynamics is frozen out. So far, we described an electron system in the nearly-
free electron picture where essentially the band structure is responsible for the emergence of a
1D metal. This is very similar to the situation encountered in MTBs which we will describe
in Ch. 3. Further examples of 1D metals created by gapping out the transverse degrees of
freedom are heterostructures or carbon nanotubes, see Ch. 1. A different mechanism for the
creation of 1D metals is present in highly anisotropic materials which can be described by a
tight-binding Hamiltonian [39, 40]. Here, many 1D wires are realized in the direction of the
dominant hopping amplitude t,. The coupling to neighboring wires ¢,,¢. can be regarded as a
small perturbation.

2.1.2 Fermi-liquid theory and its breakdown in 1D

The properties of ordinary high-dimensional metals are qualitatively well-described, assuming
that the electrons form an ideal Fermi gas. At the same time, the Coulomb interaction between
the electrons is strong and far from being a small perturbation compared to their kinetic energy.
This seeming contradiction is resolved by Landau’s Fermi-liquid theory which is based on the
principle of adiabaticity together with Pauli’s exclusion principle for fermions [12]. Our brief
discussion of Fermi-liquid theory and its breakdown is based on the textbooks by Coleman [4]
and Bruus and Flensberg [37].

Fermi-liquid theory states that interacting fermions essentially behave like non-interacting
fermions: At low energies, the elementary excitations of the interacting fermion system are
fermionic quasiparticles which are labeled by the same quantum numbers, momentum and
spin (k, o), but their mass is renormalized and they acquire a finite life-time.2 The life-time
diverges at the Fermi surface and, therefore, low-energy excitations of the Fermi liquid are
well-described as quasiparticles states. In the following, we briefly summarize Landau’s argu-
ment: Consider the time-dependent many-body Hamiltonian H(t > 0) = Hp + (1 — e~ ) H™,
where we switch on electron-electron interactions at ¢ = 0 at a rate A\.The principle of adia-
baticity states that if the interaction H'™ is switched on slowly enough the eigenstates of the
non-interacting Hamiltonian at ¢ = 0 evolve to the eigenstates of the interacting Hamiltonian
at t = oo, |9™) = U(oo,0)|1?), with the time-evolution operator U (oo, 0). From this notion
we can infer that the non-interacting ground state |1/J%S> is equivalent to the ground state of
the interacting system.®> The filled Fermi sea is the ground state of the Fermi liquid. The
relation between the excited states of the non-interacting and the interaction system is estab-
lished through the fact that an electron with energy ey close to the Fermi sea is a long-lived
object since the phase space of the decay process is restricted by Pauli’s exclusion principle.
To rationalize the argument one considers the decay of an electron |pyx) on top of the Fermi
sea to a state closer to the Fermi surface |piyq). Due to energy (and momentum) conservation
a particle-hole pair |py/_qhi’) has to be created. According to Fermi’s Golden Rule the decay

"We assume inversion symmetry.

2There are residual interactions, but they preserve the (infinite) number of conservation laws.

3The statement is true unless no level crossing occurs which would be related to spontaneous symmetry break-
ing.
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2.1 What is a one-dimensional metal and why is it different?

rate of the process |pk) — |PktqPk/—qhk’) can be estimated by

31./ 3
I'e = 2% (3:33 /(;1733,“41’25(% + € — €kiq — €k'—q) f (1 - fk+q) (1 - fk'—q> :
(2.1)
Vg4 denotes the momentum conserving electron-electron interaction. The factors (1 — fiiq),
(1 — fw_q) express the Pauli principle: The particles can only scatter to an empty state. For
clarity, we neglected the spin quantum number. At 7' = 0, we have f, = 6(—¢€p) and the decay
rate for a particle above the Fermi sea € > 0 can be estimated as

2
k

0 oo}
T ~ |V|2pi;/de' /de”@(ek—i—e'—e") = [Pk, (2.2)
—00 0

The Pauli principle enforces the initial electron states to decay to a final state within a shell
of width €, above the Fermi level. Due to energy conservation an electron-hole pair is created
in the decay process, where the hole is created in a shell € below the Fermi energy. Therefore,
the phase space of the decay is restricted by the factor ~ ei.‘l Interpreted in terms of a single-
particle wave function, ¢ (r,t) ~ elkTelxte=Tx! (2.2) states that the wave function oscillates
many times before it is damped out, i.e. the excited particle can propagate for a long time
before it decays due to the interactions. Thus, it is possible to choose the switching rate A in
the window I'y ~ 612{ < A\ < €y, slow enough that ground state and excited states do not mix
and fast enough that excited states do not decay during the switching process. Therefore, the
low-energy states of the interacting Fermi liquid are again described by fermionic particles, the
so-called Fermi-liquid quasiparticles, which are in a one-to-one correspondence with the physical
electrons. They are labeled by the same quantum numbers o = (k, o). The relation between
quasiparticles and physical electrons is also reflected in the finite overlap of the corresponding
operators. The quasiparticle operator has the expansion

df, = U;[(OO,O)CLUA(OO,O) o = VZacl + ZA%,MCECTYC(; +0O(c, (ce)?). (2.3)
- Byé

The quasiparticle weight 0 < Z, < 1 indicates that the one-to-one relation holds. Still, it is
not a perfect identity: The quasiparticle is not just an electron, but an electron surrounded by
a cloud of particle-hole excitations. The heuristic argument outlined above is also confirmed
by diagrammatic perturbation theory of the fermionic Green’s function. Here, the effective
mass, decay rate, and quasiparticle weight are derived from the expression of the (one-particle
irreducible) self-energy. Close to the pole at w = €}, the (retarded) Green’s function is modified
as

1 1 wser Zx
GR,O — N GR — :k . .
k w— €ex + i k w— € — Lk(w) w—ep —ilk (2.4)
The d peak of the non-interacting electrons is replaced by
A?{(w) = S(w - 6k) — Ak(w) = Zx 6pk (w — ef;) + Ai{nc.(w) . (2.5)

Compared to the spectral function of free particles Aﬁ (w), the quasiparticle peak is broadened
by the finite decay rate 'y and its weight is reduced to Zx < 1. The remaining fraction of the
spectral weight, 1 — Zy is absorbed by so-called incoherent excitations. Close to the Fermi sur-
face the quasiparticle peak becomes very sharpand is clearly distinguished from the incoherent
background, indicating well-defined quasiparticles.

4For finite temperatures T >> ey, (2.2) gives 'k ~ T? which is relevant to transport in a Fermi liquid at finite
temperatures.
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2 Collective Phenomena in One-Dimensional Metals

Already in the classical framework, one can understand that the dynamics of particles in 1D
is different from higher dimensions since interaction have a dramatic impact: Particles with
different velocities cannot avoid each other. They always encounter central collisions with
maximum momentum transfer, while in higher dimensions only a fraction of the momentum
is exchanged, depending on the scattering angle. The motion of the individual particles is
replaced by a collective dynamics of a “stop-and-go” wave. Similarly, the individual nature of
Fermi-liquid particles with single-particle quantum numbers (k,o) is lost in a 1D metal. In
the calculation of the Golden-Rule decay rate I'y, the angular average over the momentum
conservation is missing. The continuous angular integral is replaced by a summation over two
isolated Fermi points +kr. Formally, the & function of the momentum conservation remains
as a prefactor,

I'y « Z S(k+k —p—1p) L . (2.6)

k' \p,p'=tkp

Indeed, it can be shown that I'y ~ €, indicating that the decay rate can never be regarded
as small in d = 1. Interactions are always strong perturbations. Stable quasiparticles do not
exist, even close to the Fermi surface.

In order to gain further insight, we consider the polarization operator or electronic susceptibility
in d dimensions,
g(w) = QS/ d’% f(ex+q) — f(ek.) ‘
(2m)? w — €xtq + € + 10T
The polarization operator describes how the electron system reacts to charges and is also a
central building block of the self-energy diagrams in diagrammatic perturbation theory. The
factor gg = 2 results from the spin-degeneracy. In the following, we focus on the static suscep-
tibility IIq(w = 0) = IIq. For small momenta |q| < kp, the polarization operator evaluates to
a constant, yielding the density of states at the Fermi level Il = pp, in arbitrary dimensions.
Its constant value leads to static screening of the Coulomb potential. For momenta |q| ~ 2kp,
the polarization operator shows an interesting behavior, which has profound physical conse-
quences. For d = 3,2 the polarization operator has a logarithmic singularity in its derivatives.
This weak singularity is called Kohn anomaly and adds slowly decaying 2kr oscillations to the
effective interaction potential, ~ (”05(2’;757"%, known as Friedel oscillations [41, 42].° In d = 1,
the polarization operator itself diverges logarithmically at |¢| = 2kp. The reason for the di-
vergence lies in the simple topology of the Fermi surface in 1D, consisting only of two isolated
points +kp which are exactly connected by a ¢ = £2kp scattering process. This situation is
referred to as perfect nesting.® The singularity has important consequences:

(2.7)

e As the polarization operator appears as central building block in the perturbation theory
of the Fermi liquid, the logarithmic divergence enters the expansion of the self-energy
and invalidates the quasiparticle concept: The quasiparticle weight, derived from the
self-energy, vanishes, Z; = 0.

e As the polarization operator describes the response of the electrons to external charges,
the divergence of the polarization operator signals an instability of the electron system
T 7

towards spatial modulations of the charge with period 22177; = &

The analysis of the polarization operator at T' = 0 suggests that the 1D interacting electron gas
forms a density wave with spontaneously broken translation symmetry and its ground state is
characterized by the corresponding order parameter, at least at sufficiently low temperatures.
According to this line of reasoning, Fermi-liquid theory is replaced by a theory of the density-
wave state and its fluctuations around the new ground state. We discuss the mean-field theory

54 is a phase shift.

5Tn higher dimensions only small patches of a spherical Fermi surface are connected by 2kr and the divergence
is removed.

"The nature of the density wave also depends on the sign of the 2kr amplitude, see Sec. 2.2.
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2.2 Charge-density-wave transition

of the density wave in Sec. 2.2.

On the other hand, it is well-known that 1D systems of any kind cannot develop long-range
order at any finite temperature by breaking a continuous symmetry according to the Mermin-
Wagner theorem. Strong fluctuations of the order parameter destroy the ordered phase [43].
Thus, a 1D electron gas has a strong tendency towards density-wave order, but cannot or-
der. In summary, a strictly one-dimensional metal is a highly correlated electron system, but
neither is a Fermi liquid with well-defined quasiparticles nor orders to a densitywave. Fortu-
nately, it turns out that the problem of interacting low-energy fermions in 1D can be mapped
to non-interacting bosons at low energies and can be solved exactly. The elementary bosonic
excitations of the 1D electron gas are identified as collective spin and charge excitations. In this
way, it can be shown that the electrons fractionalize into spin and charge degrees of freedom.
As we mentioned in Ch. 1, the theory of the low-energy excitations is provided by Tomonaga-
Luttinger-liquid (TLL) theory and the corresponding many-particle state is called a Luttinger
liquid. Similarly to a Fermi liquid, the Luttinger liquid is characterized by a small number of
parameters. In Sec. 2.3, we choose the constructive bosonization approach to introduce TLL
theory.

2.2 Charge-density-wave transition

2.2.1 Minimal model: fermions on a lattice with nearest-neighbor repulsion

Let us consider a model of Ng spinless fermions on a N-site chain with lattice constant a. As
a special ingredient, we add a term of nearest-neighbor repulsion,

H = —JZ ( 116 ¢ c]+1> —|—VZp] Pi+1, (2.8)
7=1

with hopping J > 0 and nearest-neighbor repulsion V' > 0. p; = c;-cj is the occupation number
operator of site j. We assume periodic boundary conditions, i.e. the fermions hop on a ring
with c}f\, 1= ci, cN+1 = ¢1. In order to determine the T = 0 ground state of the fermionic
chain, we have to find the configuration {p;} which minimizes the energy ({p;}| H |{pi}) for a
fixed number of lattice sites N and fermions Ng. For general N and Npg, the solution is not
unique, i.e. the ground-state manifold is degenerate. The ground state configuration avoids
nearest-neighbor relations since they come with an extra interaction energy V for each pair
of adjacent fermions. A configuration with minimal number of nearest-neighbor relations is in
the ground state manifold. Here, we want to consider a chain with even number of sites at
half-filling, N = 2Np. In this case, the ground state manifold is doubly-degenerate. Empty and
occupied sites alternate along the chain with periodicity 2a and without any nearest-neighbor
relations for both of the two possible ground state configurations. Anticipating that an oc-
cupied site is related to an accumulation of charge, we may call this alternating pattern a

charge-density wave (CDW).

In the following, we analyze the requirements for a CDW. Translating the hopping Hamiltonian
to momentum space,

1 ikag i —ik
c; = e Yep, er = o ikai f ,
J /NXk: k ] / Z k (29)

leads to the dispersion €, = —2.J cos(ka) with the Brillouin zone —7 < k < 7. At half-filling,
the cos band is occupied up to the Fermi momentum kpr = .. The full Hamiltonian reads as

Z ekckck + N Z V. ck+qck c,z, k! (2.10)
kK q

15



2 Collective Phenomena in One-Dimensional Metals

with V; = 2V cos(qga). Interestingly, there are attractive interaction channels for |g| > kp, de-
spite the fact that we started with a repulsive interaction. The attractive interaction channel
is strongest for the scattering channel ¢ = 2kp = 7, which is just the wavenumber of the CDW
state. We will see that having an attractive 2kp channel is crucial for the emergence of the
CDW.

Before we continue, we briefly discuss how the situation changes if we add spin degrees of
freedom, 0 = 4. Eventually, we want to describe electrons which are spin 1/2 particles.
Each site can be occupied by two fermions now. Therefore, it is natural to include an on-site
repulsion U > pj +pj,— = U 32, pg+p—g,— now competing with the nearest-neighbor repulsion.
In order to limit the modifications, we still restrict the discussion to an even number of sites at
half-filling, N = N4 + N_, and an unpolarized ground state, N = N_. Now, half-filling refers
to one particle per site. For U < V, the nearest-neighbor repulsion ~ V' 32, 5 pjspj1,0 =
> oo’ .q VaPaoP—qo favors a CDW configuration. In this state, the charged sites are occupied
by two fermions of different species 0 = 4. Charged and empty sites again alternate with
the wave vector 2kp. In the opposite limit of U > V, the on-site repulsion enforces an
occupation of one fermion per site and destroys the charge-density wave. We recover the
standard Hubbard model [44]. The ground state configuration is known to be antiferromagnetic.
We can regard the antiferromagnetic configuration as two spin-polarized waves which are shifted
by one site to satisfy the on-site repulsion and realize a spin-density wave. Indeed, the Hubbard-
U only affects the interaction between densities of opposite spin, Zq(U + Vy)pg,+p—q,—, while
interaction between densities of same spins, >-, Vy(pg,+P0—q,+ + Pg,—P—q,—), Temain unchanged.
The antiferromagnetic state also minimizes the interaction energy of the latter term since the
spin-polarized density waves remain.® In the following, we only cover the CDW case, i.e. a
situations with net interaction Vo, < 0.

2.2.2 Continuum model and mean-field analysis

We will show that an attractive 2kp channel is indeed responsible for an instability towards
the CDW ground state. The mean-field analysis presented here is inspired by the BCS theory
of superconductivity [4].

We focus on the low-energy sector of the fermionic chain in (2.10). Only states in a narrow re-
gion around the Fermi points are relevant, £kr + k, where —A < k < A. The cutoff momentum
A is a small momentum scale which plays the role of an effective band width. Fermions near
+kr are identified as right- and left-moving particles. We introduce the notation ci kptk = cTL’ >

CLF k= CTRJC for operators creating left- or right-moving particles, respectively. Furthermore,
we may linearize the bands of left and right movers as €g/r, x = €1k, +1 = tvpk with the Fermi
velocity vp = Og€g|p=k, in the low-energy region. Here, we assume symmetric bands. Adding
spin degrees of freedom, >, — > ,, does not affect the form of the final expressions. The
density of state is then understood to include both spin species.

The restriction to two isolated bands around the Fermi points implies that the low-energy
fermions only interact via the ¢ = 0 and ¢ = 2kp scattering channels. The low-energy Hamil-
tonian derived from the lattice Hamiltonian (2.10) reads as

A

A

Vo, Vo

H = Z vpk (—CTLJﬁCL’k + CTR7/§CR,I@> + ANF Z chCR’kCJ}rik/cL’k/ —+ NN% (2.11)
k=——A ke ——A

We neglect the global energy shift oc N2 caused by the ¢ = 0 channel.” A CDW with periodicity

8We expect a quantum phase transition between the CDW and the AFM phase, for U + Vag, = 0, if the
attractive channel vanishes due to large on-site repulsion.
?Note that the total number of fermions is conserved, [H, Nr] = 0.
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2.2 Charge-density-wave transition

Q) appears if the expectation value of the respective Fourier mode of the density operator,
(pQ) = (+ % C}LH_Qck), is finite in the ground state. Thus, (pg) serves as an order parameter
for the CDW phase. Considering the Hamiltonian (2.11), we expect to find @ = 2kp order

with finite expectation value (por,) = (% > CJL+2kFCk> = (%> c};’kchk) This motivates to
apply the mean-field approximation,

AB = {((A—(A)(B—(B)))+A(B)+ B(A4) - (4)(B),
~0

(2.12)

to the quartic interaction term (2.11) with A = CLkCRJg and B = C;r:z,kaL,k" We obtain the
mean-field Hamiltonian

1
Hyr = Zek <_CTL7kCL,k + CergjkCR,k) + Z (A*CLkCR,k + ACTR,kCL,k) v A*A
k k 2k
_ Poi Y[ AT [cLk O
= c c - .
Sl ) (3 20) ()
(2.13)
Here, we defined the CDW order parameter as
* V; k
A = Vo (pme)” = DL geri) (2.14)
k

which has to be determined self-consistently.

After the mean-field decoupling we encounter the situation that the Hamiltonian is quadratic
in the operators, but not diagonal. In order to find the ground state, we have to diagonalize
the Hamiltonian matrix in (2.13). This can be done by means of a Bogoliubov rotation, mixing
left- and right-moving fermions,

di = achy +bich,, db, = —biel, +arch, . (2.15)

The values of ag, by, are chosen such that the fermion algebra is preserved, i.e. {da, dg} = 843.
The new fermions are called Bogoliubov quasiparticles. They represent quantum fluctuations
beyond the collective dynamics of the mean-field. The Bogoliubov quasiparticles defined similar
to (2.15) also appear as quantum excitations in mean-field theories of various phase transitions,
e.g. in BCS superconductors [4], Bose-Einstein condensates [13], or antiferromagnets [43]. In
BCS theory, the Bogoliubov quasiparticles are superpositions of electrons and holes. Here, they
are superpositions of left- and right-moving electrons. In the following, we summarize the main
results of the Bogoliubov theory applied to CDW. The details of the calculations are given in
App. A.1.

After a suitable Bogoliubov rotation, the mean-field Hamiltonian (2.13) takes a diagonal form,

A

Hur = ) (E+,kdi,kd+,k+E7de—,kd:k>
k=—A

1
Vakp

A7, (2.16)

with the new bands

Eir = TFsign(k)\/e2 +|A]2. (2.17)

Assuming that |A| # 0, the quasiparticle bands exhibit a gap of size 2|A| which opens at
the Fermi energy or at the Fermi points kg, respectively. Away from the gap, the bands
coincide with the original bands of left and right movers. For energies, |vpk| > |A|, we have
dL p ch and dT_’ B R CE i 1.€. creation of a £ quasiparticle is equivalent to the creation of
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2 Collective Phenomena in One-Dimensional Metals

left- or right-moving physical fermions. Close to the Fermi points the left and right movers hy-
bridize as de = % (cTLk + sign(k)ckk), dT—,k = % <cf1wC - sign(k)cgk). The quasiparticles

close to the Fermi points can be identified as standing waves. In BCS superconductors, the
ground state is the vacuum of quasiparticles while the physical fermions form a condensate of
Cooper pairs. In contrast, the CDW ground state is the Fermi sea of fermionic quasiparticles,
GS) =TI+ 1le,  <Bp d;k |0), i.e. the bands are filled below the gap. This can be understood

by noticing that the CDW ground state with <CTLCR>GS # 0 has a well-defined fermion number.
The number of quasiparticles and the number of physical fermions in the ground state is iden-
tical. In BCS theory, we have (c}c}) ag 7 0. Thus, the fermion number of the ground state is
not defined since the condensate is macroscopically occupied.

Finally, we find the self-consistent equation for A, see App. A.1:

En 1 2 2
A - Vok Z<CE np) = —Vawpr /deAtanh (ﬁ\/e + |A ) '
PR Y e +[AF

N
In the small energy window —FE) < e < F,, we approximate the density of states by its value
at the Fermi level, pr = % > 1 O0(EFr — €k). Note the crucial minus sign after the second equality
sign in (2.18). From the gap equation (2.18) we find:

(2.18)

e A =0 is always a solution of the gap equation.

o There is a solution |A|# 0 only if Vo, < 0 (since the integral is manifestly positive.)
The low-energy analysis shows that the attractive 2kp channel is indeed crucial for the
existence of the CDW solution.

e The phase of A is not fixed by the gap equation.

The gap equation shows that there is a CDW solution for arbitrarily small attractive interac-
tions, indicated by the finite gap. For T = 0 we obtain:

1
A(T=0)] = 2FEjexp|———+—1 . 2.19
AT =0 = 28 ( MWF) (2.19)
The finite mean-field A # 0 can also be found be minimizing the ground state energy. For
small gap A < FEy, the ground state energy is given by

TN
— = -2 d A/ 2+ A2_7
N PFO cve | | L2kp

1 2F, 1 %
—— —log + - | -

2 A [Vorplpr | \ Ea
From this expression, it is obvious that it possible to find solutions A # 0 which are en-
ergetically more favorable than a vanishing gap A = 0. In App. A.1, it is shown that the
self-consistent solution (2.19) indeed minimizes the ground state energy. Hence, the electrons

are unstable towards CDW formation. The full temperature dependence of the gap A(T) is
determined by the equation

(2.20)

= —prE} +prE}

E\ 1
tanh (/@ + [A(T)P)

1 = -V /d . 2.21
e PE / ‘ EERINGIIE 220

At the critical temperature, the gap has to vanishes, A(T = T, 4+ 07) = 0". We find that
T 28, ! (2.22)

= AN—exp|——-—1. :

‘ T H/Qk‘F |IOF
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2.2 Charge-density-wave transition

As a result, we recover the famous BCS ratio of T, and A(T = 0):

TC e’yE
— = — = 0.567. .
A(T = 0) ™ (2.23)

As the occupation of the band by standing-wave quasiparticles suggests, the existence of a
finite gap A = |Alei?s = Vo {pok)" implies a periodic modulation of the electron density

. . o _ w..
with period Shy = Ep

N . . N 2|A
(p(0)) = 7+ (p2mp) €57 4 (o) e Prr = +v’ cos (2kpa — 6)
g

(2.24)
Unlike in the minimal model with nearest-neighbor repulsion, the low-energy analysis yields
a CDW that does not have to be commensurate with an underlying lattice: The gap opens
for arbitrary values of kp, i.e. for arbitrary filling of the original electron band. The only
prerequisite is the existence of the attractive interaction channel Vy;, < 0. Additionally, the
phase of the gap can take any value 0 < ¢a < 27 since the ground state is degenerate,
(GS| Hyr |GS) # E(¢a). The phase degeneracy carries over to a continuous translation sym-
metry in real space: If ¢ is varied, the undistorted CDW is shifted along the chain without
leaving the ground state manifold. Below the transition temperature, the continuous transla-
tion symmetry of the ground state is broken and the CDW spontaneously chooses a particular
phase. 10

2.2.3 Electron-phonon coupling: mutual dependence of CDW instability and
Peierls structural instability

From the mean-field analysis in Sec. 2.2.2, we see that an attractive interaction channel is
mandatory to stabilize the CDW ground state. A natural source of an attractive electron-
electron interaction in solids is the coupling to excitations of the underlying atomic lattice, the
phonons. So far, we discussed the CDW transition as a purely electronic instability, driven by
an attractive interaction channel at perfect nesting ¢ = 2kr. We omitted the fact that the
electronic instability is accompanied by a structural instability of the underlying lattice if the
attractive interaction is induced by electron-phonon coupling. The instability of the lattice
is also called Peierls instability. Both instabilities are interdependent: A modulation of the
electron density gives rise to a new periodic potential for the atoms, resulting in a periodic
distortion of the lattice. On the other hand, a periodic distortion of the lattice leads to a
redistribution of the electrons. A CDW emerges, following the modulation of the bond length
in the lattice [46]. In the discussion of the interplay between instabilities in the ionic (Peierls
structural instability) and electronic sector (CDW instability), we present aspects from the
textbooks of Gruener [45] and Khomskii [44], and the review by Rossnagel [46].

The classical argument for the existence of a structural instability goes back to Peierls [47, 48]:
Consider electrons hopping on a 1D chain of atoms with lattice constant a. The Brillouin zone

extents over [—7,7]. Peierls asked the question what happens to the electron-atom system

if the lattice x; is distorted in a periodic manner, z; — x; + ucos (%’ij), such that a new

superstructure with larger period emerges. Shifting the positions of the atoms with period
b > a shrinks the Brillouin zone to [—%, %] The induced periodic potential opens gaps of
size A ~ u in the electronic bands at the new Brillouin edges 7. The electron states above
the gap are shifted to higher energies and the states below the gap to lower energies. For an
arbitrary modulation b the distortion is energetically unfavorable as the elastic energy cost,

0 Flattice ~ %uQ ~ A?, has to be payed. However, if the new Brillouin edges coincide with the

The collective excitations of the CDW condensate are amplitude |A(z,t)| and phase fluctuations ¢a (z,t).
The phase fluctuations are the Goldstone modes with linear dispersion associated with the broken translation
symmetry. The amplitude fluctuations are gapped since the ground state energy depends on A [45].
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2 Collective Phenomena in One-Dimensional Metals

Fermi wave vector, kp = 7, the occupied states with F' < Ep are lowered in energy. Since the
increased energy of the empty states does not contribute to the electron energy, the electron
sector gains energy from the lattice distortion. As stated in Sec. 2.2.2, the energy gain by
opening a gap at kp scales logarithmically with the size of the gap, 0 Epanq ~ AZ%log(A), see
(2.20). Therefore, the elastic energy, d Ejattice ~ A2, is overcompensated for an exponentially
small, but finite gap. As a consequence, the 1D chain always favors a finite distortion with
period b = ﬁ, for arbitrary kg, i.e. for arbitrary filling of the band. The electron density
shows the same periodicity with high density for shorter bonds and lower density for longer
bonds, which gives rise to a CDW.

Peierls argument is based on the classical treatment of the ions and also omits their dynamics.
Given that the phenomenon occurs at low temperatures, a quantum mechanical description
including the dynamics of the phonons seems to be more appropriate. Within this framework,
we are also able to identify the phonons as the origin of an attractive electron-electron inter-
action which we found to be mandatory for the formation of a CDW. On the mean-field level
the result will be identical.

The interdependence between electronic and ionic instability can be studied on a more micro-
scopic level starting from the Frohlich Hamiltonian [49] which describes an electron gas weakly
coupled to the phonon excitations of the atomic lattice.!’ The electron-phonon coupling orig-
inates from the fact that the displacements u; of the atoms create an extra potential for the
electrons near site j. For small displacements the potential is proportional to ujy1 —u;, giving
rise to the electron-phonon interaction of the form Hepp oc 35 cj-cj(ujﬂ —u;). In the language
of second quantization the full electron-phonon Hamiltonian reads as

1
Hye+ Hopnh + Heph = Z ekc,tck + quagaq + \/T Z 9q c};+qck (aT_q +aq)
k q N k.q
A

— Z vpk (—CL,CCLJg + CTRJCCR,]C) + quagaq (2.25)
k=—A q
A

1
—I—ﬁ k:Z_:A [gzkp CE7kCL,k <aT_2kF + ang> + h.c.

where we added the kinetic terms of the electron gas and the phonons, Hpe + HO,ph-12 The
1
denotes the electron-phonon coupling constant with the ionic potential v, and the mass M
of the ions. In the last line of (2.25), we focus on the low-energy sector of the electrons, see
Sec. 2.2.2. Here, only 2kp scattering between left and right movers is relevant. To see that
the electron-phonon coupling leads to an attractive electron-electron interaction, we integrate
out the phonon fields from the partition function which can be done analytically due to the
quadratic form of the Hamiltonian. The exclusion of the phonon degrees of freedom from the
low-energy theory produces an effective electron-electron interaction which is mediated by the
phonon propagator Dg (w) = wg_i% |q=2k»- For optical phonons much higher in energy than

. t _ s : _
bosonic operators, [aq,aq,] = 04y, create or annihilate phonons, respectively. g, = v,

low-energy electrons, wor, > Ej, we can neglect the frequency dependence and approximate

the propagator by the typical inverse energy scale of the phonons, D2=2kF ~ —wfk . We obtain
F

the effective electron-electron interaction

2|gor,. |2
Hee = _MZCE,kCL,kCLk/CRW- (2.26)
Wakr

"1n his original paper, Frohlich’s goal was to reveal the mechanism of superconductivity.
2WWe use the harmonic or non-interacting approximation.

20



2.2 Charge-density-wave transition

From this exercise, we see that high-energy phonons typically induce attractive electron-
_ 2lgarp
Wk

electron interactions, Vo, =

The procedure of integrating out phonons is straight forward and can explain the origin of an
attractive interaction. It is legitimate if the energy of the phonons are much larger than the
effective band width of the electrons, wax, > E\. In this picture, the electrons can undergo
a CDW transition while the high-energy phonons are unaffected. However, the electrons act
back on the phonons: The phonon propagator Dg (w) acquires a correction from the polarization
of the electrons gas. As a consequence, the pole of the phonon propagator is shifted by the
polarization operator I, (2.7) [see Sec. 2.1.2] and the phonon dispersion is renormalized as

- 24|
2 _ 2 q
0 = w (1 ", Hq> . (2.27)

In the present case of a 1D metal, the polarization operator has a logarithmic divergence at
q = 2kr and for low temperatures, Ilay, (T') = pr log (%) At sufficiently low temperatures,
the renormalized phonon frequency @ay, crosses @ = 0 and becomes imaginary, i.e. the 2kp
phonon mode softens. This dramatic change in the phonon spectrum at ¢ = 2kp is called
giant Kohn anomaly and signals the onset of a second-order phase transition. The complete
softening of the ¢ = 2kr mode implies a macroscopic occupation, (ag,) # 0, since phonons
with this wave vector are created without energy cost. We observe that the softening occurs at
the same critical temperature T, as the CDW transition (2.22). Indeed, we can derive the same
mean-field Hamiltonian as in (2.13) if we replace the phonon operators by their macroscopic
expectation values agr, — (ag2k,), a;kF — <a;kF> in (2.25). We then can identify the order
parameters as A = gog,. (agkp) = Vakp (p2xy)"- This leads to conclusion that the electronic
CDW is accompanied by a lattice distortion (usg,) o< A with the same wavenumber 2kr and
the same phase ¢a.

Finally, we want to comment on the range of applicability of the mean-field approach in low
dimensions. So far, we discussed the theory of the CDW transition on the mean-field level,
neglecting fluctuation effects. In higher dimensions, fluctuations lead to corrections to the
mean-field results, e.g. to critical exponents or to the value of the transition temperature.
Still, the mean-field theory of the phase transition predicts the existence of an ordered phase
below some transition temperature correctly. Fluctuation effects are more pronounced in low
dimensions. Below the lower critical dimension, the fluctuations are strong enough to destroy
the ordered phase completely. The mean-field description fails as it predicts the existence
of order wrongly. The Mermin-Wagner theorem states that no continuous symmetry can be
broken spontaneously in d < 2 at finite temperatures [43, 50], see also Ref. [51]. In strictly
1D metals, the theorem rules out incommensurate CDWs, i.e. CDW with arbitrary filling kp.
The continuous translation symmetry would be broken when the CDW selects a certain phase
o, which is forbidden in d = 1. Strictly speaking, the mean-field theory presented in this
section is not applicable. However, in realistic situations, completely isolated 1D system are
hard to produce. There may be some kind of small coupling between the 1D metal and its
higher dimensional environment or many 1D wires are coupled in a network [35, 36, 39]. In
these situations, the effective dimensionality is not strictly d = 1 which may allow for a CDW
transition at a finite critical temperature.

A further option is the spontaneous breaking of the discrete translation symmetry by a com-
mensurate CDW. The period of a commensurate wave, b = ﬁ, and the lattice constant a
obey, mb = na, m,n € N. This condition is fulfilled for a half-filled band. There, kr = 5
and the period is 2a. If the commensurability relation is obeyed, the coupling to the periodic
lattice potential is enhanced. Due to the strong local interaction with the lattice, the con-

tinuous translation symmetry is broken explicitly. The ground state energy depends on the
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2 Collective Phenomena in One-Dimensional Metals

phase of the order parameter, Egs = Egs(éa), such that phase fluctuations are gapped out.
Minimization of the ground state energy fixes the phase ¢ and pins the CDW to an optimal
position with respect to the lattice. In contrast, our description of incommensurate CDWs in
terms of the Frohlich Hamiltonian only considered the coupling to lattice excitations, leading
to translation symmetric, degenerate ground-state manifold, Eqs # Fgs(¢a). The influence
of the static lattice potential was ignored. Thus, commensurate CDWs are distinguished from
incommensurate CDWs by the absence of Goldstone modes, i.e. the absence of massless phase
fluctuations. Still, both kinds of CDWs form due to perfect nesting of the two Fermi points,
giving rise to the CDW instability in the 2k channel. The formation of CDWs is essentially a
Fermi surface effect. Correspondingly, the CDW gap opens at +kpr while the rest of the spec-
trum remains unaffected. The picture only changes for very strong electron-phonon coupling
and large atomic displacements such that the electronic states loose their metallic character
and are better described by molecular wave functions [52]. Ultimately, the electron wave func-
tions are localized at covalent bonds and the electronic bands flatten out in momentum space.
There, the energy gain is rather proportional to the gap A.

2.3 Spin-charge separation

In the previous section, we discussed the Peierls instability caused by electron-phonon coupling
and we developed the mean-field theory of the resulting CDW state. We also discussed that
an incommensurate CDW (which breaks the continuous translation symmetry) cannot exist
in a perfectly isolated, strictly 1D metal since strong fluctuations destroy the CDW order and
restore the translation symmetry. In the present section, we deal with these fluctuations and
present the theory of the translation invariant, highly correlated electron state.

It might seem that correlations in 1D metals are much harder to treat than in higher dimensions
as the concept of quasiparticles does no longer apply and Fermi-liquid theory breaks down, see
Sec. 2.1.2. Fortunately, Fermi-liquid theory is replaced by an other low-energy theory, the
Tomonaga-Luttinger liquid (TLL) theory [14-16, 53]. The theory describes the correlated,
translation symmetric many-particle state of the 1D metal. This state is called Luttinger lig-
uid. The excitations in a Luttinger liquid turn out to be soft collective density waves of charge
and spin. TLL theory makes use of the fact that the interacting fermionic problem maps to
non-interacting bosonic charge- and spin excitations at low energies, i. e. to quantum harmonic
oscillators.'® In this way, it can be shown that the electrons fractionalize into charge- and
spin-density waves which appear as the fundamental excitations of the 1D metal. In contrast
to Sec. 2.2, the “density waves” do not refer to a macroscopic, frozen-in density pattern. They
are dynamical quantum degrees of freedom.

In the framework of TLL theory as presented here, density-density interactions of the form
| pn(x)pyy () are treated exactly. Similar to the robustness of the Fermi liquid in d > 1, the
Luttinger liquid is robust against adding further interactions, at least to some extent [37]. This
can be shown be renormalization group methods [5], see also Sec. 4.4.4. Our presentation of
TLL theory follows the contructive approach to bosonization as developed in Refs. [6, 38].

13Charge and spin excitations are non-interacting and independent of each other if the fermion dispersion is
linear which is approximately true for low energies. When the band curvature has to be taken into account,
additional interactions between the bosonic excitations emerge.
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2.3 Spin-charge separation

2.3.1 Tomonaga-Luttinger-liquid model

We start from the full Hamiltonian of interacting electrons in a 1D metal, consisting of a kinetic
and a general two-body interaction term:

H = Hyy + Hing s

Hyn = Z ZEk C:rr,kCka’ (2.28)

o=+t k

1 (o2
: _ =+ 1020304 T i
Hinw = 5 E E Vk1k2k3k4 dAk=0 Co1,k1Coa,ky Coa,kaCos k3 5
{oi} {k:}

We restored the spin quantum number o = +. ¢, denotes the dispersion of the relevant
band that cross the Fermi energy Er. We assume that the band is spin-degenerate. In the
expression of Hiyt, dOaf ensures momentum conservation. In a 1D lattice model, momentum is
only conserved up to a reciprocal lattice vector G = %’r, where b is the lattice constant. We

postpone the discussion of the interaction term and focus on the kinetic term first.

Kinetic term As in Sec. 2.2, we are interested in the low energy behavior of the 1D metal
which is governed by states close to the two Fermi points £kpr. We build on our discussion of
the low-energy Hamiltonian in terms of left- and right-moving fermions with linear dispersion
and effective band width A, introduced in (2.11). Again, we denote the operators which create
left- or right-moving fermions as c; Rk OF c; Lk Tespectively. Right and left movers are treated

as independent fermion species. The bare kinetic part reads as

A
Hkin = Z Z ka‘ (_CL,L,kCU,Lyk —|— CL,R,kCUaRak) — Eo. (229)
o=%t k=—A

For later reference, we remind the reader that the existence of two symmetric Fermi points
+kr was a consequence of the periodic boundary conditions.'* Particles can be thought of as
moving on a ring. Changing the boundary conditions affects the Fermi points as we will see in
Ch. 4.3. For a system of size L, the discrete momenta take the values

where the range of integers z is limited by the cutoff A. As the dispersion is assumed to be lin-
ear, i.e. monotonic, in the vicinity of the Fermi points, k also serves as an energy index. In our
later discussion, the discreteness of the momenta will be essential for bookkeeping of the states.

Effective band width It is in order to define the momentum cutoff A more precisely. In
Sec. 2.2, we merely introduced A to define the region where the dispersion can be considered
as linear. Now, we have to stress its role as high-energy cutoff of the low-energy theory: We
consider a situation where no perturbations excite fermions outside the low-energy region set
by A. Thus, A is the maximum momentum shift allowed to create a particle-hole excitation.
The occupation of the ground state is only changed in the momentum window —A < k < A
about the Fermi points, i.e. all states k < —A are occupied and all states k& > A are empty.
The momentum cutoff also defines the shortest length scale a ~ % accessible in the low-energy
theory. This length scale can be taken of the order of the lattice spacing, but is not directly

related to this length scale and A is not related to the Brillouin-zone boundary [6, 16]. a can

M Gimilar to the formation of an incommensurate CDW, the value of kr is not essential in the following discussion.

23



2 Collective Phenomena in One-Dimensional Metals

rather be interpreted as the effective width of the 1D wire in the transverse directions, which
is considered to be sufficiently small such that no transverse bands are excited. A is assumed
to be much larger than all perturbations, e.g. temperature T or applied voltage V', but much
smaller than the true bandwidth of the system ~ kp [54], T,V <« A < kp. If this hierarchy of
scales exists, the true bandwidth is not relevant for the low-energy behavior of the wire. The
existence of the cutoff is crucial to make the 1D model well-defined. Otherwise, divergences
would appear when calculating correlation functions. The fact that the fermion dispersion may
be linearized in the cutoff region is a useful byproduct which renders the model exactly soluble
at low energies.

The ground state of Hyiy, is the filled Fermi sea of n, fermions with n € (+,—) x (R, L). For
each species 7, all states are occupied from the bottom of the band until no fermions are left.
Since we only look at a small energy window of size 2vrA around the Fermi points, it is useful
to count the number of fermions relative to a reference ground state with nfff fermions, as done
in Ref. [6]. We define |n,) as the n,-particle ground state, e.g. n, = 1, —1 indicates a state
with one fermion added or removed with respect to the reference ground state. Similarly, we
measure the ground state energy with respect to the reference ground state F (nf]ef). For the
ground state energy of n,, fermions of kind 7, we obtain

ref ref

ny+n n
2MUp | n »
e D 2 M Rl Al Gt L D

(2.31)
The term o n% measures the energy needed to add or remove particles due to the Pauli
principle. The term linear in n, can be absorbed in the definition of the chemical potential
and we neglect it in the following. It is convenient to introduce normal ordering of operators
with respect to the reference ground state,

:0: = 00— {0y, (2.32)

The normal-ordered particle number operator,

o [e.o]

SN = Y N Y (N = Y (N ) (2.33)

k=—o00 k=—o00 k=—o00 k=—o00

counts the relative particle number n, which we introduced above. In the following, we will

always consider normal-ordered particle number operators and we will not indicate normal-
ordering explicitly. From now on, NNV, has the meaning of the normal-ordered operator : N, :.
Normal-ordering is usually used to remove infinities which are related to an infinite number
of occupied states for unbounded summations Z,Jg;”ioo These infinities cancel out and we are
allowed to take A — oo. Still, we will keep A explicitly when summations over momentum
states will appear.

Now, we turn to the excitations above the ground state which are obtained by changing to

a bosonic representation of the Hamiltonian. The essence of the bosonization technique is

the remarkable fact that the excited states of the fermion system can be created by a unique

combination of two basic operations acting on the reference ground state ]n%ef>:

e The first operation is a simple shift of the Fermi level: The particle content is increased
or decreased by adding a number of n, (n, > 0) particles to the lowest empty states or
removing |n,| (n, < 0) particles from the highest occupied states, respectively.

e Additionally, a superposition of particle-hole excitations is created where fermions are
shifted by momentum ¢ from an occupied state to an empty state.
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2.3 Spin-charge separation

A particle-hole excitation in the right-moving branch is created by the shift operator

A

p07R7q - Z Co’ R k;-|—qCO' Rk » (234)
k=—A

for ¢ > 0 and is annihilated for ¢ < 0. p, 4 is the Fourier transform of a slow density operator
py(x), see (2.42). In the left-moving branch, the particle-hole excitations are created by the
operator p,. 1, With ¢ < 0, respectively. The operators p; , almost follow the bosonic algebra
as [pPn.qs Pn,—q') = Mgy dqq With my = %. In order to obtain the commutator for ¢ = ¢/, one
has to be aware that the momenta are small compared to the cutoff, ¢ < A, such that states
with k < —A 4 g are always occupied while states with k > A are always empty. Alternatively,
one can use normal-ordered operators. From this point, it is straight forward to define bosonic

operators [by 4, bi),7q,] = Oy Oqq by normalization of the density operatord,

i —i
birg = ——=borg: bomg = ——pon-
4,9 4,4 g,1v,q ag,t,—q
T Vi Vi (2.35)

b ——po,L,— boLqg = —pPoLg-
o,L,q N o,L,—q> Yo,Lq N o,L,q

Since pg = p_gq, the operators b ,bg are only defined for ¢ = Fm > 0, m € N. The phase
factor i is set by convention. b;'m applied to the ground state |nn> creates a superposition of
all particle-hole excitations in which a fermion is raised by vpq > 0 in energy. These super-
positions are collective excitations of the fermions and are identified as right- and left-moving
density waves.

The kinetic part (2.29) can be represented in terms of the bosonic operators: Evaluation of the
commutator [Hyip, bihq] = qub:gﬂ forn = (L, R)x (4, —) shows that Hkinb:gg |ny) = qub;’m | ) -
Therefore, all excited states of Hy;, are obtained by applying b};’q operators to the n,-particle
ground state. In addition, there is the ground state energy, which we have calculated in (2.31).
Thus, the kinetic part can be represented as the sum of two contributions:

Hyn = ZZUFqbn g + Z mJF

0
" (2.36)
- ¥ t TUF 72
= UFqu,quU’Rq I —N oR + (R > L) .
o=+ ¢>0

The oscillator modes ~ b77 ¢» bn,q describe the bosonic particle-hole excitations or density waves.
The zero modes ~ Ng account for the change in energy when the particle numbers are changed
without creating particle-hole excitations. The ground state of the free fermion system |n,)
appears as the vacuum of the bosonic excitations. Before we continue with the discussion of
interactions, we want to appreciate the special form of the kinetic term. Expressed in terms of

the density operators, (2.36) reads as

L
Hyin Z Z VFq4PnqPy,—q T Z TENZ = % Z/ xpn (2.37)
T 0

n g>0

with p,q = [, €9 p,(x) and pyq—0 = [, py(z) = ]\£ , see (2.42). Remarkably, the kinetic term
is quadratic in the density operators and has the same form as a density-density interaction.
This unusual representation suggests that a model including density-density interactions can be
solved exactly since interactions and kinetic term are bilinear expressions of bosonic operators.
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2 Collective Phenomena in One-Dimensional Metals

Interactions As preparation for the representation of quartic fermion-fermion interactions,
we introduce fermionic field operators ¥(z) and density operators p(z). Local interactions are
naturally written in terms of field operators,

—ikx T

1 - 1
Uy(z) = —= % p, Ui(z) = == e k2l |
O'( ) \/Z ; o, o’( ) \/E ; a',k‘ (238)

In order to analyze the structure of the interactions at low energies, it is convenient to start with
the low energy expansion of the field operators. For small perturbations about the (reference)
ground state we can restrict the summation to the vicinity of the Fermi points k& + kp with
—A < k < A. The fermion operators with cyix, = cry and cx_r, = cr act on right- or
left-moving fermions, respectively. Therefore, we can expand the field operator as

1 & 1 &

Uo(z) = I S e tErTe bt 7T ST elkmkrlee,
L =2y L ==y (2.39)

= MW p(a) + e M, (1),

where we defined slow right- and left-moving field operators

A
1 ikx
U, () = 77 P (2.40)
k=—A

with n € (R, L) x (+,—). The full fermion density of spin o is accessed through the density
operator

pole) = CLWalw) = ponctpms+ (¥ Tonet ee) (2.41)

In the homogeneous ground state, the cross terms ~ \I’E\II r do not contribute since right and
left movers are independent species. This changes if translation symmetry is broken by box-
like boundary conditions, see Sec. 4.3.1. The slow density operators of right and left movers
pn(x) = \Il;g(a:)\lfn(x) are related to the shift operator p,, (2.34) by a Fourier transformation
defined as

L
Png = /dx eiqun(x) )
0 (2.42)
1 s 1 s N,
Pn(l‘) = i3 Ze lqmpmq = T Ze qupn,q + fn .
q q#0
Note the unusual sign convention. As the zero-mode p,4—o counts the total number of n
fermions, normal-ordering of the density operator is achieved by employing the normal-ordered
particle number operator, p;, ,—0 — INV;, which counts the particles with respect to the reference
ground state.

Next, we add interactions to the kinetic term Hy;,. Our starting point is the generic fermion-
fermion interaction in (2.28). Following the general philosophy of the whole chapter, we want to
distill an effective low-energy description from Hiy. At low energies only scattering processes
between the low-energy sectors around the Fermi points +kp are relevant which are defined by
the cutoff A. Therefore, the possible interaction channels should be expressed in terms of the

slow fields \II((TT}%, \I/S)L (2.39). These channels can be found by expanding the quartic interaction
term in terms of the slow fields:

v, vl v, = (xpj,’ 2o r + \IJ; Uor + \If; Vg e i2krT \Isz U, Re+i2kF””)
. (\I’L rVorn+ Ul Worp + WE, pWor pe 20 4 0], L‘I’a’,ReHQkﬂ)
(2.43)
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2.3 Spin-charge separation

Note that terms ~ \I/;f](a:)\Iln(x + ox) ~ 51'\1117(3;')850\11,7(:1:) containing fields at different posi-
tions are suppressed in the low-energy limit of slowly varying fields. The interaction channels
obtained by this procedure are parameterized by the coupling constants g4, g3, g2, 91 [5]:

o forward scattering on the same branch with the same spins,

L
7Y = gy} / dz (\IJLR\IIU,R\IJLR\IIU’R+\IJZ,L\IJ(,,L\IILL\IJU,L>
(e
0
. (2.44)
= g / de (P2 +02r) -
70
o forward scattering on the same branch with opposite spins,!®
L
/1D B LY L4 PN PR A0 0 A Y
g
0
. (2.45)
= g4y / dz (pg,Rp_g,R +PU,LP—0,L> ,
70
o forward scattering on opposite branches with the same spins,
L L
HAl = 92\|Z/d36 \PL,R\IIU,R\D;L\IIU,L = 92\|Z/d$PJ,RPa,L, (2.46)
70 70

forward scattering on opposite branches with opposite spins,

L L
H* = gy Z/dﬂ? \112—7]{\1]0,}%\1]-‘—_0—7[/\1!—0',[/ = go1 Z/dl‘ Po,RP—o,L s (2.47)
70 70

backscattering,

L L
Hl“ = 91 Z/dx ‘IJLR\IJU,L‘IJLL\I’U,R = 91 Z/dl‘ Po,RPo,L - (248)
70 70

spin backscattering,

L
7D D L 1% 29 A
0 (2.49)

L
= —g1L Z /dx \PL7R\P,U7RW107L\PU,L )
o
0

15We intentionally introduce double counting to match the structure of H 4l
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2 Collective Phenomena in One-Dimensional Metals

e umklapp scattering with the same spins,

L
Bl = g > / dz (qf;R\IfU,L\IJ;RWU,Lei4kFx+h.c.) : (2.50)
g
0

e umklapp scattering with opposite spins,

L
H3 = g3 ) / dx (\PL,RWU,L\PT_QR\IJU,Lei‘“@uh.c.) . (2.51)
o
0

e Further terms are of the form ~ me\I/Z,/ R\I/UQLe_i%F‘”.

The kinetic term (2.36) supplemented with the density-density interactions (2.44)—(2.48) defines
the Tomonaga-Luttinger liquid (TLL) model,

Hryy, = Hgo + HA 4+ 7Y + 5204 g2 4 gl (2.52)

One can argue that the channels gy, g3 do not contribute due to the Pauli principle. In
the following, we will keep gy)| for the sake of symmetry. We also note that the gy process is
equivalent to the gp|| process up to a sign. The ground state properties of the model are robust
against adding further interactions which cannot be cast into the density-density form [5, 37]:
Interaction terms with e 12#F% e=#kr? o not conserve the number of right and leftmovers
separately. One can argue that the rapidly oscillating factors average the slowly varying fields
to zero. Indeed, a renormalization group procedure shows that these terms are irrelevant per-
turbations at low energies for generic values of kr and are exponentially suppressed. However,
the momenta are only defined up to a reciprocal lattice vector G = 27”, i.e. 4k is equivalent to
4kp — G. Thus, in the special case of a half-filled band, kr = % = g5, the phase factor e Hhkre
is equivalent to e {(#kr—G)x — 1 Therefore, umklapp scattering H3+ will become relevant at
(or close to) half-filling. This is the case for repulsive interactions. The new ground state is a
commensurate CDW, a gapped phase, where the charge field is locked to a certain value. It
turns out that spin backscattering H'" is irrelevant in case of spin-rotation invariant interac-
tions, g1 = gy, see also Sec. 4.4.4. However, the term is only logarithmically suppressed. In
the following, we will neglect these more complicated interaction terms.

The interaction terms (2.44)—(2.48) are invariant under spin-rotation or time-reversal o — —o.
Therefore, it is natural to parameterize these interactions in terms of spin and charge densities,
defined as

pe = pt++p-,

1
Ps = P+ —P—5 Po = i(pc'i‘aps)a

for both left and right movers. Spin and charge densities are decoupled since a term p.ps
would violate the symmetry. Using that >, ponp+oy = %(pcmpc’n/ + psnps,y ), the interaction
terms are transformed to

(2.53)

L
(4)
HY — Al gL /d gv_ (2 2
+ V;SO ) 2 (pV’R+p”’L)’
) (2.54)
m* = w4 m* = 3 [degl purpur
v=c,s
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2.3 Spin-charge separation

with g(z) = gl + gtt — gMll3;5 and ggi) = gill — git — ¢Hlig;y for i = 2,4. v = ¢, s labels charge
and spin sector, respectively. In Fourier representation the interactions (2.54) take the form

1 1 N?
/dﬂj PP = T Z PnaPn'.—q = T Z (pn,qpn’,fq + Pnﬁqpn’,q) + Tn : (2.55)
0 q q>0
for n € (¢, s) x (R, L). Like in the o basis the density operators are bosonic, p,,, o< b}, q, 6 and
we can define the bosonic operators similarly as in (2.35). However, there is a minor subtlety:
We chose to define the densities p., ps by a non-unitary transformation of p4, p— in (2.53). On
the other hand, we require that the bosonic operators are related by a unitary transformatlon,
1 1
b= (b* +bi) , bl o= (bT —b*_) :
c \@ + s \/5 +
(2.56)

b = \}i(b++b_), by = \2(14—5_),

in order to preserve the bosonic commutation relations. To avoid inconsistency between the
transformations of p (2.53) and bf,b (2.56) we add extra factors /2 in the definitions of bi’q,

by7q,
iv2 —iv/2
by R ,q mpV7R7q I bV,R,q - pl/,R,—q 3

T s MY (2.57)
b]/7L7q = —F—Pv,L—q> bl/,L,q =

N

With these definitions the interactions terms take the form

H4 = Zgy Zq<qubqu+byR,q VRq) gl/ VR R<—>L)
(2.58)
V Ny.rN,
q>0 v

Finally, we treat the kinetic term Hy;, (2.36) in the same way. In terms of charge and spin
operators, we have:

Hyin = ZZUFqbVquVRq+ Z 2L R+<R<_>L) (2.59)

v g>0 v=c,s

Note that the kinetic term is of the same form as the ¢(¥) channel. In absence of the interaction

terms, the representation in terms of spin and charge degrees of freedom is an arbitrary unitary
transformation. In the following, we will demonstrate that interactions lift the degeneracy
between charge and spin sector. In this way, it becomes clear that the spin- and charge-density
waves are the elementary excitations of the interacting system.

Full TLL Hamiltonian and Bogoliubov transformation The full TLL Hamiltonian consists
of the kinetic part and the density-density interactions,

Hrry = Hyn+H'4+H? = Hee+ H,. (2.60)

The oscillator part Hog. collects the terms containing bosonic operators while the zero modes
gathered in H, are described by particle number operators. We first discuss the oscillator part.
So far, Hyg. is not in the diagonal oscillator form, b'b, as the contribution from H? mixes right-
and left-moving operators ~ bTRbTL. The Hamiltonian is diagonalized by a standard Bogoliubov

10We suppress the indices R/L for readability.
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2 Collective Phenomena in One-Dimensional Metals

transformation. The structure of Hg. is most transparent if the bosonic operators are arranged
in a matrix form,

T ) (2)
bT VF + Qv — v bV R,q
Hosc = qu v,R.q (2)7r ™ (4) J[ ’ . (261)

v g>0 vaL

The coupling of left- and right-moving sector is now described by the off-diagonal elements of a
2 x 2 matrix. We neglect trivial shifts oc 37 - ¢ that result from commuting bosonic operators,
[b,b] = 1. The cutoff A restricts the summation to the effective bandwidth and thus prevents
infinite energy shifts. The key idea of the Bogoliubov transformation is to introduce new
bosonic operators by a unitary transformation:

Ay, R.q B Qay 5,/ bu,R,q
(GZ,L) = <5u a,,) (bl,L) ; (2.62)

We choose oy, 8, € R. The transformation is required to preserve the bosonic commutation

relations, i.e. [a,a’] = o2 — 82 = 1. The normalization of the matrix elements is achieved
by the parameterization o, = cosh(f,), 5, = sinh(6,). The value of the rotation angle 6, is
determined by the condition that the matrix (2.61) is diagonal in the new basis. In terms of
the operators af,a, the Hamiltonian involves a new matrix,

T
T
— au,R, Qy _Bu Au By Ay —/By al,’&q
Howe = ;q;)q (aVqu) <_51’ al/) <Bu AV) <_Bl/ oy CLJLL

T
= ZZQ a’T’vqu 4, B, aV%R’q )
v q>0 a’U,L Bl// A;/ a]/7L

(4) (2)
with 4, = vp + 0. B, = —% and A, = A, cosh(26,) — B, sinh(26,), B/, = B, cosh(26,)

T 0

—A, sinh(26,). Thus, the matrix is diagonal, if B] = 0 or tanh(26,) = B, /A,. Evaluation of
the diagonal element at this value of 8, yields the standard oscillator form

(2.63)

Hose = Z Z Urq ai,R,an:R,q ) (264)
v g>0

with the renormalized velocities

1/2

@ 2 @\ 2
U, = (UF + gl,) — (%’) ) (2.65)
i v

As the kinetic term and the g(4) processes are equivalent, the ratio B, /A, of g(2) (interaction
between left and right movers) and wvp + g™ indicates the effective interaction strength. The
rotation angle 0, or the Luttinger liquid parameter (LLP), defined by the exponential

2
K, = &% = [cosh(ﬂy) + sinh(9,,)]
1/2 (2.66)
(4) (2)
(A +BNY [eprat el
= A, — B, o v+ # n Lj) ’

are usually used to measure the effective interaction strength. Repulsive electron-electron inter-

actions (ggi) > (0 and ggi) < 0) are characterized by an increased charge velocity, u, > vp > us,
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2.3 Spin-charge separation

and the LLPs with K. <1 and K > 1.

In principle, the Bogoliubov transformation (2.62) can also be applied to the zero modes
(Nyr,Ny1) — (]\7,,7 R,Nm 1) in order to decouple the contributions of left and right movers
in H? [38]. We choose a different representation in terms of the total charge or spin (added to
the reference ground state) and the net charge and spin currents [37],

Ny - Ny,R—i_Ny,L; Jl/ = NV,R_NV,L7 (267)

respectively. Summing up the contributions from Hiy,, H*, and H? yields

H, = % (m)p—l—g )(N373+N37L)+2g(2)N,,,RN,,,L]
= g 3 |(mor o) (32 2) 4 (2 - 52)

(4) (2) (4) (2) (2.68)
- I ¥ NZ + vp + 2 9 g2
4L > T T T T
4 ) Ny 2
— Ezyju,, (Ky +KVJV> :

In the last line, we used that the prefactors can be expressed in terms of the velocities u, and
LLPs K. In summary, the full TLL Hamiltonian (2.60) is

N
Hriyy = Hose + H, = Z ZuuanRq v,Rq T 4L Z Uy <K+K J2> (2.69)

v=c,s ¢>0 v=c,s

The analysis of the TLL model shows that the low-energy excitations of interacting electrons
in 1D are collective charge-density and spin-density waves, traveling with the velocities u.,us,
respectively. An other way to phrase this insight is that interacting electrons in 1D fractionalize
into emergent spin and charge excitations. A system described by the TLL model (2.69) is
called a Luttinger liguid. The Luttinger liquid has a similar status in 1D as the Fermi liquid in
higher dimensions: Both are characterized by similar (phenomenological) parameters: While a
Fermi liquid is characterized by the renormalized Fermi velocity v% of the quasiparticles and
Fermi-liquid parameters [4], the Luttinger liquid is determined by the velocities u, of collective
excitations and the LLPs K,. As we discussed earlier, a Luttinger liquid is to some extent
robust against further interactions (e.g. spin backscattering and umklapp scattering), similar
to a Fermi liquid in higher dimensions. In Sec. 4.4.4, we will discuss limitations of this picture
for small systems. The oscillator modes are fully decoupled into charge and spin excitations as
they are the fundamental excitations of the electron system. Note, however, that zero modes
of charge and spin are still coupled. Since their sum, N. + cNg = 2N,, o0 = &, is even, both
N. and Ng must be either even or odd.

For non-interacting electrons, u. = us = vp, the representations in terms of fermionic single-
particle and bosonic density excitations are equivalent since Hy;, is quadratic in both repre-
sentations. Interactions lift the degeneracy between charge and spin sector, u. # us. The
dispersion splits into two branches. Thus, the observation of two velocities in a 1D metal can
be an indication of spin-charge separation and Luttinger-liquid behavior.

2.3.2 Bosonization identity

The bosonized form of the TLL Hamiltonian shows that the bosonic spin and charge operators
are the natural language to describe the low-energy properties of a 1D metal. Thermodynamic
properties can be calculated without reference to the physical electrons. The electronic prop-
erties become important when a 1D metal is coupled to a source or sink of electrons, i.e. when
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2 Collective Phenomena in One-Dimensional Metals

electrons are injected or removed. This situation is met for STM measurements. Here, the
tunnel current between a tip and the 1D wire depends on the electronic LDOS A(FE, z) of the
1D metal, see Sec. 3.2. In order to make predictions about the outcome of an STM measure-
ment, the bosonic degrees of freedom have to be translated back to the fermionic language.

When we introduced the shift operator in (2.34), we already anticipated that an arbitrary
fermionic state can be reached by increasing or lowering the particle number and by sub-
sequently creating a superposition of particle-hole excitations using bosonic operators. This
highly non-trivial statement is made rigorous by the bosonization identity. The identity es-
tablishes the desired relation between the fermionic operators W, (z) (2.40) and the bosonic
operators bi;,q» byq (2.35) and is the key tool in the study of the electronic properties of a 1D
metal. In the following, we give a short derivation of the exact operator identity, similar to

Ref. [6]. In addition, we derive an identity of the time-evolved Heisenberg operators.

The derivation of the bosonization identity builds on the observation that the state ¥, (x)|n)
is an eigenstate of the operator b, 4, where |n) = |n1) X ... X |n,) X ... is the joined ground state
of all fermion species. From the definitions of both operators [(2.40) and (2.35)] follows that
[bn,q> ¥ ()] = Oy arg(2) Wy (x) with ay(x) = ﬁeiqz. Furthermore, b, ,|n) = 0 implies that
by q¥n(x) |In) = ag(z)¥,(x)|n), i.e. ¥y(z)|n) is an eigenstate of b, , with eigenvalue ag4(z).
Therefore, it can be represented as a coherent state, ¥, () [n) oc 2450 o (@)bn.q In). However,
it is obvious that W,(x) cannot be expressed in terms of b;fm alone since bosonic operators
conserve the particle number. Complementary operators Fj, FJ are needed which lower or
raise the particle number without creating particle-hole excitations. These operators are called
Klein factors and are defined

e by their action on the particle number of a given Fock state,

Fy|ni,ong,...) = (=1l [ng,cny —1,..0)
(2.70)
F;{ M1y ey My o) = (=D gy eyny + 1,00,

with the number of fermions [, = 2172—11 n; (The factors (—1)" ensure fermionic anticom-
mutation relations, {F,, Fjy} = 8yy),

e and by their “non-action” on a superposition of particle-hole excitations. Thus, the Klein
factors commute with all bosonic operators,

bhe Bl = [bg Bl = [b]

7,9° 1N n n,qun] = [bmann] = 0. (2~71)

When applied to the ground state |n), F,;f or F, add a fermion in the lowest empty state or
remove a fermion from the highest occupied state, respectively. With help of the Klein factors
the bosonization identity assumes the form

Uyr) = X0 NEN (), ayn) = e (272)
This is a remarkable statement: The standard Fourier representation of the fermionic opera-
tor W, (x) o< Y24 eil‘:”cn’;g creates a superposition of hole states where one fermions is removed.
(2.72) states that the same superposition can be achieved by removing a fermion from the
highest-occupied state, using F},, and by creating a different superposition of particle-hole ex-

+
citations ~ e2q>0 @a(@Pna  The extra contributions created by the exponential, i. e. those with

large momenta ¢, cancel each other.
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The operator N (z) is required to “normalize” the exponential. N(x) is found by considering

i
the action on the ground state, ¥, (z) n) = 2050 a‘I(x)b”’an/\/'(a:) |n). Applying (n| FJ on both
sides of this equation yields the equalities:

N @) ) = (0] Bjelao® @M pA(2) n) = (0] B, () [n) . (2.73)

;
We used that (n| e2oa>0%a(@na _ (n|. To evaluate (2.73) further, we note that F; |n) is a hole
state, where the fermion in the highest occupied state, & = z%nn, is removed. This particular

state is the only one that contributes to the overlap of F), |n) and the superposition of hole

states ¥, (z) [n). Thus, inserting the definition (2.40) yields (n| N (z) |n) = %e_i%ﬁ""“’”. As a
consequence, the normalization operator is expressed by the particle number operator N,

N(@) = oM, (2.74)

VL

The complete derivation of the operator identity also requires to examine the action of W, (x)
on an arbitrary (excited) state f({bjm}) |n). It can be shown that one has to replace (2.74)
by N(z) — %ei%ﬂNneZ@O a(®)bna for an arbitrary state [6]. Thus, we arrive at the complete
bosonization identity:

1 ;21 *

T . .
U, (z) = Fnﬁel TNy 02 2g50 %a(®)bn.a (D g5 @4 (@)ng o og(z) = \/;qulq:c. (2.75)

Since (2.75) is an exact operator identity, it proves that the fermionic Hilbert space can be
mapped to a bosonic one in 1D. The correspondence does not rely on the assumption of low
energies and linear dispersions. An alternative way to formulate the identity is by introducing
a slow bosonic field operator:

efaq/Z igr —igqx
o (b, + e by ) . (2.76)

dn(@) = e (ay(@)b], + ap(@)byg)

q>0 q>0

Similar to the definition of slow fermionic field operators in (2.40), the maximum momentum
q of a particle-hole excitation is limited by the cutoff A ~ % This step is important to
make the low-energy theory well-defined. The short-distance cutoff a has the meaning of
the shortest length scale allowed by this theory, as explained in Sec. 2.3.1. In (2.76), we
introduced the cutoff as an exponential damping factor e~%4/2, for technical reasons. In order
to express (2.75) in terms of the bosonic field, we consider the commutator of the operators

A=2g0 eiqa/QO‘q(x)b%,q and B =}, efqa/QaZ(x)bn,q, yielding

[A,B] = S e o @) = Y e i

q>0 m=1

ma 2
—log (1 — e_2L) agl —log (?) .

The cutoff 0 < a < L keeps the commutator finite.!” This result allows us to apply the trun-
cated Baker-Campbell-Hausdorff formula, ete? = eA+5 ¢l4B51/2 which leads to the bosoniza-
tion identity in the form

(2.77)

F, o ;
\/ﬁel%]\]ﬁrel‘bn(w), (2.78)

Uy(z) =

where the cutoff a enters explicitly.'®

xm

'"We also used that Y~ ¢—— = —log(l —e™*).

m
'8 The bosonization identity in (2.75) is more rigorous since the cutoff can be omitted [6].
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Our next goal is to derive the bosonization identity for the Heisenberg operators
Uy (x,t) = ety (p)e et (2.79)

Here, we assume that the time-evolution is controlled by the TLL Hamiltonian Hryy, in (2.69).
In Sec. 4.3.3, we will use the Heisenberg operators to calculate the LDOS of a similar TLL model
for fermions in a box. In the following, we will only consider the right-moving fields, n = (o, R),
with
U, p(r) = Lok i3 N no gita,n(e) (2.80)
2ma

In order to understand the action of the time-evolution operator e TLLt we transform the

operators Ny g, ¢o.r to the basis of Hrpy,: First, we split the operators into spin and charge
degrees of freedom, No.p = 5(Ne,r + 0N,r), bo.r = J5(ber + 0bs,r) [see (2.53) and (2.56)].
In the zero mode sector, we use the representation in terms of total charge and spin and the
respective total currents, N, g = 3(N, + J,,) [see (2.67)]. The bosonic operators are then ex-
pressed in terms of the Bogoliubov-rotated ones, b, r = a,a, R —Byal I bi R= oz,,ai r—Bvayr
[see (2.62)]. Using these relations in (2.80) yields 7 7 7

Uy p(z) = Fo.r ei%(NC+JC+UNS+0'JS)G%(acﬁpc,R*ﬁch,L)

N V2ma

e%(asips,Rfﬁsips,L) , (281)

with the rotated fields

= Y /2 ( ) g T ag(®)ag ) = > el (eiqxaT +e 4y )
7,9 - 7,q 7,9 ’
q>0 >0 V Myq
(2.82)
for 77 € (c,s) x (R, L). Now, we apply the time-evolution operator e 1HTiLt = e=iHosclo—1Hal ¢
(2.81). The zero modes, e~ #=! add a time dependence to the Klein factors:

imt imt

Ot i pe~ilat  — oL >, (W NZw, J, )F Re i (N2 4w, J2)

it e (Ne—1)24we (Je—1)24vs (Ns—0) 2 +ws (Js—0)?]

= FU7Re4L
Xe_% V(UuN3+wVJ3)

(2.83)

— F07Rei% ZV(UV“F'LUV)G 2L('Uch+chc) *Um(szs‘i’wst)'

We introduced the notation v, = % and w, = u,K, and we used that F(,VRNc]n> =

(Ne —1)F, g|n) and F, gNg|n) = (N - 0)F, g n). The same commutation relations hold for
J,,. e Hosct acts on the bosonic operators:

T i i
olWr.aas 4, qtan,qe iwy,qal jagqt ag qeflwu,qt 7 (284)

)

eiHosct iHosct

aﬁe

q

with 7 = (v, R/L) and w, 4 = u,q. As a consequence, the bosonic fields acquire a shift of u,t:

—agq/2 . .
e <e1q(x—u,,t) aj?,q + e~ la(z—uvt) aﬁ,q)

g>0 V My

= iz —uyt).

oifosct —iHosct

pn(x)e (2.85)

Using a compact notation, the bosonization identity for the Heisenberg operators can be
written as

Fy (1) . .
U, p(z,t) = %e@cﬁ(mwew@sﬁu,w7 (2.86)

where we interpret the terms containing N, J, as (z,t) dependence of the Klein factors,

FU,R(x;t) = [, eiﬁ V(vu-l-wu)eé—’i[(x—vct)Nc—i—(x—wct)JC]e of [(x—vst) Ns4-(x—wst) Js] _ (287)
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Furthermore, we define the “mixed” bosonic fields

By p(z,t) = Lppple—ut) - &%,L(az —uyt), (2.88)
V2 V2

for v = ¢, s, respectively. The coefficients are determined by the LLPs,

1 1 1 1
oy = 2<m+m>7 By = 2<m—m> (2.89)

with 5, <0 if K, < 1. Note that the Heisenberg identity (2.86) is no longer a rigorous
operator identity in Fock space [unlike (2.75)] since it depends on the specific form of the TLL
Hamiltonian Hryry, (2.69) with a linear dispersion.
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Chapter 3

One-Dimensional Metallic States in
MoS, Mirror-Twin Boundaries

This chapter describes the contributions of colleagues within the collaboration [9], which were
the starting point of our theoretical work. In Sec. 3.1, we describe the crystallographic prop-
erties of MoS, monolayers and mirror-twin boundaries (MTBs) and how these line defects
appear in the synthesis of the material. Sec. 3.2 briefly introduces the method of scanning
tunneling spectroscopy which was used to examine the electronic properties of the MTBs.
Sec. 3.3 states the electronic properties of MTBs as predicted by DFT calculations. Further-
more, we describe the spectral signatures of 1D states, apparent in an STS map. We will
interpret these signatures in the subsequent chapter. The sample preparation and measure-
ments were performed by Wouter Jolie, Clifford Murray, and Joshua Hall under supervision
of Carsten Busse and Thomas Michely. Arkady Krasheninnikov and Hannu-Pekka Komsa
supplied the DFT calculations. Our brief survey also draws on the rewiev by Batzill [30] and
Refs. [8, 55].

3.1 Crystal structure and formation of mirror-twin boundaries

MoSs belongs to the class of transition metal dichalcogenides (TMDs) which are composed of
atoms from group 6 (Cr, Mo, W,...) and group 16 (O, S, Se, Te,...) of the periodic table of
the elements. The compound appears as a layered crystal whose layers are weakly bound by
van-der-Waals forces. A monolayer of MoSs consists of three sublayers: One sublayer of the
transition metal atoms (Mo) is sandwiched between two sublayers of chalcogen atoms (S). In
each monolayer, the sublayers of Mo and S atoms are strongly bound by covalent (and partly
ionic) bonds and form a hexagonal or honeycomb lattice, see Fig. 3.1 (a). The staggered ar-
rangement of atoms in different sublayers give rise to a trigonal prismatic crystal structure.

Within our collaboration, MoSs monolayers were produced on a composite substrate of an
Iridium(111) single crystal, covered by a graphene monolayer, as illustrated in Fig. 3.2. The
method of molecular beam epitaxy [8] was used for growing the 2D crystal: In this method,
the substrate is prepared in an ultra-high vacuum chamber and exposed to beams of elemen-
tary Mo and S from the vapor phase such that they react directly on the substrate (in situ).
The hexagonal symmetry of the Iridium crystal stimulates the epitaxial growth of the MoSs
monolayer, i.e. the grown crystal is aligned with the crystal lattice of the substrate. Still, the
monolayer MoSs is only weakly bound to the substrate by van-der-Waals forces and can be
regarded as quasi-freestanding.

The growth of the MoSs monolayer on the substrate starts with isolated islands or grains

which merge as the growth continues. The 2D MoSy crystal possesses a 120° in-plane ro-
tational symmetry. Therefore, the coalescence of two grains give rise to a 1D line defect if
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3 One-Dimensional Metallic States in MoS, Mirror-Twin Boundaries

(a) MoS, monolayer (b) 4/4P MTB (c) 4|4E MTB

Fig. 3.1: Ball-and-stick models of the MoS, crystal and of both types of MTBs (a) In
the defect-free crystal, Mo and S atoms form a honeycomb lattice. (b,c) When two
grains merge, MTBs are created (marked by the shaded areas). Both types of MTBs
introduce mirror lines into the 2D crystal. The 4[4E type involves an additional
translation. Red triangles indicate the mirrored building blocks. (a,b,c) Reprinted
with permission from [32]. Copyright (2015) American Chemical Society. (b,c) Copy-
right IOP Publishing. Reproduced with permission from [30]. All rights reserved.
Permission conveyed through Copyright Clearance Center, Inc.

they are rotated by only 60° relative to each other. As a rotation by 60° is equivalent to
mirroring the crystal structure, these grain boundaries correspond to mirror lines and, there-
fore, are called mirror-twin boundaries (MTBs). In MoSs monolayers two kinds of MTBs are
found, termed 4|4P and 4|4E. In the 4]|4P configuration four atoms form rings which are con-
nected at one point (P) (i.e. by one atom), while for 4[4E the four-membered rings share one
edge (E). The mirror-symmetric configurations of both types of MTBs are sketched in Fig. 3.1
(b),(c). In the 4|4E case a translation of the lattice is involved, i.e. the MTB is described by
a glide reflection in 2D. While the 2D crystal lacks inversion symmetry, both types of MTBs
are inversion symmetric along the mirror line. We will come back to this point in Sec. 4.4.2.
Within the scope of the present work, we focus on the electronic properties of 4[4E-type MTBs.

3.2 Scanning tunneling microscopy and spectroscopy

Scanning tunneling microscopy (STM) is an experimental technique to access the electronic
density of states at the surface of a metallic sample with high spatial resolution [56-58]. There-
fore, it is well-suited to probe the local density of states of monolayer materials like MoSs.
Here, its main use was to gain insight into the nature of the states hosted by MTBs. In this
section, the basic principle of STM is outlined. For a more detailed discussion, we refer the
reader to the textbooks by Coleman [4] and by Chen [59], for a more theoretical or a more
experimental point of view.

The basic procedure is to bring a sharp tip close to the surface of the sample. The remaining
distance d between tip and sample leads to a high potential barrier which electrons cannot
overcome following a classical trajectory. However, due to their quantum nature, electrons can
tunnel through this barrier. Assuming a constant potential barrier U, the tunnel amplitude
decays as t ~ exp (—%) with k = /2m(U — E). Here, U — E > 0 is the height of the potential

barrier seen by electrons of energy F and mass m.! Since the tunnel amplitude is exponentially

'For non-constant potentials, the Wentzel-Kramers-Brillouin (WKB) approximation can be applied to estimate
the tunnel amplitude [60].
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MTB
MoS; monolayer I

graphene monolayer

Iridium (111) single crystal

Fig. 3.2: Schematic profile of MoS, monolayer on a graphene/lridium(111) substrate
with mirror-twin boundary During the growth of the MoSs monolayer mirror-
twin boundaries (MTBs) emerge (see main text). The electronic properties of theses
special line defects were studied with scanning tunneling microscopy, see Secs. 3.2,
3.3.

suppressed with distance d, the main contribution of the tunnel current comes from electrons
tunneling from or to the atom closest to the sample. Therefore, the tunnel current can be
mapped out with atomic resolution.

The tunnel current depends on the densities of states in the tip and the sample. At low
temperatures, all electron states are occupied below the Fermi energy E < Er and empty for
E > Ep. Thus, the net tunnel current I vanishes if the Fermi level of tip and sample are
equal. If a bias voltage V is applied, the electron spectra are shifted relative to each other.
Now, electrons can tunnel from occupied to empty states. The tunnel current I derived from
Fermi’s Golden Rule is approximately given by

27T€gs EF+€V
h JEg

I(eV,z,d) =~ dE [t(E,eV,d)|?As(E, x) Ay(E — V). (3.1)

The resulting tunnel current depends on the tunneling amplitude [t(E, eV, d)|* and on the num-
ber of electronic states available in the energy interval [Er, Ep +€eV]. The tunneling amplitude
depends on the energy of the electrons E and the bias voltage V', both of which determine the
value of the inverse decay length x [61]. The available states are given by the density of states
of the tip A;(E) and the local density of states (LDOS) of the sample As(F,x) at the position
x of the tip, respectively. The factor of gg = 2 accounts for the spin-degeneracy and e is the
electron charge. Depending on the sign of V', electrons are injected or removed from the sample.

Assuming that A;(F) is approximately constant in the energy range of interest, the differential
conductance derived from (3.1),
dI(eV,z,d) _ 2megs
d(eV) —  h

A, []t(eV, eV, d)|2Ay(Er + eV, )
(3.2)
Eptev  d|t(E,eV,d)?

+ Ep d(eV)

As(E,z)]

measures the LDOS of the sample A (eV,z) at energy Er + eV.2 (3.2) provides the basis

2Note that the tunneling amplitude depends on E and eV. It is favorable to “normalize” the differential
conductance as dfg‘é;?“i/v in order to cancel the dependence on [t(E, eV, d)|? approximately, see Ref. [61] for
the details. Without normalization the direct relation to the local density of states of the sample would be

corrupted.
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3 One-Dimensional Metallic States in MoS, Mirror-Twin Boundaries

Fig. 3.3: STM topography of the sample surface Numerous MoS, grains are visible. MTBs
appear as bright lines. Some of them are marked with green arrows. Used with
permission of Thomas Michely from [62].

of the method of scanning tunneling spectroscopy (STS). Here, the tip is moved to a certain
position x of the sample surface. The differential conductance is recorded by sweeping the bias
voltage V' while keeping the distance constant d (constant height mode). The LDOS of the
surface is mapped out by repeating this procedure on a close 2D grid. An STS spectrum of a
MTRB is presented in Sec. 3.3.

Fig. 3.3 shows an STM image of the sample after the growth of MoSs recorded in constant
current mode. Here, the distance between tip and surface is adjusted to keep the tunnel
current at a constant value. The resulting STM map corresponds to a height profile of the
surface. The flat MoS, islands appear with constant intensity. The MTBs peak out as bright
lines, as if they were higher than the environment. The increased intensity indicates that the
electronic properties of the MTBs differ from the rest of the crystal. The prominent electronic
properties of the MTBs are presented in the following section.

3.3 Electronic properties of mirror-twin boundaries

Monolayer MoSs is a band semiconductor which exhibits a band gap between valence and con-
duction band of about 2.5eV on the graphene/Iridium(111) substrate [8]. DFT calculations
[9, 33] show that the electronic properties of the MTBs are different from the 2D bulk crystal.
Fig. 3.4 shows the band structure for a 4|4E-type MTB as obtained from DFT. The calcula-
tion indicates the existence of a hole-like band localized at the MTB. The band crosses the
Fermi energy at kp = 5nm~! ~ 5 (@ =3.15 A) giving rise to metallic states. Furthermore,
the metallic band is approximately linear near the Fermi energy, which allows us to linearize
the dispersion as Ey = vp(k — kp) in an energy window —0.5eV < E — Ep < +0.5e¢V. We
obtain the Fermi velocity |vp| = 0.25 nm-eV from the slope of an interpolation function at kp.
The bands in the 2D bulk crystal appear at significantly higher and lower energies. Thus,
low-energy electrons cannot tunnel from the MTB to the bulk crystal due to the large energy
barrier. As a consequence, the electrons are confined to the 1D geometry of the MTB and we
expect that a 1D metallic wire is realized. It is important to note that these wires have a finite
length L. The MTBs terminate at the edges of the merged grains, as can be seen in the STM
topography of Fig. 3.3. Thus, the length is determined by the distance between the edges. We
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Fig. 3.4: Band structure of a MoS, layer with a MTB added as predicted by DFT cal-
culations (a) For the calculations, a stripe-like geometry was used. (b) The band
structure shows a clear separation between the bands in the bulk and the metallic
band localized at the MTB. Further bands belong to edge states. Reprinted from [9)].

expect that the electrons behave like fermions confined to a 1D box of size L, which is the
starting point of our theoretical modeling in Ch. 4.

The DFT calculations are based on a non-interacting single-electron picture. Correlations due
to electron-electron or electron-phonon interactions do not enter. Therefore, the precise na-
ture of the 1D metallic states remains unclear. To gain further insight into the nature of the
electronic states, the LDOS A(FE,z) of MTBs was measured using STS [9]. Here, x denotes
a position on the 1D scanning path, where z = 0 and x = L denote the edges of the MTBs.
Fig. 3.5 shows the resulting STS spectrum of a MTB of length L. = 6nm. The large level
spacing is attributed to the short length of the MTB. The measurements were performed at
T = 5K. The energy resolution of the STS map is about AE = 10 meV.

The LDOS obtained from STS can be regarded as the fingerprint of the 1D states. A theory of
the 1D states should be able to predict the intensity distribution of the STS map. We identify
the following key features of the measured LDOS in Fig. 3.5:

e a standing-wave pattern along the MTB for each energy level, where the number of
beatings decreases with energy,

e a pronounced gap of size Egap, = 0.24€V around the Fermi energy E = 0 (an order of
magnitude smaller than the band gap),

e and a doubling of levels above and below the gap, recognized by the identical numbers
of maxima.

In Ch. 4, we will compare the predicted LDOS of three theories with box-like boundary condi-
tions to the experimental results: non-interacting electrons, a CDW model, and a TLL model.
We will evaluate the applicability of these models based on the listed features of the LDOS.
The large separation of energy levels simplifies the comparison with the theoretical models as
the individual levels are clearly distinguished despite their finite width. Finally, we will argue
that only the TLL description can explain all key features. Longer MTBs are discussed in
Sec. 4.3.5.
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0.5

E/eV
o

-0.5

Fig. 3.5: STS spectrum of a MTB with L = 6 nm Blue areas correspond to zero intensity,
red areas to the maximum intensity. Clearly separated energy levels are visible. Each
energy level exhibits a standing-wave pattern along the MTB. E = 0 denotes the
Fermi level. We count n = 10 maxima for the highest occupied level and n = 9
maxima for the lowest empty level. Arrows indicate further prominent features: the
gap around the Fermi energy (black arrows) and the doubling of levels (blue and red
arrows).
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Chapter 4

Theoretical Models for 1D States in
MoS, Mirror-Twin Boundaries

Our goal is to reveal the nature of the confined electronic states found by the STM measure-
ments, see Ch. 3. In the subsequent sections, we compare the STS signal to the local density
of states as predicted by three different 1D models: non-interacting electrons [Sec. 4.1], a
CDW model [Sec. 4.2], and a TLL model [Sec. 4.3]. To achieve this, we compare the STS
signal of the MTB in Fig. 3.5 to the LDOS as predicted by these models. The common feature
of these models is that they assume box-like boundary conditions that reflect the finite length
of the MTBs. It turns out that the Luttinger liquid description reproduces the key features while
the non-interacting model or the CDW model only capture a subset. The most striking evi-
dence of a Luttinger liquid is the doubling of certain energy levels which we attribute to the
emergence of spin-charge separation. We then continue to analyze the LDOS of longer MTBs.
Here, we use the Fourier transform of the LDOS which is more suitable for close lying energy
levels. We discuss how the LLP K. can be estimated from the distribution of Fourier peaks. In
Sec. 4.4, we evaluate the Luttinger-liquid interpretation of our results. We also discuss further
related aspects: the relevance of spin-orbit coupling, the appearance of inelastic peaks in the
LDOS, and finite-size effects due to spin backscattering.

4.1 Non-interacting electrons in a box

We start with the most simplistic model of a 1D metallic wire of finite length: non-interacting
electrons with box-like boundary conditions. All observables are determined by the single-
particle wave functions, an exercise from a beginner’s quantum mechanics course. We also use
this example for later reference when interactions are included.

We consider a particle confined to a box of length L. The energy eigenfunctions are solutions
of the stationary Schrodinger equation with fixed boundary conditions:
—9?

5, ¢k@) = Ewen(z), @r(0) = ¢(L) = 0. (4.1)

We parameterized the eigenenergies as Ej, = k?/(2m). We have to solve the equation

DRop(x) + kop(z) = 0, @p(0) = @r(L) = 0. (4.2)

The solutions to this equation are linear combinations of cos(kz) and sin(kz). Due to the
left boundary condition ¢ (0) = 0 the cos contributions vanish. The right boundary condition
k(L) = sin(kL) = 0 only allows for discrete k values for the remaining sin(kz) terms. In this
way, the finite length L of the system leads to the discreteness of the quantum numbers. The
energy eigenfunctions are given by

2
or(x) = \/;sin(kx), k= %n, neN. (4.3)
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4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

We note that k is restricted to positive (or negative) values: Since ¢_j = —¢p = ey, the
functions with £ < 0 are linearly dependent on function with & > 0. Therefore, the fixed
boundary conditions lower the dimension of the Hilbert space by half compared to the case of
periodic boundary conditions. As k is identified as the momentum of the particles, Yr~0, Yr<o
describe right-moving and left-moving particles, respectively. The left movers differ from the
right movers by a phase shift of 7 due to the reflection at the boundary. ¢r—g = 0 corresponds
to an empty box. It does not contribute and is omitted in (4.3).

Before continuing to calculated the LDOS — the desired observable throughout this part of
the thesis —, we define the fermionic field operators in terms of non-interacting, box-like basis
states. The fact that left- and right-moving wave functions are not independent for confined
particles, is also transferred to the left- and right-moving field operators. Let ¢ (CL) be the
annihilation (creation) operator which annihilate (create) a particle in momentum state |k).
Similarly, the field operators annihilate (create) a particle in the position state |z). ¥(x) and
¢, are related through the basis transformation

V() = Y (zlkya, = > op(@)er, (4.4)

k>0 k>0

where (x|k) = @i () is the single-particle wave function of a particle in state |k). For the case of
particles in a box, ¢ () are given by (4.3). The summation runs over all single-particle states.
These states are parameterized by discrete k£ > 0 as we argued above. In case of electrons
(i.e. spin-1/2 fermions), the single-particle quantum numbers are (o, k) with o = £ for up and
down spin states. The single-particle wave function for up and down spin states are identical.
Thus, we can define field operators for both species as

’§)¢k($)00,ka o = *. (4.5)

We build on the above representation of the fermionic field operators in Sec. 4.3.

Having the wave function at hand, we can immediately write down the LDOS A(E,x): The
energy levels are located at E' = Ej, which leads to the structure ~ Y, 8(E — E}). In order to
spatially resolve the density of states, we have to weight each energy level with the probability of

2
finding a particle of energy Ej at point x given by )(pk(x)’ . The single-particle wave functions
for both spin species are identical. Therefore, we have

DI \ (E— Ex). (4.6)

o=+ k>0

The spin degeneracy leads to the prefactor >, _, = 2. Note that the spin degrees of freedom
are also not resolved in the STM measurements, see Ch. 3. Integrating over the length of the
wire, we obtain the total density of states v(E) = >4 , 8(E — Ej).

Comparison of the LDOS of the non-interacting model with STS signal Before we com-
pare the theoretical LDOS (4.6) with the experimental data, we have to consider the result of
the DFT calculation. The relevant band is not parabolic, but hole-like with quite linear behav-
ior in the energy window under consideration. In order to adjust our non-interacting model,
we linearize the dispersion around the Fermi energy as E, — vpk. vyp < 0 is the negative slope
of the hole-like band at Fermi energy as obtained from DFT. A linear fit of the band around
the Fermi momentum yields |vr| = 0.25nm-eV, see Ch. 3.

In Fig. 4.1, we compare the measured LDOS for the MTB of length L = 6 nm with the cal-
culation in the non-interacting picture, plotted in the same energy window. In the STS signal
the energy levels are not sharply localized. The broadening is mainly caused by the energy
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Fig. 4.1: Comparison of the LDOS of non-interacting electrons in a box with the STS
signal The particle-in-a-box model with linearized dispersion (left plot) leads to a
similar standing-wave pattern as measured in STS (right plot). Here, we used the DET
value of the Fermi velocity vy = 0.25nm-eV. The overall trend of a decreasing number
of maxima with increasing energy (due to the hole-like band) is correctly described.
The arrows indicate the most significant deviations from the non-interacting model:
the pronounced gap (black arrows) and a doubling of levels, recognized by the same
number of maxima (adjacent blue and red arrows).

resolution AE ~ 10 — 25 meV of the STM measurements due to the lock-in amplifier used [55].
The broadening is not due to the finite temperature of the sample. The measurements were
performed at T = 5 K which corresponds to an energy width of AE = 0.4 meV, well below the
experimental resolution. Some of the intensity at E > 0 is also spread over a larger range of
AFE =~ 40meV, indicating a shorter life-time of these states. We will discuss these features in
Sec. 4.4 in more detail. Moreover, we also expect that tunneling of electrons to the substrate
contributes to the finite width of the energy levels. For the theoretical plot we replaced the
sharp energy levels with a Lorentz profile, 8(E — Ej) — %W with I' = 6 meV. This
is not to be understood as a fit to the experimental data, but as a workaround to display the
energy levels in a comparable way.

The theoretical plot exhibits a sequence of discrete energy levels. The number of maxima along
the wire decreases with energy due to the hole-like band. This trend is also visible in the STS
signal. Moreover, the level spacing is of the same order of magnitude. This agreement suggests
that the discrete energy levels are basically caused by the confinement of electrons within the
MTB of length L, i.e. the level spacing is a finite-size effect. Therefore, the electrons-in-a-box
picture seems to be good starting point for further modeling. However, there are significant
discrepancies: The energy levels are not equidistant like in the non-interacting model. In
particular, we observe an opening of a gap at the Fermi energy which exceeds the spacings
among the other energy levels (indicated by black arrows in Fig. 4.1). We also note that some
of the adjacent energy levels come with the same number of maxima (red and blue arrows
in Fig. 4.1). This is not the case for non-interacting electrons where the number of maxima
changes by An = 41 for adjacent energy levels. The doubling of some levels is not captured
by the non-interacting picture.

In the following, we improve our theory by adding interactions, on the mean-field level in
Sec. 4.2 and in the framework of the TLL model in Sec. 4.3.
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4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

4.2 Charge-density-wave model

The next improvement beyond the non-interacting model is to include electron-electron in-
teractions on the mean-field level, i.e. a single electron is subject to an interaction potential
created by all other electrons. In Sec. 2.2, we found that the interaction of the electrons with
their mean-field potential leads to the formation of a CDW. There, we also discussed that the
opening of an energy gap at the Fermi energy indicates the presence of CDW order. Since the
experimental spectra exhibit a pronounced gap around the Fermi energy, the CDW state seems
to be a promising candidate.

The derivation of the gap equation in Sec. 2.2.2 was carried out in the language of second
quantization. Here, we want to build directly on the discussion of the non-interacting case and
supplement the kinetic term of the stationary Schrédinger equation by the mean-field potential.
This method is also known as Hartree-Fock approximation [60]:

2m

—H?
( L+ me,cr(x)> wn,a(x) = En,0¢n,a(m)a (47)

where o = =+ labels the spin degrees of freedom. The mean-potential Vi, () is given by
L / / / /
Vatol@) = [ da' Via(o =) |3 po (@) = prla,a') |

No
po() = Y |Ymo(@)?, (4.8)
m=1

/ No qzz);kncr x Q;Z)m,a X d}n,a x
ptat) = $ Yol sl nsls)

m=1

Vint(x —2’) denotes the electron-electron interaction. The Hartree term ~ Y, p,(x) describes

the interaction of single electrons with the collective charge density. The density py(x) is
calculated by summing up the probability densities of energy levels which are occupied by
electrons with spin ¢ in the ground state. Ny corresponds to the momentum quantum number
of the highest-occupied state. We assume that the total spin of the ground state is zero,
No = Ny = N_. The additional Fock term or exchange term ~ —p,(x,z’) takes into account
that the electrons are fermions and indistinguishable. To simplify our discussion, we choose a
short-ranged interaction potential Vi (z — ') = Ud(z — 2’), yielding

me,a(l') = Upfo'(l‘)- (49)

Here, the Pauli principle is active: an electron with spin ¢ can only meet and interact with
electrons with opposite spin —o. The mean-field potential or the single-particle wave func-
tions ¢ »(x) have to be determined self-consistently. In the following, we focus on the case
of an attractive electron-electron interaction, U < 0. A possible source of attractive interac-
tions are optical phonons, see Sec. 2.2.3. In this case, a configuration with p_,(z) = ps(x)
is energetically favorable. The accumulation of electrons with both spins in the same region
gives rise to an unpolarized CDW state.! This allows us to replace the mean-field potential
as Vigo(x) = Upy(x) in our further calculations. As this substitution decouples the self-
consistent equations for o = &+, we omit the spin index in the remainder of this section.

When we solve the self-consistent Schrédinger equation, we have to take care that we satisfy
the box-like boundary conditions. This is easily achieved, noticing that the new v, (x) must

'For repulsive interactions U > 0, electrons of opposite spins try to avoid each other. Therefore, a spin-polarized
state or spin-density wave, is favored.
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have an expansion in term of the non-interacting standing-wave ¢,,(z) (instead of plain waves
~ e** for periodic boundary conditions):

D bumpm(®), om(r) = %Sin (”Lm> (4.10)

meN

with quantum numbers m € N. The Hilbert space remains unchanged. Expanding the
Schrodinger equation in the standing-wave states, we end up with an eigenvalue problem for
the coefficients b,,,,. In this way, the set of solutions is restricted to the subset which respect
the box-like boundary conditions. We use that the standing waves form an orthonormal basis,

/()degpm(w)@m’<$) = Omm’, (4‘11)

in order to rewrite the Schrédinger equation (4.7) as eigenvalue problem for the coefficients

by

. L (4.12)
& 2 [ aron@HE) e @b = 3[4 on@)en @) Eubue

<~ Z Hypnopn = Enpbpm -
n/

We can read the equation as follows: The n-th row of coefficient matrix b is the n-th eigenvector
b,, of the Hamiltonian matrix (H )., = Hpy, with eigenvalue E,,. The m-th column is the m-th
component of this vector (by,)m = bpm. The coefficients of the Hamiltonian matrix are given

by

—0?
/ dz pm(z ( + Vint(z )) o () = €0mn+ Vi, (4.13)
with the non-interacting dispersion and the potential matrix
1 [(mn\? L
- - (= — 4.14
€n 5 ( 7 ) , Vin /0 Az ©m () Vit (@) n () , (4.14)

respectively.?
To complete the self-consistent description, we express the potential matrix by the coeflicients

bpm. We insert the mean-field potential Up(z) = U YN0 | |4),,,()|? and expand the eigenfunc-
tion 1, (x) in the standing-wave basis:

Vo = U3 S by, [ 0000 (2010

p=1p1,p2
2 No NO
2 4U A oan
= U () L Z Z bpplbppzAmnp1p2 = & bAD"
L p=1p1,p2 L p=1 [ ]pmnp
(4.15)

Inserting the explicit expression for ¢, (z), we introduced the totally symmetric 4th-order
tensor,

1
Apimomam, = /0 dy sin(mmyy) sin(rmay) sin(mmasy) sin(rmyy) . (4.16)

2Since the Hamiltonian matrix is real and symmetric, its eigenvectors by, are real and form an orthogonal basis
of R¥™(H) (o1 can be can orthogonalized in case of degenerate subspaces).
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In our further calculation, we use the analytic expression A, momam, to lower the numerical
afford of solving the eigenvalue problem.

Now, the mean-field Schrédinger equation (4.7) is cast into a self-consistent eigenvalue problem
of the form
H(b)b, = E,b,. (4.17)

The Hamiltonian matrix and its eigenvectors are infinite dimensional, n € N. In order to
solve the eigenvalue problem numerically, we have to truncate the Hilbert space. From our
discussion of the CDW transition in Sec. 2.2.2, we expect that the states close to the Fermi
energy are modified while states away from it are unaffected. The gap opens between the
highest occupied state with quantum number Ny and the lowest-empty state Ny + 1. Based
on this knowledge, we choose a window of quantum numbers symmetrically around the gap,
No—M <n< Nog+1+M, M < Nyg—1, and restrict the Hamiltonian matrix to this subspace.
Furthermore, we define a smaller target window, Ng — M’ <n < Ng+1+ M’', M’ < M in
which we aim for the physical solution of the problem. We increase the size of the Hamiltonian
matrix (for fixed M) until our solution for the energy levels and wave functions in the target
window does no longer depend on M. We can find the self-consistent solution of this eigenvalue
problem iteratively:

e Initialize the eigenvectors of non-interacting standing waves, i. e. bg,% = Omn-

In the j-th iteration step, compute the potential matrix and the full Hamiltonian matrix,

[ﬂ(?)(j))}mn = emémn+72{l§(j)fl(5(j))ﬂ . (4.18)

In case of convergence issues, the iteration step is slightly modified by only adding a
smaller admixture of the potential o < 1.3

o Diagonalize the Hamiltonian matrix H (Z;(j)) and find the eigenvalues and eigenvectors,
i.e. solve

fl(i)(j))b(jJrl) _ Er(tj+1)b£1j+1) (4_19)

9

and obtain the new eigenvectors b(] +),

e Use the new eigenvectors bgj +1) to update the Hamiltonian matrix in the next iteration
step 7+ 1.

o Iterate these steps until a stopping criterion is fulfilled. The convergence of the Hamilto-
nian matrix is a safe stopping criterion: If the Hamiltonian (or the potential) converges
(7)

all eigenvalues Ey’’ and wave functions bgf ) converge.?

31f we run the recursion relation as described above the eigenvalues and eigenfunctions might not converge if we
choose the interaction strength U too large. Instead their values oscillate wildly about their true values. We
can improve convergence by adding only a small admixture « of the updated Hamiltonian in each recursion
step, i.e. we replace the (4.18) by

[ﬁ(z}m)] — (1-a) [ﬁ(i)(ﬂ'fl))} talemd i[b(J)A By } ,

mn mn pmnp

where a € [0,1] and HU<? = p©,
*We detect the convergence by the quantity

3 ‘H<;+1> Hm

||H(j+1> —H“)H non
[H@]

H(J)

nn’/

nn’
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4.2 Charge-density-wave model

. . W W ———

Fig. 4.2: Comparison of the LDOS of the CDW model with the STS signal The CDW
model (left plot) reproduces the gap around the Fermi energy by construction. The
doubling of energy levels in the STS signal (right plot) is not captured by the effec-
tively non-interacting model.

The level spacing between the highest occupied level E, and the lowest empty level En,y; in-
creases for attractive interactions U < 0. We interpret this behavior as the opening of the CDW
gap. Away from the Fermi level the spacings are not changed compared to the non-interacting
model as expected. Within this mean-field approach, the states of the non-interacting model
and the nominally interacting electrons are in a one-to-one correspondence. The electrons ba-
sically behave like non-interacting particles exposed to an external potential o sin(2kpz). The
quantum numbers k = 7n, n € N, remain unchanged, but the dispersion acquires a correction
close to the Fermi energy where the gap opens.

Comparison of CDW model with STS signal As the exact wave functions and energy levels
are available, we calculate the local density of states of the CDW state using the same expression
as for the nominally non-interacting electrons. Wave functions and energy levels can simply be

replaced:
AEBz) = 33 |dnla)

o=xneN

\2 5(E — Ey). (4.20)

In order to fit the CDW model to the experimental data, we perform the following steps:

e We input the linear dispersion with the Fermi velocity from DFT, E,(go) = vrpk.

e We count Ny = 10 maxima for the highest occupied energy level below the Fermi energy
E = 0 in the STS signal and Ny — 1 = 9 maxima for the lowest empty level due to the
hole-like band.

e We use U < 0 as a fitting parameter to adjust the size of the gap En,—1 — En, between
the states Ny and Ny — 1.

¢ We note that the energy levels in the STS signal are not symmetrically distributed around
E = 0. We include this additional shift £ — E + (En,—1 + En,)/2 into the theoretical
LDOS to match the positions of the states Ny and Ny — 1.

In Fig. 4.2, we show the theoretical LDOS with the gap fitted to the STS signal. The location
and the size of the gap is described correctly, by construction. However, discrepancies remain
that cannot be lifted in the framework of the CDW model:

where € < 1 is a small number.

49



4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

e The level spacings above and below the gap are approximately equidistant in the CDW
model which is not the case for the STS signal.

e Most importantly, the CDW approach cannot explain the doubling of energy levels with
the same number of maxima, most clearly visible for the adjacent levels above the gap.
The mean-field potential essentially shifts the energy levels.

Therefore, a mean-field theory like our CDW model cannot explain the experimental findings.
This indicates that electron-electron interactions have to be treated in more detail in order to
make further progress. For electrons in 1D, the interacting problem can be solved analytically
in the framework of the TLL model, to be discussed in Sec. 4.3. There, we will set up the
TLL model for electrons in a box to overcome the remaining discrepancies between theory and
experiment.

4.3 Luttinger liquid in a box

As we discussed in Secs. 4.1, 4.2, the measured LDOS of the MTB cannot be described by
the confinement of electrons alone. A mean-field CDW model does also not capture the char-
acteristic features of the LDOS. It is not possible to label the energy levels by the quantum
numbers n € N of the non-interacting system. In this section, we extent our model by density-
density interactions ~ [ psp,s and treat them in the framework of TLL theory as developed
in Sec. 2.3. Similarly to the non-interacting case, we have to implement box-like boundary
conditions, but now transferred to the language of second quantization. In Ch. 3, we discussed
that the hole-like band localized at the MTB is linear close to Fermi energy. This allows us to
use a TLL model with linear dispersion, similar to Sec. 2.3. As the interacting fermion problem
with linear dispersion can be mapped to non-interacting bosons, we are able to calculate the
LDOS analytically. The TLL theory for box-like boundary conditions has been worked out by
Fabrizio and Gogolin [63] and Anfuso and Eggert [64]. In the following, we review this theory
and draw on their results.

4.3.1 TLL model with box-like boundary conditions

We consider an unpolarized state of fermions confined to a box with a number of ny = n_

fermions for both spin species 0 = +. According to our discussion of non-interacting fermions

in a box in Sec. 4.1, the single-particle states |k) are standing-waves, ¢ (x) = \/% sin(kx), with

k = T, n € N. Each single-particle state |k) can only be occupied by a one fermion due to the
Pauli principle. In the ground state, n, single-particle states are occupied which correspond
to the lowest energy levels , see (4.1). As the dispersion €, = k?/(2m) is monotonic for k > 0,
the Fermi momentum and the Fermi energy are given by kp = n,n/L and Er = k%./(2m),
respectively. In contrast to the case of periodic boundary conditions in Sec. 2.3, there is only
one Fermi point for a box-like boundary conditions. Excitations above the ground state are
described by particle-hole pairs. They are created by shifting a fermion from an occupied state
k < kr and to an empty state k > kp.

The fermions resemble electrons in a 1D wire of length L as realized by MTBs in MoSs. Since
we aim at the local electronic properties of the wire, the fermionic field operator ¥, is our
object of interest. Our first goal is to find the low-energy expansion of the field operator (4.4),
defined in the standing-wave basis. As explained in Sec. 4.1, the box-like boundary conditions
are then obeyed by construction. Shifting the momenta relative to the Fermi point kp, we
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4.3 Luttinger liquid in a box

write the fermionic field in the form:®

o
k—k—Fk
B Z Crtkp (T)Cokthp - (4.21)

o
Uo(x) = D on(@)con
k=0 k=—kp

At low energies, only states with k& < kp are relevant. We can restrict the summation to the
effective band width A, in the same spirit as in the construction of the TLL model in Sec. 2.3.
Similarly, we introduce a fermionic operator ¢ = ¢y, which acts on the fermions close to the
Fermi point kr and expand the field operator as

A A
B 2 1 /. i -
U, (z) = Z Okikp (T)eop = \/; Z 5 (el(k-i-kF)l‘_e l(k-i-kF):c) Er
k=—A

k=—A (4.22)
= Freg(p) — e kP (—x).
Following Ref. [63], we define the slow right-moving field operator as
. 1 A
U,(z) = P (4.23)

V2Li &=,

Obviously, we have to define ¥, (z) for 2 € [~L, L] since we want the full field operator ¥, (z)
to be defined for x € [0, L].

The standing-wave basis enforces ¥,(0) = W,(L) = 0 for the full field operator. The boz-like
boundary conditions for ¥, (z) imply periodic boundary conditions for the slow field ¥, (x)
which is expressed by the equality:©

V(L) = 0 <= el (Ty(L) ~Wy(-L)) = 0. (4.24)

The periodic boundary conditions for ¥, (z) with = € [—L, L] imply that the discrete k values
are given by k = 27 /(2L)z = (w/L)z, n € Z, consistent with the kvalues we obtained from the
expansion of the full field ¥, (z), z € [0, L] in terms of standing waves.

The representation in (4.22) also has an interpretation in terms of left and right movers. We
can write the expansion in the same form as the translation invariant case (2.39),

U, (z) = e*reW, p(z) +e *r2W, [ (z), with U, (z) = —V,p(—2). (4.25)

The relation ¥, (z) = =V, p(—2) has an elementary physical origin: Left and right movers
are not independent fermion species since they are transformed into each other when they
scatter off the boundary. Left movers are “reflected right movers”. When a right-moving par-
ticle hits the right boundary of the box, it scatters off as a left-moving particle. Thereby, its
momentum is inverted, k + kr — —k — kp, and its wave function acquires an additional phase
factor of €™ = —1.7 This is described by the relation between left- and right-moving field
operators in (4.25). As a consequence, there is only one fermion species in the box and there
is only one Fermi point. This is directly related to the existence of only one Fermi point if the
natural standing-wave basis is used. By introducing the new field ¥, (x) with ¥, g(z) = U, (z)
and ¥, 1 (z) = —W,(—z) the problem of left and right movers trapped in a box is mapped
to a problem of the field W, (z) with periodic boundary conditions as described above. The
mapping is illustrated in Fig. 4.3. This is very convenient on the technical side since we can

*We include k = 0 as @r—o(z) = 0 does not contribute anyway.

5The boundary condition at z = 0 is trivially fulfilled. At 2 = L we use that e

"The phase shift of 7, related to the scattering from a fixed boundary, is very well known, not only in quantum
mechanics. It also appears in the scattering of classical waves.

i2kp L i2mne _ q

=€
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4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

Ur(z)
,’Xem pR(w)pL@j) xel™\

Up(x) Vr(z)
r=—1L z =0 r=1

Fig. 4.3: Mapping of box-like to periodic boundary conditions A right-moving electron
scatters at the right boundary and is transformed into a left-moving one, thereby pick-
ing up a phase-shift of . At the left boundary, the left-moving electron is transformed
back to a right-moving one and the phase-shift is undone. Left and right movers are
no longer independent. Therefore, the confined particles are described by a right-
moving field only satisfying periodic boundary conditions, ¥g(x) = Wr(z+2L). The
standard interaction term ~ pgr(z)pr(z) appears as an unusual nonlocal interaction
~ pr(x)pr(—x). Based on Fig. 2 of Ref. [63].

draw on the results for periodic boundary conditions developed in Sec. 2.3.

The superposition of right-moving and reflected left-moving waves give rise to a standing-wave
pattern in the fermion density and the LDOS. Consider the particle density of free fermions in

box:
Uiy = (vl v + vl
o*o o,R*0,R o,L* 0oL

Fel2kre <\sz,7 L\IIU,R> + e i2krw <xp; R‘I’U,L>

(4.26)

The oscillating contributions oc eti2kr®

odic boundary conditions) since right and left movers are independent species in this case, see
our comment below (2.41). If fermion-fermion interactions are absent they are not transformed

vanish for a translation invariant system (i. e. for peri-

into each other and (¥, R(x)\Il; 1 (x)) = 0. However, for box-like boundary conditions R, L are

no longer independent and (¥ R(w)\IJTL(av»O # 0. As consequence, the standing-wave pattern
~ sin(2kpx) appears, caused by the interference of incoming and reflected fermions. In the
context of impurity scattering in a dirty metal 2kp oscillations are known as Friedel oscilla-
tions. There, Friedel oscillations are also described as result of scattering and interference of
non-interacting electrons: The incident plain wave of electrons is scattered by the impurity.
The superposition of the incident and the outgoing spherical wave produce the 2k oscillations
in the electron density [65].%

8Further electrons scatter off the Friedel oscillations surrounding the impurities due to electron-electron in-
teractions. This process leads to temperature-dependent interaction corrections to the Drude conductivity
[65].
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4.3 Luttinger liquid in a box

TLL Hamiltonian for box-like boundary conditions Having established the mapping be-
tween left and right movers in a box and rightmovers subject to periodic boundary conditions,
we continue by incorporating interactions. Here, we draw on our derivation of the TLL model
for periodic boundaries in Sec. 2.3. Again, we assume that the dispersion can be linearized
close to the Fermi energy. In the following, we use the description in terms of operators with
periodic boundary conditions in the interval 2L. The kinetic term contains only contributions
from right-moving operators which we denote by bl, g bl,,q in order to remind the reader of the
mapping procedure. In terms of spin and charge operators, the kinetic term in (2.59) translates

to
ﬁkin = Z ZqubyqbVq+ Z TH}F (427)

v=c,s q>0 v=c¢,s

The summations run over momenta q = ﬁm = 7m, m € N due to the doubling of the length,
L — 2L. The particle number operator N, counts the total amount of charge and spin in the
box for v = ¢, s, respectively. In the spirit of Sec. 2.3, we add density-density interactions to
the kinetic term. In order to translate the interaction terms (2.54), we use that the density op-
erators with box-like boundary conditions map to operators with periodic boundary conditions
according to pr(x) — p(x), pr(x) = p(—z). Thus, we consider interactions of the form:

H* = Zgy /dl“ Por(@) + pi, 1 (@ )} — Zgy /dSU ;

V=c,s V=c,s

(4.28)

= > g /drvppruL — Z /dxpy ) pu(—1) .

v=c,s v=c,s

where p,, denotes the right-moving density operator with periodic boundary conditions. The
mapping of the interaction terms is also illustrated in Fig. 4.3.

Our goal is to derive the diagonal form of the total Hamiltonian Hrrp, = Hygn + H* + H?
equivalent to (2.69). Despite the fact the H? term transforms to a strange, non-local interaction,
we can draw on our results in Sec. 2.3: In Fourier representation the density operators transform
as PrRq — Pg» PLg — P—g- The relations between the density operators and the bosonic
operators in (2.57) imply that both bp, — Eq and br 4 — l~)q. Therefore, the oscillator part
has the same matrix as in (2.61) and the Hamiltonian is diagonalized by the same Bogoliubov
transformation as in (2.63). The doubling of the length is encoded in the allowed values of g.
To derive the corresponding form of the zero mode term, we can use a short-cut: For box-like
boundary conditions the total currents J, vanish, while N, denotes the total charge and spin
as before. Thus, the zero mode term is identical to (2.68), but we have to set J, = 0. In
conclusion, the TLL Hamiltonian for box-like boundary conditions can be written as

F 7 T 2
HTLL = Hosc+Hz = Z Zuuqayqauq+ AL Z UVNV7 (429)
v= 03q>0 v=c¢,S
with the short-hand v, = z*. As the TLL Hamiltonian consists of decoupled harmonic

oscillators, its eigenstates and énergy levels are known:

Hrn [{no} {nm, }) = E({n}, {nm, }) o}, {nm, 3) (4.30)

The eigenstates [{n,}, {nm, }) are labeled by two sets of quantum numbers, {n,}, {nm,,}. n,
denotes the amount of spin or charge added with respect to the reference ground state. The
occupation numbers n,,, € N U {0} count the number of bosonic spin or charge excitations
with momentum ¢, = 7m,, m, € N. The corresponding eigenenergies are

E({m}{nm,}) = 17 3 omi+T Y wmng, . (4.31)

v=c,s v=c,s
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4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

The different contributions of the Hamiltonian determine the tunneling LDOS in the following
way: The zero modes give rise to an energy gap Egap = 57 >, —¢ s Vv in the spectrum around the

Fermi energy. % is the minimum energy required for adding an electron without creating
further excitations. The same amount of energy is gained if an electron is removed. If an
electron is injected at higher energies or removed at lower energies, additional spin and charge
excitations are created.

Bosonization identity for box-like boundary conditions To calculate the electronic LDOS
of the confined electrons, we require the analog expression to (2.86): the bosonization identity
of the Heisenberg operators for box-like boundary conditions. Our starting point is the exact
operator identity for the right-moving fermions (2.80):

~ F,

Vo(z) = —Tmei%meii’a : (4.32)

with the corresponding slow bosonic field
5 e—aq/2

do(x) = ZO N (eiqxi);que—iqrEU’q) . (4.33)
>

Aside from the new notation Wy — W, the only relevant change is the replacement L — 2L
in (4.32). Expressed in terms of the Bogoliubov-rotated operators, (4.32) reads

T FO’ iTZ S (@e@e(®)—Bepe(—7)) L (as@s(x)—Bsps(—x
U,(x) = 727Taelﬁ(Nc+aNs)e\/§( cPe(®)—Bede( ))e\@( s@s (@) —BsPs ( ))7 (4.34)
with /2
~ e iqx ~ —igqx ~
Gu(x) = > (eq al,, +e au,q) : (4.35)

>0 V mq

The Heisenberg operator is defined by W, (x,t) = eigTLLt\ilU(x)e_igTLLt. In the bosonic sector,
the calculation is identical to (2.85) and again leads to a shift u,t of the bosonic field. For
the zero-mode part, those contributions in (2.87) are absent that are produced by the current
operator >, w,J,. Thus, we obtain the final result:

. Fa(x t) B . =
U, (2,t) = Tl ei®el@mt)eios(zt) 4.36
@t) = T5 (4.36)
with ' A
Fg(l', t) = F, eiﬁ ZU vye%(x—vct)Ncea%(az—vst)Ns , (437)
and
. Qay By
O, (x,t) = \ﬁgo,,(x —uyt) — ﬁwy(—x — uyt) . (4.38)

4.3.2 Charging energy

The standard TLL model considers only short-ranged interactions between the electrons and
ignores the interaction with the environment. However, a realistic model of a 1D wire has also
to include the effect of long-ranged interactions. Before we proceed to calculate the LDOS
of the TLL model, we have to consider an contribution to the Hamiltonian which we did
not take into account so far: the charging energy of a 1D wire [66]. In the reference ground
state, the negative charge of the electron is compensated by positively charged ions. If an
electron is added or removed, the charge of the wire becomes non-zero. The charged wire
induces electric fields in the environment. The charging energy or Coulomb energy required
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4.3 Luttinger liquid in a box

to create the electrostatic field gives rise to a further contribution to the charge sector of the
Hamiltonian. Since tunneling of electrons is blocked if their energy is smaller than the charging
energy, the phenomenon is called Coulomb blockade [67]. The charging energy is determined
by the capacitance C' of the wire. In the experimental set-up, the 1D wire is realized by the
MTB in MoSs which is embedded in a 2D crystal on metallic substrate. In this situation, the
capacitance can be written as C' = cL where ¢ denotes the capacitance per length. Thus, the
charging energy leads to the contribution
(eN.)?

Q? 4
- & 39
Ho 20 2L (4.39)

in the charge sector of the zero modes. The shape of the corresponding electric field is
influenced by several unknown factors, e.g. by the presence of 2D crystal and the STM tip.
The sum of all zero-mode contributions reads as

~ 62 ™ TV
H, = <2cL+4LC N3+4L5N3, (4.40)

with v, = I% In the following, calculation of the LDOS, we will encounter the situation that

only one electron is injected or removed, thus, N2 = N2 =" NZ2. It is convenient to simplify
the previously derived expressions accordingly: The zero mode sector can be written in terms
of the total energy difference Eg,, between n, = £1,

i, = gapz , = 41, (4.41)

with the zero mode gap
2
e m 1
Egop = — 4+ = E v | = (4.42)
c 2 Vs L

We cast the full TLL model (4.29) into the form

Hr, = Y Y g dng + gapz ) = =£I1. (4.43)

v= 05q>0

In this situation, we can replace the quantum numbers in (4.30), (4.31) as n, — n, = £1.
The energies of the eigenstates [{ny}, {nm, }) are now given by

E
E({ns}, {nm,}) = gap n2 42 Zuymynmy, ne = =+1. (4.44)

V=c,s

Using (4.41), the time dependence of the Heisenberg operator Fy(x,t) (4.37) is replaced by

Fy(z,t) — FgeEggpte(%x_Egapt)Na. (4.45)

As the unknown capacitance contributes to the zero-mode gap, it is convenient to regard Eg,p
as a phenomenological parameter.

4.3.3 Evaluation of the local density of states

In this section, we derive an analytic expression for the LDOS A(FE, x) of the TLL model, using
the Green’s function method [64]:

di 1Et
-2 /%

—00

(Wl )W} (2,0)) + (W} (o, O)\Ila(a:,t)>] . (4.46)
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4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

A derivation of this formula is found in App. A.2. The expectation value in (4.46) is understood

with respect to the reference ground state where no extra particles are added and no bosonic
excitations are present. Using the notation of Sec. 4.3.2, we denote the reference ground state by
{05}, {0, }). W, ¥l are the full fermionic field operators. The LDOS contains contributions
from particle-like and hole-like excitations

AE,z) = AP(E z)+ AM(E, ), (4.47)
with

AP (B, 2) ; / B (W, ()W} (2,0)) |
—o0 (4.48)

AW(Ez) = % / (W (2, 0) W, (1)) .
o=+

—00

AP)Y(E, z), AW (E, z) are probed by adding or removing a particle with respect to [{05}, {Om, }),
respectively. We start with the low-energy expansion of the correlation functions in terms of
the periodic field ¥(z) (4.22),

(U (2, )V (2,0)) = (o(x,t) Tl (z,0)) + (Vo (—x,t)Tf(~z,0))
<\I/Jf,(a;,0)\lla(x,t)> - <\i/:ry(x,0)\ila(m,t)>+<\i/2;(—$,0)\ifg(—a},t)>

The correlations functions of the slow fields, (¥, (z, )W (2/,0)) and (¥} (2/,0)¥,(x, 1)), are
evaluated with help of the bosonization formula (4.36), using (4.45):

boot) = —— o2t o (E Pt ) Ve i ) i) (4.50)
Ta

with the bosonic fields

Ou(x — uyt) — \%(ﬁy(—m — uyt). (4.51)

5l

and
e—aq/2 )
Gu(x) = > —— (€], +e ) . (4.52)
¢>0 Vg ( )

We proceed with the evaluation of A®P)(E, ). The results of this calculation can be transferred
directly to AM (B, ).

In the evaluation of the correlation functions we use the fact that F, and N, only act on
the particle content of the ground state, [{0s}), but do not create bosonic excitations. The
bosonic operators @), @, only change the occupation numbers of charge and spin {0, })
without changing the particle number. Therefore, the correlation function factorizes into a
contributions from zero modes and oscillator modes,

(U, (z,)TL (2", ) = CP(x 2t —t)  CEUz, 2’ t — '), (4.53)
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4.3 Luttinger liquid in a box

with
: Egap /
=5 (t=t) i( T2 EByapt | No —i( Ta'—Egapt’ )| No
C’Z(p)(:c,x’,t—t’) = e;<{00}’Fae<L gpt) € (L gpt) F0T|{00}> )
Ta
é]gg (z, 2/, t—t) = ({0} ol®e(@,t) gio s (@,1) g —io & (2,1') g—iPe (2’ ,t') {0, 1),

(4.54)
which can be evaluated independently. Using that f(N,)Fl|[{0,}) = f(1)FI|{0,}) and
({05} F,F11{0,}) = 1, we obtain

1 i a ’ cm(z—z’
O (w0t — 1) = 2 o TER ()T (4.55)
Ta

Unlike the zero modes, the bosonic charge and spin excitations are completely independent
from each other, i.e. the correlation function factorizes into spin and charge contributions:
As the oscillator modes are completely decoupled, [{0y,,}) = [{Om.}) [{Om,.}), the correlation
function 0552 further factorizes into contributions from the charge and the spin sector:

C(gls?g (.%', :L'/,t N t/) _ <{0m,,}‘ eiéc(x,t)eia és(x,t)efia ‘is(x’,t/)efi&)c(az’,t’) ‘{Om,,}>

=TI {0} PE0emon 2 o, )

v=c,s

= II | X (0m e ® @D {nm, }) {nm, He o *E5 {0, 1) |
v=c,s {nmy}

(4.56)
where we used the short-hand o, = 1, 0, = ¢ = *1. For technical reasons, we inserted
a resolution of unity in the occupation number representation to further evaluate the ex-
pression. Our next task is to calculate the matrix elements ({n,, }|e %) {0, }) and
({nm, Y e 17 P08 110, 1), We use the definition of the bosonic field operators (4.51), (4.52)
and collect the annihilation and creation operators:

éy(a:’,t’) - o —uyt’) — &goy(—:c’ — uyt’)

V2

- /I __ ! - 3 I _ /~
(elqm(z uyt)alj’m_'_e igm (z Uut)aT )

V2
0 —agm /2 o
>

- — \/m \/§ v,m
(4.57)
_/8112 eiQm(fxlfuut/)&um + eiqm(x/uut/)dj‘/ym)‘|
© 1 . ’ . ’
— Z - [Xy,m(xl)eilwyymt dy,m + XV7m(_m/)ele,mt d;l-/,mj| ,

with the bosonic momenta g, = Tm, m € N and frequencies wy,;n, = uyGn. Furthermore, we
introduced the “mixed waves” [64],

_ 2 igmy By iy | o—aam/2 4.58
Xu,m(y) (\/ﬁe \/ie S . (4.58)

with the property xv.m(—v) = Xv,m(y)*. We proceed with the action of the exponential e i®e(@’t))
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4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

on the ground state [{0,,.}) in the charge sector. We find that

oo Ixeme @I
eIt [£0,, }) = o lmemt Bme

a 1 —i

IR e qumx—y)em’wfl )

(4.59)
Details of the calculation are given in App. A.3. From (4.59) we obtain the matrix elements:
1

. o Ixeme@? X —i
n e—i®e(yt') |10 — e chzl 2me -
<{ mc}‘ |{ mc}> mlcll nmc! _\/WC

Nme
iwe.m.t'
Xeyme (—y)e“eme ] ,

s -~ oo Ixs,ms (W)17 (y)\ 1 —io i / s
e_lo'(}s (yvt’) 0 = e st 1 2mg - _ eleymst
(.} 0.} T | (v ,

{030 fn}) = ({0 [{0,,3))"

y—x, t'—t

oy Ixe,me ()2 20 1 i (2o~ t”’"c
e e me=1 2me || 7Xcm T e* c,me
| siTte ?

me=1 Vmc! [VMe

{0 7®0 [{n, ) = (o} 00 [{0,,)))

)
y—x, t'—t

. Nmg
10 —iws7mst‘|

H \/W l Xs,ms (z)e
(4.60)

The matrix elements with spin ¢ are obtained by exchanging the variables m. — ms, X — oXs,
and w. — ws. Combining the contributions of C’c(,gg and C’Z(p ) yields the correlation function
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(4.61)
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The correlation function is independent of the spin index o since we assumed an unpolarized
ground state. The infinite sums of the time-independent prefactor lead to an envelop of the

form:
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(4.62)
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4.3 Luttinger liquid in a box

see App. A.3 for the details. We anticipated that we will evaluate the correlation function only
for 2/ = £ in order to simplify the expression. (4.62) is only valid if we keep at least a distance
of a from the boundary. The correlation function (4.61) can now be written as

(o (z, )W (o', 1))
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iEga .w(z—a')
R Rl |

sin (W ) )
La:

oy By o)
% H exp X:c,—x’e—iw,,,m(t—t’)

v,m
v=c,s v=c,s m=1
(4.63)
where we defined the dimensionless constant
aZ+82
o - L LYy ° sas (4.64)
2ma 2o\ Ta

The constant suppresses the correlation functions and, thus, the spectral density in the inter-
acting case. We also defined a new function,

Xy = X (2)Xvm(Y) (4.65)
’ m
with the properties:
_ Xvm (T) Xo,m (=) X () ?
Xggpe = Xemn = Rl xpme
’ m m
(4.66)
- Xvam (=) Xv.m (=) Xvam ()" Xv.m (%) *
Xu,ﬁ[ T v,m mum _ v,m mum _ (Xlg,cﬁz)

The correlation function for the hole-like excitations,
(U, ) To(2,)) = O (@t —t) - CR(w !t = 1), (4.67)
is found by commuting the exponentials of the bosonic fields and the Klein factors. From (4.55),

we see that commuting leads to direct cancellation of the Klein factors factors, FIF, = 1.
Therefore, (4.55) becomes:

g (1) B, t' N, i(me E.. t)N,
(@t —t) = T {0s}e (et “F;Fael(” rt) " {0,})
_ 2ieiEgap (t—t’) .
m™a

(4.68)
For the oscillator contribution, we have to commute the exponentials e!®, which is equivalent to
interchanging the global prefactor i <+ —i (not changing the result) and the coordinates x < 2/,
t <>t in (4.56):
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(4.69)
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4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

Again using (4.62) we find

(Ul (2 1)U (2, 1))

=%tz

sin (Wa:>
L

with C and X7 defined in (4.64) and (4.65), respectively.

(4.70)
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Having the correlation functions at hand, we can evaluate the time integrals ~ [,dteif? in

(4.48) to obtain the expression of the LDOS. Here, it is useful to consider the integral,

+
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-
o (4.71)
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I5Y . inherits the properties of Xf,i” (4.66):
T,—x —z,x z,—x T2 *
s, = Lrs eR, Loor = (15,) . (4.73)

The identities (4.71) and (4.72) are derived in App. A.3. I*¥(w) appears as a building block
in the expressions of AP)(E, z) and AM(E, x). The LDOS for particle-like excitations can be
written as
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(4.74)
We used that I7;F = 1,70 . A® (€) is manifestly real due to the properties of IY,  — as
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4.3 Luttinger liquid in a box

required for the LDOS. The hole-like part of the LDOS has a similar expression:
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The locations of the energy levels are mirrored at &£ = 0. To see the particle-hole symmetry in
the calculation, we performed ¢ — —t in the time integral and then used (4.71) again. In our
present notation, kr denotes the highest occupied single-particle state. The spin summation
leads to a factor of gg =3, = 2.

In summary, we derived the LDOS of the TLL model for box-like boundary conditions,

A(B,z) = a/;eﬂft [<‘I’U(x,t)\11£(x,0)>+<\I/L(a:,0)\llg(x,t)>]

(4.76)
= g5 > [AR 0 @) 8(E = Epom) + AL 1 (@) 8(E + Emeim,)]
mc»mseN
with the electronic tunneling spectrum
E s T
Emem, = =55+ Fucme+ Fusms. (4.77)
and the local spectral weights
A m.(@) = 205 —eWErfne _emPiepiee,
(4.78)
Al (@) = 20Te — oo ol _emhpepna

We denote the momenta of the zero modes by k;; = kr + 7 and kp = kp. In principle,
the integrals I;;¥,, ~ defined in (4.72) can be solved analytically and expressed in terms of the
mixed waves Xy, (4.58). However, this calculation has to be repeated for each level (m., ms).
In the following, we will compare the prediction of the LDOS (4.76) and the measured LDOS
of a MTB. Since the energy range of STS spectra can vary among different MTBs, we want
to have a flexible routine for an arbitrary number of energy levels. Therefore, we compute the
integrals I7Y numerically.

4.3.4 Comparison of the TLL model with the STS signal

Now, we want to judge the validity of the Luttinger-liquid picture by comparing the LDOS
A(E, x) of the TLL model (4.76) with the STS signal. In the following discussion, we refer to
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0 L2 L ’ 0 L2 L

Fig. 4.4: Comparison of the LDOS of the TLL model with the STS signal The TLL model
(left plot) reproduces the key features of the STS signal (right plot): the standing-
wave pattern along the MTB, the opening of the gap around the Fermi energy (black
arrows). Most importantly, the TLL model predicts the doubling of energy levels
with the same number of maxima which we identify as spin (red arrows) and charge
(blue arrows) excitations.

Fig. 4.4. In our calculation of A(F,x), we assumed that the ground state is not spin-polarized,
i.e. kp = TNy = TN_. The value of Ny = N_ = Ny = 10 is then determined by counting
the number of maxima of the highest occupied level in the STS signal. This level is identified
as the highest level below the Fermi energy £ = 0. The lowest empty level above the Fermi
energy exhibits Np — 1 = 9 maxima due to the hole-like band. These states are caused by
the zero modes H, of TLL Hamiltonian. They are probed by removing or adding an electron
without creating spin or charge excitations. We shift all energy levels of the theoretical LDOS
A(E,z) by E — E+ (Eny—1 + En,)/2 to match the positions of the energy levels with the

STS signal in the same way as we did for the CDW model.

The TLL Hamiltonian (4.43) contains five independent parameters: the velocities u., us, the
LLPs K., K, and the gap size Eg,p,. They can be used to fit the model to the STS signal.
Four degrees of freedom, u,, K,, are due to the independent interaction parameters of the
model, gl(,4) , gl(,2) , v = ¢, s. Here, we assume repulsive interactions with u. > us = vp and
K. <1, Kg = 1. Thus, the spin velocity is fixed to the bare Fermi velocity known from DFT,
us = vp = 0.25nm-eV. u,. and K. are free fit parameters, except for the restriction to the re-
pulsive range of values. The unknown contribution from the Coulomb blockade adds a further

degree of freedom, Egyp,.

Fig. 4.4 contrasts the LDOS of the fitted model and the STS signal where we used the value
Egop = 0.24€V, u, = 0.38nm-eV, and K. = 0.5. The value of Fga, = En,—1 — El, is directly
obtained from the measured gap, visible in the STS signal around the Fermi energy £ = 0.
The position of levels next to the gap is already fixed by the smaller velocity us. wu. is de-
termined from the position of the adjacent levels which exhibit the same number of maxima.
The agreement between the theoretical and the measured LDOS is particularly convincing:
The energy level indicated with red arrows are reproduced from the spin dispersion with the
DFT value us = vp. The levels indicated by blue arrows are obtained by choosing u. > us, in
agreement with the assumption of repulsive interactions. Furthermore, the number of maxima
for these energy levels is reproduced correctly. The first two excited levels (adjacent red and
blue arrows) show the same number of maxima as predicted by the TLL model. The standing-
wave pattern also agrees very well in position and in the number of the maxima for higher and
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4.3 Luttinger liquid in a box
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Fig. 4.5: Length dependence of zero mode gap for 4|4E-type MTBs The point plot displays
the measured value of Eg,, for MTBs of various lengths L. The TLL model predicts
a shrinking gap Egap X % with increasing length L. A fit with Ega,(L) = A/L + B
yields A = (1.37 £ 0.07) nm-eV and B = (10 £ 6) meV (solid line). The value of A is
consistent with the TLL model. The offset energy Fgap(L — 00) = B = (104 6) meV
is of the order of the experimental energy resolution [9]. Therefore, a CDW state can
be excluded. Reprinted from [9].

lower energies. This allows us to label the energy levels by charge and spin quantum num-
bers, see Fig. 4.4. Given the remarkable agreement between theory and experimental data, we
conclude that the electrons confined to the 6 nm MTB form a Luttinger liquid. The doubling
of energy levels with the same number of maxima is a strong evidence of spin-charge separation.

The LLP K, can hardly be obtained from a real-space image of the LDOS. The modulations
of the standing-wave pattern induced by K. are not visible by eye over a large range of values.
In Sec. 4.3.5 we discuss how a Fourier analysis can give further insight for longer MTBs. The
results obtained there are consistent with our choice of K, = 0.5 in Fig. 4.4.

4.3.5 Analysis of longer MTBs

Our analysis in the previous section revealed that the STS signal of a short MTB of length
L = 6 nm shows clear signatures of spin-charge separation. The excellent agreement with the
TLL model indicates that the electronic state of the MTB is a Luttinger liquid. Now, there
are two more questions to address:

e Do further longer MTBs also realize a Luttinger liquid? Are there signatures of spin-
charge separation for longer MTBs?

e How can we determine the value of the LLP K_.7

A first question can be partly answered by measuring the zero mode gap Eg,p, for MTBs of dif-
ferent length. The TLL model predicts that Fg,;, o %, see (4.42). The experimental findings,
shown in Fig. 4.5, indicate that the finite-size scaling of the gap is in agreement with the TLL
prediction within the limits of error [9]. On the other hand, the results are inconsistent with the
CDW state where Eg,, = const. is expected to be independent of L. There are no indications for
a residual energy scale for L. — oo which could be attribute to a CDW contribution. Of course,
the scaling of the gap cannot prove the existence of a Luttinger liquid in all MTBs, see Sec. 4.4.

For longer MTBs, the energy levels in the LDOS are more dense due to the overall level spacing

x % In the following, we analyze a MTB of length L = 20nm. Due to the finite width of the
levels, the individual levels overlap and are difficult to identify in a real space image of A(E, x).

63



4 Theoretical Models for 1D States in MoS, Mirror-Twin Boundaries

Fourier modes Fourier modes
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Fig. 4.6: Dependence of theoretical Fourier spectra on the interaction strength For
weak interactions, K. — 1, two lines of bright peaks reflect the linear dispersions
of spin and charge excitations. Strong interactions activate further peaks which
are allowed by momentum conservation and give rise to more symmetric, cone-like
distribution of the intensity. Not all levels are labeled for clarity.

Thus, spin-charge separation cannot be detected by a doubling of energy levels as for the short
MTB. We found that the Fourier transform is a more informative quantity in this case. We
define the discrete Fourier transform of the LDOS A(FE, ) as

Nz—1
Fon{AE,2)} = A > e A(B, ). (4.79)
n=0

We used a spatial grid with N, points x, = Azn, n = 0,...N, — 1 with Az = ﬁ This
leads to the discrete Fourier modes p,, = %m, m = 0,..., N, — 1. In general, we expect to
see peaks in the spectrum if p matches twice the total momentum of the spin-charge excita-

tions that are created, p = k% + 423 {my} QmuMom, where g, are the momenta and n,,, the
number of the excitations. These peaks appear at the energies :F(% + uy, > {m} Gmy, Mm,, )-
The zero modes contribute k}i; and the sign + indicates particle or hole-like excitations. Note
that the Fourier transform is not equivalent to the spectral function of a translation invari-
ant system, F,{A(E,z)} # A,(E). Therefore, the peaks appear at the twice the momenta
of the translation invariant spectrum. The doubling of the momenta is related to the stand-
ing wave sin?(kz) ~ cos(2kz). Before comparing the Fourier spectra of the STS signal and
the theoretical prediction, we demonstrate how the parameters u., us, K. of the TLL model
affect the Fourier spectrum. We consider situations where spin-charge separation is present,
Ue > ug. Furthermore, we tune K. to two extreme values: Fig. 4.6 (a) shows the Fourier spec-
trum | F,{A(E, x)}| in the non-interacting limit, K. = 1.2 The zero modes (m. = 0,ms = 0)
induce the brightest peaks at k% with energies i%. Two further lines of bright peaks are
visible, resembling the linear dispersions of spin and charge excitations, :F(% + UpGm,, )-
These peaks are caused by pure spin or pure charge excitations with momenta i2(kf + qm, ),
e.g. (me=1,ms =0) or (m, = 0,ms = 3). The additional peaks between the lines of bright
peaks correspond to “mixed” excitations that involve both spin and charge degrees of freedom,
e.g. (me=1,mg =1) or (me = 3,ms = 2). Thus, most of the allowed peaks are not visi-
ble. In opposite the limit of strong repulsive interactions, K. = 0.1, the distribution of peaks
is changed to a more symmetric, cone-like structures, see Fig. 4.6 (b). Now, the intensity is

9Having u. > us and a vanishing interaction strength, K. = 1, at the same time is unphysical. We choose
these values only to demonstrate the effect of K. on the Fourier spectrum.
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Fig. 4.7: Comparison between Fourier spectra of the STS signal and of the theoretical
LDOS (a) In the real space image, the energy levels of the STS signal are difficult to
identify. (b) The real space image of the LDOS predicted by the TLL model exhibits
spatial modulation of the standing-wave pattern caused by K. = 0.5 < 1. (c) In the
Fourier STS signal, a splitting of the intensity profile is observed, in particular, at
negative energies. (d) The distribution of intensity is reproduced by the TLL model
with the parameters u., = 0.45nm-eV, us = 0.27nm-eV, and K. = 0.5.

distributed over many of the allowed peaks. The brightest peaks appear in the center of these
cones at the momenta of the zero modes. The pure excitations lose their intensity. Therefore,
the emergence of two dispersions is not clearly visible.

We contrast the Fourier spectrum of the STS signal of the 20nm MTB and the prediction of
TLL model. The Fourier STS signal is shown in Fig. 4.7 (c). The distribution of intensity
at negative energies can be interpreted as two lines of Fourier peaks. At positive energies the
splitting into to dispersions is not clearly visible, but the Fourier intensity is still compatible
with two velocities. We took these values to calculate the theoretical LDOS in Fig. 4.7 (d).
From the observed distribution of the intensity we estimate K. = 0.5+ 0.1. The value of K,
can only be roughly estimated since the Fourier spectrum of the STS signal is too blurred. We
also note that the distribution of the intensity is sensitive to the length L of the MTB. An
uncertainty in L leads to an error ~ 2% in the position of the Fourier peaks. As the edge of
an MTB is not perfectly sharp, the electrons are confined by a potential which is smooth on a
certain length scale. Electrons at different energies are then confined to different 1D geometry
of different lengths.
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4.4 Discussion of the Luttinger-liquid interpretation

The analysis carried out in the previous section led us to the conclusion that the electrons
confined in MTBs of a MoSs monolayer fractionalize into spin and charge degrees of freedom.
We argued that MTBs are new realizations of Luttinger-liquid physics. In this section, we
confront the positive findings with objections that can be raised against this interpretation.
The interpretation of the experimental data is questioned, but also the theoretical modeling.

Our Luttinger-liquid interpretation is essentially supported by the analysis of the 6 nm MTB
and by the behavior of the gap size ~ % The strongest evidence of Luttinger-liquid behavior
is found for the short MTB. Direct comparison of the LDOS of the TLL model and the STS
signal shows a high agreement: The positions of the first energy levels can be fitted with two
velocities u., us. In particular, the agreement in the beating patterns along the MTB allows us
to identify a doubling of levels with the same number of maxima, supporting the labeling with
quantum numbers of spin and charge. The analysis of MTBs of different length shows that
Egap %, in agreement with the TLL model. This finding excludes the possibility of CDW
states for which we expect a gap size independent of L. However, the scaling of the gap cannot
prove that all MTBs considered here host Luttinger liquids.

We have to state that a quantitative one-by-one agreement between the LDOS of the TLL
model and the experimental data cannot be achieved expect for the prominent case of the
short 6 nm MTB. Assigning individual quantum numbers is more difficult for longer wires with
smaller level spacing due to the finite width of the energy levels. Here, the Fourier analysis is
more suitable to reveal a splitting of the dispersion which may be fitted to the velocities u., ug
of the TLL model. In Sec. 4.3.5, we showed that there are indications for the splitting of the
band for a 20nm MTB. However, the Fourier transformed STS signal is very blurred and, thus,
not fully conclusive in this respect. The smearing of the Fourier peaks also makes it difficult to
evaluate the further MTBs. For the same reason, it is also hard to read off the LLP K, from
the observed distribution of Fourier peaks.

Determining LLPs is a general problem for small-sized systems: LLPs characterize the power-
law behavior of the density of states p(E) EKet+K ' =2)/4 iy the continuum of energy levels
that emerges in thermodynamic limit L — oo [68]. For small system sizes the power-law
method fails: Fitting a power-law to a sequence of only few isolated energy levels will lead to
a wrong exponent. The intensity distribution for L < oo is only a precursor of the power-law.
Furthermore, one has to be aware that the exponents at the edges are different from exponents
of the 1D bulk, pedge(E) o< B -1)/2 [68]. For short 1D wires, the power-law will mix both
exponents since the regions of bulk and edges are not clearly separated. Thus, the relation
between the fitted exponents and the true Luttinger-liquid parameters is not obvious. There
is also an energy-dependent background contribution which has to be filtered out from STS
signal before a fit can be done. Even if the power-law method fails, the STS method can still
be used to detect a Luttinger liquid by its finite-size spectrum, provided that individual energy
levels can be identified. The cleanest way is to extract the LLPs from the spatial modulations
of the LDOS as done by our Fourier analysis. However, this requires a high resolution of the
STS signal both in energy and in space. In the following, we discuss some issues that are often
raised in this context.

4.4.1 Tunneling to the substrate

The agreement between the STS signal of the short 6 nm MTB and the TLL model provides
clear evidence of Luttinger-liquid behavior. For longer wires, the signatures of spin-charge
separation are not obvious since the finite width of the energy levels leads to blurred Fourier
spectrum. However, the distribution of intensity in the Fourier spectrum is compatible with
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the Luttinger-liquid interpretation and cannot be fitted by a non-interacting model. The fi-
nite width of the energy levels mainly results from tunneling of electrons from the MTB to
the substrate. Therefore, tunneling of electrons seems to be the most serious issue for our
Luttinger-liquid interpretation. As we discussed earlier, the broadening of the energy levels by
finite temperature T" = 5 K cannot be resolved in the measurements. For a Luttinger liquid to
form, we require that electrons in the M'TB scatter sufficiently often before they tunnel to the
substrate. Thus, a Luttinger liquid can only be realized if the tunneling rate is much smaller
than the scattering rate. This corresponds to a situation when the width of the energy levels
is small compared to the level spacing. One can object that these conditions are not realized
for longer wires where the width and the level spacing are of the same size.

4.4.2 Spin-orbit coupling

It is important to note that the emergence of two dispersions in itself is no proof of spin-charge
separation and Luttinger-liquid physics. In principle, spin-orbit coupling can also lead to a
splitting into two bands, E (k), E_(k), by lifting the degeneracy between spins o = +. The
spin-orbit interaction results from a relativistic correction to the single-particle Hamiltonian,

h
Hsoc = T2 (0xU x p) -0, (4.80)

caused by an external electric field Ox U [69]. p is the momentum of the electrons and
o = (0%,0Y,0%) are the Pauli matrices. For central potential, the interaction is of the form
Hsoc « L - S with angular momentum L and spin S. Thus, the two-fold spin-degeneracy
for electrons with spins parallel and antiparallel to L is generically lifted. However, spin-split
bands are sometimes forbidden by symmetry. The following symmetry considerations are help-
ful to find out whether spin-splitted bands are to be expected [70, 71]: Time-reversal symmetry
requires that FE,(k) = E_,(—k) as (¢ — —o,k — —k) under a time-reversal transformation,
which is known as Kramer’s degeneracy. In case of inversion symmetry, we also have that
E,(k) = E,(—k) as (6 — 0,k — —k) under inversion. As a consequence, the dispersion fulfills
E,(k) = E_,(—k) = E_;(k), i.e. the bands have to be spin-degenerate if inversion symmetry
is present.

Spin-orbit coupling is particularly relevant for heavy transition-metal atoms. For bulk MoSs the
bands are spin-degenerate by inversion symmetry. However, a single monolayer lacks inversion
symmetry. Thus, spin-split bands are allowed in general, except for high symmetry directions in
the Brillouin zone which are introduced by mirror planes. Indeed, DFT calculations prove that
spin-orbit coupling induces spin-splitting for monolayer MoSs away from the high-symmetry
points [71]. MTBs in MoS; also introduce a high symmetry direction for electrons localized
within the MTB. As MTBs in MoSs (both types) are inversion symmetric, no spin-splitting is
expected for the bands of the confined electrons [55]. DFT calculations confirm that the bands
within the MTB are spin-degenerate [33, 55|, see Fig. 3.4 in Ch. 3. Thus, we conclude that the
observed splitting of energy levels cannot be explained by the electronic band structure in the
nearly-free electron picture. In particular, spin-orbit coupling cannot explain the findings.

4.4.3 Phonon excitations and life-time of the states

We did not assign a quantum number to all states that are visible in the STS signal. The
main peaks are shadowed by broader satellite peaks which are symmetrically distributed for
occupied and empty states. We indicate the additional peaks by the circles in Fig. 4.8. They
are particular pronounced at E > 0 where two rows of satellite peaks are visible (pink and
green circles). Satellite peaks in STS spectra of MTBs were studied in detail by Jolie [55].
They are likely to be caused by an inelastic tunneling process where phonons are excited. The
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Fig. 4.8: Inelastic peaks in the STS signal Pink circles indicate inelastic peaks of phonon
excitations with Fey ~ 20meV. Green circles point to assumed inelastic peaks with
Feox. = 60meV. Only satellite peaks of the zero mode levels and of the adjacent main
peaks are marked.

additional tunneling channel appears at E' = Eqy + Ep. m, where Ey, ., is the energy level
(me, ms) and Eey. is the energy of the phonon. The extracted energies Fex. &~ 20 meV of the first
inelastic peaks lead to the conclusion that they are caused by bulk phonons of MoSs [72]. This
conclusion is also supported by the fact that the same excitations energies are found for both
types of MTBs, 4|4E and 4|4P [55]. Besides tunneling of electrons to the substrate, electron-
phonon coupling provides a further decay channel. While the width of the main peaks is close
to the experimental resolution, the width of the inelastic peaks is typically larger, indicating a
shorter life-time of these states.

4.4.4 Spin backscattering

The treatment of interactions and the calculation of the LDOS of the MTB in Sec. 4.3 were
based on a TLL model. The model is restricted to density-density interactions [, py(x)py (),
encoded by the interaction constants gs)|, 921, 94)|; 941, 91|, see Sec. 2.3. The analytic solution
of the TLL model via Bogoliubov transformation relies on the density-density form of the in-
teractions. Spin backscattering o« g1 and umklapp scattering o g3, cannot be cast in this
form and were neglected. While the relevance of umklapp scattering is suppressed away from
half-filling, the relevance of spin backscattering cannot be controlled easily, in particular, in a
spin-rotation invariant situation where g1, = g1);. Therefore, one should expect that the effect
of spin backscattering cannot be neglected. In the following, we briefly discuss the result of a
renormalization group treatment of spin backscattering in order to rationalize the limitations
of our TLL approach. We refer the reader to Ref. [5] for the details of the calculation.

The spin-backscattering term can be compactly written in terms of the bosonic field ¢5 by
means of the bosonization formula (2.75):19

L
Hi, = g1 /dx cos (\/§<I>s(x)> , (4.81)
0

with the coupling constant g1, = 2("7”%37 and &, = %(@HR + ¢4 — d—r — ¢ 1). Hence,
only the spin sector is affected by H7; and the spin-charge separation is still intact. The
resulting Hamiltonian in the spin sector is referred to as sin-Gordon Hamiltonian. It can no
longer be solved analytically. However, it is intuitively clear that the cos term tends to lock

10Contributions from Klein factors ~ % are neglected.
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the field @, into one of its minima and to suppress fluctuations of the field. The locked field
configuration describes a macroscopic spin-density wave, a frozen-in modulation of the spin
density, similar to a CDW. Lacking an exact solution, the true low-energy behavior is revealed
by a renormalization group analysis. The resulting flow equation of §;, and K, are

dK

(2-2K)gie, = = —0.Ks. (4.82)

dgi 1
dln A

The low-energy behavior of the system is obtained in the limit A — oo. For Ky < 1 the cou-
pling constant flows to a strong coupling regime, i.e. spin backscattering is always a relevant
perturbation. For repulsive interactions K, > 1, the flow depends on the initial value of §; | .
If the initial coupling §;, is sufficiently small, spin backscattering is irrelevant, §;; — 0. The
initial K¢ flows to a renormalized value K} > 1. In this case, the low-energy state is a Luttinger
liquid as described by the bosonic Hamiltonian in (2.69). In contrast, if the initial coupling g1 |
is large enough, the system again flows to the strong coupling regime. The separatrix between
weak and strong coupling regime represents the marginally irrelevant case. It corresponds to
the line in a flow diagram where g1, = gy}, i.e. to spin-rotation symmetric couplings. During
the flow the spin-rotation symmetry is preserved. Most importantly, the system flows to the
non-interacting spin sector K = 1.

The result of the renormalization group analysis can be used to justify our choice of parameters
in Sec. 4.3.4: As we argued in Sec. 4.4.2, we can think of a MTB as a spin-rotation invariant
system. Therefore, it seems to be reasonable to choose K; = 1 when fitting the TLL model
to the experimental data. However, one can object that spin backscattering is only marginally
irrelevant and the non-interacting fixed point is approached only logarithmically in the scaling
parameter,

1
log(A) °
The logarithmic scaling could potentially alter the value of K, as the flow is cut off by the
finite system size L. For small L, the true value K} is expected to be larger than 1 by
1 - K} x m. However, the blurred Fourier spectra of the STS signal do not allow to
detect K > 1. Of course, the cutoff of the flow is only a first approximation to the finite-size
effects related to spin backscattering. From the theoretical perspective, it would be worthwhile
to consider the finite-size spectrum and the finite-size LDOS of the sine-Gordon Hamiltonian.!

1- K, (4.83)

11 0Only the levels of spin excitations are affected by spin-backscattering. One expects to observe more energy
levels in the finite-size spectrum since degeneracies are lifted by the cos term. However, the additional
separation in energy only grows logarithmically ~ 1/log(L) with decreasing system size (while the separation
of the main energy levels of the Luttinger liquid grow ~ 1/L). Therefore, the effect of spin-backscattering
should be hard to observe in the STS signal.
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Chapter 5

Conclusions

We studied the electronic properties of MTBs in a 2D MoSs monolayer which are predicted
to host 1D metallic states. To reveal the nature of these states, we considered the LDOS
which was obtained by STS measurements. We calculated the LDOS as predicted by three
models: non-interacting electrons, a CDW model, and a TLL model. To account for the finite
length of the MTBs, we set up models with box-like boundary conditions. We compared the
predictions of these models to the measured LDOS of a short MTB of length . = 6nm. We
found an excellent agreement with the TLL model: The model correctly predicts a doubling
of some energy levels and we were able to fit these levels with two different velocities wu,, us.
The first two models cannot explain the observed splitting of energy levels. Since spin-orbit
coupling can be excluded, we identified the splitting as emergent spin-charge separation caused
by electron-electron interactions. The observation of spin-charge separation provides strong
evidence for the presence of a Luttinger liquid in the MTB. The finite-size LDOS can be re-
garded as more reliable signature of a Luttinger liquid than the power-law suppression of the
density of states which is often hunted for. The comparison with the TLL model allowed us to
reveal the finite-size spectrum of the Luttinger-liquid spectroscopically. To our knowledge, our
theoretical work contributed to the first observation of a Luttinger liquid in a self-assembled
surface material [9, 73].

The situation is less clear for longer MTBs with more dense energy levels. We used the Fourier
transform of the LDOS to detect a splitting of the band and to estimate the LLP K. It turned
out that the signature of two bands is less convincing due to the blurred Fourier spectrum. For
the same reason, the estimate for K. is not very precise. Furthermore, it is also dubious to
extract its value from a power-law fit due to the separated energy levels. On the other hand,
the observed scaling of the zero mode gap % excludes the possibility of CDW states for which
a constant gap is expected. The distribution of intensity in the Fourier spectrum is compatible
with our Luttinger-liquid interpretation. Still, a better energy resolution would be desirable
in order to obtain a clearer signature of spin-charge separation for longer wires. This could
possibly be achieved by choosing an insulating substrate to increase the life-time of spin and
charge excitations [73]. From the theoretical perspective, the TLL model could be extended to
the sine-Gordon model in order to study the finite-size effects of spin backscattering.
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Chapter 6

Introduction Il

Irreversible processes are omnipresent in the immediate perception of our environment: moving
objects eventually come to rest, a droplet of ink spreads in a glass of water, and a hot body
heats up a cold body. The characteristic feature of these processes is their directionality. They
describe the relaxation towards distinguished states of rest, i. e. a homogeneous distribution of
ink or bodies at equal temperature. No further changes occur if the final state is reached. It is
very understandable that Aristotle concluded that “a thing moves naturally to a place in which
it rests without constraint, and rests naturally in a place to which it moves without constraint”
[74], i.e. that all objects seek their states of rest, and a cause is required to drive objects away
from this state. Without external intervention, the reversal of the above-mentioned relaxation
processes, e. g. the spontaneous concentration of ink at one spot, is not observed. According to
Planck [75] the irrecoverability of the initial state without compensation in the outside world
qualifies a process as irreversible in a stricter sense.!

The attraction towards a definite final state is particularly striking for isolated macroscopic
systems of certain geometrical volume which are totally decoupled from their environment and
left to themselves. Such systems are typically attracted by a special state, called thermal state
or thermodynamic equilibrium state. The equilibrium state is determined by a small number
of parameters, including the energy of the system. These so-called conserved quantities or
conserved charges, are set by the initial state and are not changed in the relaxation process by
definition. Aside from the conserved charges the memory of the initial state is lost. The rela-
tion between the equilibrium states of different conserved charges is the subject of equilibrium
thermodynamics [76]. The thermodynamic treatment presumes that the system approaches
thermal equilibrium if prepared in an arbitrary non-equilibrium state [77]. The Second Law of
thermodynamics postulates the required stability of the thermodynamic equilibrium state: It
states that there is a function of state, called entropy, which can never decrease for an isolated
system [75] and reaches its maximum in the equilibrium state [78]. Assuming that the concept
of entropy can be extended to non-equilibrium states, irreversible processes such as the relax-
ation to equilibrium, thus, are characterized by the increase of entropy [75].

Aristotle’s world view was definitely abandoned by Newton [79]. Later, the molecular structure
of matter on microscopic scales became widely accepted, influenced by the work of Einstein
[80]. Since then, there has been a certain tension between the Second Law and the microscopic
description of matter: The Newtonian equations of motions of rigid molecules are time-reversal
invariant. Later, quantum mechanics was recognized as the fundamental theory of matter,
“the theory of everything” [81]. The unitary dynamics driven by interacting Hamiltonians
follows the Schrodinger equation and maintains the time-reversal symmetry of the Newtonian
description. This raises the obvious questions: How can any function of state show time-
reversal non-invariant behavior? How does irreversible behavior emerge from the microscopic

!Non-existence of the reverse processes in nature is not sufficient.
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dynamics, i.e. quantum mechanics? Such questions point to the problem how to rationalize
the existence of an “arrow of time” [82].

Already in 1872 Boltzmann [83] claimed to have found the solution for a classical gas of
molecules. He assumed that the state of the gas is described by a continuous distribution
of their velocities or momenta fi and that the distribution changes due to binary collisions.
From these assumptions, he derived an irreversible equation of motion for fy, the Boltzmann
equation. He then showed that an arbitrary initial distribution of momenta converges to the
known thermal distribution. In his proof, he used that the quantity H = — [ fx log fx cannot
decrease under the time-evolution of the Boltzmann equation, later identified as the entropy of
the gas.? However, the so-called H theorem does not count as a derivation of the Second Law
from classical mechanics. Instead, the Boltzmann theory provides an effective description of
the relaxation which relies on a probabilistic treatment of the system’s state. Despite the fact
that Boltzmann did not achieve his original goal, his work opened the field of non-equilibrium
physics.

In today’s research, the above-raised questions are often made more concrete in the framework
of quench set-ups [84, 85]. Here, a quantum system is typically prepared in the ground state
|1ho) of a local Hamiltonian H(\) at times ¢ < 0. For ¢ > 0, the system parameter \ is changed
as function of time according to a prescribed quench protocol A(t) and the time-evolution of
some observable O is tracked. The so-called sudden global quench is a typical quench protocol
used to study the relaxation dynamics. Here, the Hamiltonian parameter is globally and
instantaneously changed from A — X at ¢ = 0. The initial state is no longer an eigenstates of
the H(X'), but is promoted to a superposition [t)g) = >, ¢m |m) where |m) are the eigenstates
of the new Hamiltonian H(\'). The change of the system parameter activates the unitary
time-evolution of an observable O. For ¢ > 0 its expectation value evolves as

(0) = > chuenOpy e En=Enl, (6.1)

m,n

with Op,,, = (m| O |n). The previous questions related to the Second Law boil down to whether
(O(t)) relaxes in any sense or whether (O(t)) approaches a constant value compatible with the
thermal one. This is a non-trivial problem if the eigenstates of H()\') are unknown, which is
typically the case for interacting systems.

The emergence of thermal behavior did not remain a purely philosophical question: When
Boltzmann struggled to find a convincing solution to the problem during the 1870s—1890s, the
existence of atoms still was the subject of a controversial debate [86]. In contrast to that time,
nowadays quench protocols can be realized in ultracold atom systems [87] in order to examine
the relaxation process experimentally: An atomic gas of alkali atoms is cooled to low tempera-
tures T' =~ 100 nK...1 K and trapped in the potential created by the oscillating electric field of
a laser beam. At these temperatures the de-Broglie wavelength of the atoms Agg is much larger
than the inter-atomic distances which makes it possible to study quantum phenomena. The
superposition of counterpropagating lasers beams form a standing-wave pattern. In this way,
the atoms are trapped in the periodic potential of an optical lattice. The depth of the potential
controls the tunnel or hopping amplitude between the lattice sites. This opens the possibility
to simulate lattice Hamiltonians. Remarkably, also the interaction strength between the atoms
can be tuned in a broad range, from attractive to repulsive interactions. This is achieved by
employing Feshbach resonances in two-atom collisions. The resonance occurs between a closed
scattering channel of a bound state and an open channel in the scattering continuum. The
interaction strength is enhanced when the atoms temporarily form a bound state. Since the
closed and open channel have different magnetic moments, their energy can be shifted relative

2Boltzmann defined the quantity with the opposite sign.
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to each other by applying a magnetic field. Depending on this energy shift, the enhancement of
the interaction is more or less pronounced. Optical trapping and Feshbach resonances allow to
simulate model Hamiltonians where the hopping and interaction strength can be tuned at will.
Furthermore, depending on the choice of atoms, bosonic or fermionic models can be realized.
This high degree of control and tunability cannot be achieved in condensed matter systems.
A nice overview about ultracold atom systems (with focus on bosonic atoms) is also found in
Ref. [88]. A quantum quench in an ultracold atom system can be performed e.g. by either
changing the hopping or the interaction strength rapidly. However, reaching the thermal state
as a result of the coherent quantum dynamics requires isolation of the atoms for relatively long
times. The equilibration dynamics of an effectively isolated Bose gas after a quantum quench
was studied by Trotzky et al. [89]. They report the relaxation to a thermal state arguing that
the nearest-neighbor correlations in the lattice reach their thermal values.

The theoretical research roughly revolves around three variants of the fundamental question,
giving rise to different modes of research:

(A) Conditions for equilibration and thermalization Under what conditions does a system
equilibrate, i. e. under what conditions does it reach a stationary state? And if it does so:
Does the system also thermalize, i. e. is the stationary state a thermodynamic equilibrium
state? The goal is to derive the emergence of thermal equilibrium from first principles,
solely based on pure-state quantum mechanics and without probabilistic assumptions
from statistical mechanics. Only mathematically rigorous proofs are acceptable in the
derivation. The unitary dynamics of a finite-sized quantum system is time-reversal sym-
metric and recurrent in the first place [85]. Still, there is the notion of equilibration on
average: Under reasonable assumptions on the initial state |¢)g) and the energy spectrum
E,, it can be shown that many observables (O(t)) stay close to their time-averaged value
(O(t)) = limp_y0o T1 fOT dt (O(t)) for most times until recurrence occurs [85, 90, 91].3
If energy is the only conserved quantity the system is said to thermalize if the equilib-
rium value (O(t)) is indistinguishable from the thermal ensemble, (O(t)) — Tr{e ## O},
with the inverse temperature 3. The eigenstate-thermalization hypothesis [92] states that
thermalization occurs in this sense if the eigenstates are indistinguishable from thermal
states of the same average energy. This is the case for quantum systems of high com-
plexity and for local observables [85]. Rigorous proofs of dynamical thermalization are
possible under stronger conditions [93]. Counterexamples are also known: If there are
many locally conserved quantities C;, the system is expected to relax to a generalized

Gibbs ensemble (O(t)) — Tr{e 2252C O} which is the state of maximum entropy under
these constraints [94, 95]. Here, A; are Lagrange multiplier of the conserved quantities
Cj. In particular, these conditions are met for integrable systems which are character-
ized by a macroscopically large number of conserved quantities. Disorder can lead to a
localization of the eigenstates and the absence of thermalization [96]. A further example
of non-thermalization on reasonable time scales are glasses. They are characterized by
astronomically large relaxation times [97, 98].

(B) Relaxation dynamics From the perspective of pure-state quantum mechanics (A), not
much can be said about the time-scales of the relaxation process in the same rigor-
ous manner [85]. Given that the eigenstates of the Hamiltonian cannot be constructed
analytically, numerical techniques are used to calculate the time-evolution of observ-
ables. Thermalization after quantum quenches has been studied with a broad range
of numerical methods including exact diagonalization [99-102], tensor-network methods
[103], density-matrix renormalization group method for one-dimensional lattice systems
(DMRG) [104, 105], and dynamical mean field theory (DMFT) [106]. Aside from nu-
merical approaches, real-time quantum field theory (RQFT) and renormalization group

’For non-degenerate spectra the time-average leads to the diagonal ensemble (O(t)) = 3" [cm|*Omm.
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(C)

methods are powerful analytical tools to study the relaxation after a quantum quench
[107-109].

Effective descriptions What is the effective description, i. e. the minimal set of ingredi-
ents needed to describe the time-evolution of observables on all time scales? The definite
answer to this question is likely to be found in the framework of RQFT. One can also
take a different perspective, guided by the phenomenology of the relaxation process at
late times. While the afore-mentioned approaches start from the initial quantum state,
the final equilibrium state can serve as a point of reference in the development of effective
descriptions.

Our work contributes to the field of effective descriptions at intermediate and late times (C).
The development of effective descriptions is facilitated by the fact that the relaxation process
exhibits certain stages which are associated to the emergent time scales of an interacting quan-
tum system [102, 109]. Some of these stages are very reminiscent of Bogoliubov’s hypothesis
about the temporal stages of equilibration [110, 111]. The sequence of temporal stages and the
related time scales are illustrated in Fig. 6.1. A non-integrable system typically runs through
four stages after a quantum quench:

(1)

78

Formation of quasiparticles As stated before, the exact eigenstates of an interact-
ing Hamiltonian are usually unknown. However, the low-energy excitations may be ap-
proximately described by long-lived quasiparticles. A prominent example is interacting
fermions in high dimensions which constitute a Fermi liquid. The low-energy excitations
are approximately given by fermionic quasiparticles whose life-time diverges at the Fermi
energy [4], see also Sec. 2.1.2 of Part I. Assuming that the quasiparticle picture applies,
we can regard a quasiparticle state |«) as an approximate eigenstate of the interacting
Hamiltonian. After a sudden quench, the initial state is promoted to a superposition of
excited quasiparticles, [1)™) = " ¢, |a), with coefficients ¢, = (a|™). At ¢t = 0, the
expansion seems to be an arbitrary choice. We can rationalize how the quasiparticles
emerge as physical objects by considering the time-dependent expectation value of an
observable O (6.1) in the quasiparticle basis,

(0)) = 3 foOua+ Y chegOupe =31, (6.2)
a a#p

where €}, are the quasiparticle energies and Onp = (o| O |B). In particular, we identify
the contributions of the diagonal elements f, = |co|? = | (a|™) |? as the quasiparticle
distribution. Given that the phase factors el(ca=B)t oscillate rapidly for o # 3, the off-
diagonal contributions are suppressed after a short time. This process is called dephasing
[112-114]. The diagonal contributions are time-independent and persist. After a certain
dephasing time 74, the expectation value of an observable O is fully determined by the
statistical average over the distribution of quasiparticles in the initial state. This shows
that the behavior of the quasiparticle distribution plays the dominant role in the further
time-evolution. By dephasing of the superposition of |«), formerly fine-tuned to the initial
state, the quasiparticles become the relevant physical objects. Therefore, we refer to the
dephasing stage t S 7, as the formation of quasiparticles.

Initial stage Once a quasiparticle is created, it propagates ballistically with the group
velocity associated with its wave packet. The first scattering event happens after the
single-particle scattering time 7s¢ which is related to the mean-free path. In the initial
stage 74 < t <K Tyt the behavior of the system is determined by the non-interacting part
of the quasiparticle Hamiltonian. If the separation of time-scales is sufficiently large, a
transient prethermal state [115-117] can emerge which is often characterized by a GGE
with a larger number of conserved quantities than the final state reached at later times.
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Fig. 6.1: Hierarchy of emergent time scales and stages of the relaxation process after a
sudden quench The temporal stages, time scales, and the associated theories are
explained in the main text. Hydrodynamics and Boltzmann theory are coarse-grained
effective descriptions. They describe irreversible processes and, thus, must include
fluctuations of the respective variables. The hydrodynamic stage is characterized by
scale invariant relaxation.

(3) Kinetic stage When quasiparticles start to scatter, equilibration begins. Here, the con-
cept of a local quasiparticle distribution is suitable [118, 119]. fi(x) denotes the momen-
tum distribution of quasiparticle in a small region around x. The exchange of momenta
gives rise to the evolution of the distribution function. The related transport in phase-
space is the subject of so-called kinetic theories [111]. The Boltzmann equation is the
prototype of kinetic equations. It provides an equation of motion for fi(x) and describes
the convergence to the equilibrium distribution fle. The state of local equilibrium is
reached after a characteristic relaxation time or transport scattering time 7 that corre-
sponds to a few scattering times [102]. The local equilibrium distribution is parameterized
by the densities of the conserved quantities p;(x) which are not changed in the scatter-
ing of quasiparticles. In general, to each region in local equilibrium the same conserved
quantities can be attributed as to the total system. Hence, the system is determined by
the distribution of the conserved quantities p;(x).
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(4) Hydrodynamic stage The last stage of the relaxation process is governed by the diffu-
sive transport of the conserved quantities between different regions of the system which
have already reached a local equilibrium state [102]. The balancing of the local equi-
libria is described by hydrodynamic equations for the densities p;(x) [7]. The endpoint
of the relaxation process is reached when global equilibrium is established, i.e. the con-
served quantities are homogeneously distributed over the volume of system. The global
equilibrium state is solely determined by the total amount of the conserved quantities.
Complete equilibrium is ultimately reached after the diffusion time 7qi¢ ~ % with D
being the diffusion constant.

The effective description in the last stage builds on the thermodynamics of irreversible pro-
cesses [51, 120-125]. It combines the traditions of hydrodynamic or transport equations with
the principles of thermodynamics. The basic assumption is that the system is in a state of local
equilibrium. Knowledge about the microscopic dynamics in terms of some underlying Hamilto-
nian is not required since the macroscopic theory only refers to the conserved quantities of the
system. The conservation laws imply the existence of hydrodynamic slow modes which relax
arbitrarily slowly for large enough system sizes. It was realized by Einstein [126] that the global
equilibrium state is not only characterized by homogeneous densities p;(x) = p;. The densities
undergo thermodynamic fluctuations which give rise to fluctuating local currents. The state of
the system deviates from thermal equilibrium if the fluctuations do not take their characteristic
values. As a consequence, the time-evolution is not only determined by the imbalance between
different regions in space. The hydrodynamic equations must also contain a stochastic element,
called fluctuating term or noise term, to simulate the thermodynamic fluctuations. This has
important consequences for the approach of the equilibrium state at late times following a
global quench: After a homogeneous change of system parameters, the distribution of the con-
served quantities is not changed on average. Still, the fluctuation pattern is altered. Due to the
emergence of hydrodynamic slow modes the fluctuations (p;(x)p;(x)) only relax algebraically
slowly o ¢t~%/2 to their thermal values where d denotes the spatial dimension. This behavior is
entitled hydrodynamic long-time tail and is regarded as the “bottleneck for thermalization” [88]
after a quench. A microscopic description is only valid if it reproduces the power-law relaxation.
The scale invariant regime is eventually cut off at the diffusion time 74;¢. However, for macro-
scopic systems this time scale plays no role since 7qi¢ — 00 in the thermodynamic limit L — oo.

The Boltzmann theory is a more fundamental theory than hydrodynamics in the sense that it
deals with microscopic entities, the quasiparticles. Boltzmann’s original goal was to design an
equation that describes the equilibration of a classical gas of molecules. Since then, different
variants of the original Boltzmann equation were developed and were successfully applied to a
large variety of systems, ranging from traditional condensed matter systems [10] to ultracold
atoms [118, 127], periodically driven [128] and weakly open systems [129]. The Boltzmann
equation is tailored to transport problems, but it requires a modification when applied to the
relaxation process of isolated systems. The standard form of the equation is purely determin-
istic and predicts an exponentially fast relaxation ~ e /T of the quasiparticle distribution to
its equilibrium shape. The reason is that the deterministic equation misses crucial correlations
between quasiparticles that have already scattered. Thus, the standard Boltzmann equation
is only valid in the kinetic stage, but does not capture the physics of hydrodynamic long-time
tails. Close to equilibrium, the missing piece of information can be restored by adding a suit-
ably correlated noise term [130]. The fluctuating Boltzmann equation is able to reproduce the
correct form of the hydrodynamic long-time tails.

Our work has the following objectives:

e The full fluctuating Boltzmann equation is a stochastic integro-differential equation and
cannot be solved analytically. Calculating the relaxation rates involves at least two
integrals in momentum space. Approximation schemes are required in order to reduce
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the numerical complexity of the solution. A very popular approximation scheme replaces
the integral expression by a single relaxation rate and is therefore called relaxzation-time
approximation. We transfer this approximation scheme to the fluctuating Boltzmann
equation and derive a fluctuating relazation-time approrimation by applying the general
framework of Onsager’s theory [120-123].

e The fluctuating Boltzmann equation has to be discretized on a space-time grid to make it
accessible to the numerical solution on a computer. As the equation is of the “conserved-
flux” type, a term of artificial diffusion has to be added for stability reasons. We show that
the diffusion term must be accompanied by an additional fluctuating term of diffusion
noise in order to obtain the proper correlations of the distribution function.

o We demonstrate that the fluctuating relaxation-time approximation reproduces hydro-
dynamic long-time tails in agreement with fluctuating hydrodynamics.

e In addition to the work related to the Boltzmann equation, we deal with the opposite
limit of a sudden quench: a quasi-static change of system parameters in time ¢4. In the
limit ¢, — oo, one expects to reach the ideal case of an adiabatic change of state, i.e. a
change with vanishing entropy production. As hydrodynamic long-time tails appear in
various observables, we also expect them to hamper the approach of the adiabatic limit,
giving rise to a power-law decay of the entropy production ~ ¢, for tq4 — co. We address
this question in the framework of fluctuating hydrodynamics. In this context, we also
demonstrate the role of the Fourier modes p; q as the proper hydrodynamic slow modes
in the Onsager sense.

The further discussion is organized as follows:

Structure In Ch. 7, we start by introducing the concept and relevance of fluctuating dynam-
ics using the example of Brownian motion. After the conceptual foundation we elaborate on the
close-to-equilibrium theory of irreversible processes and fluctuations developed by Onsager and
Machlup [120-123]. Here and in the following sections, we derive expressions valid in arbitrary
spatial dimensions d.

The subsequent chapter Ch. 8 continues the discussion of the last stages of the relaxation when
local equilibrium has been established. The general theory is employed in order to review the
foundation of fluctuating hydrodynamics. Besides the emergence of hydrodynamic long-time
tails, we emphasize the role of the Fourier modes as the natural non-equilibrium coordinates,
a major aspect of our review in this chapter.

As an intermezzo, Ch. 9 is devoted to the entropy production after a slow quench in time t4
as predicted by linear fluctuating hydrodynamics. We first explain the method of deriving
the entropy production by means of the Fokker-Planck equation. To this end, we perform
a temperature quench to the bath of a Brownian particle. We then apply the Fokker-Planck
method to the hydrodynamic set-up in order to obtain the power-law approach of the adiabatic
limit. Here, the role of Fourier modes as the true hydrodynamic slow modes becomes apparent.

In Ch. 10, we move on to the effective description on intermediate times when local equi-
librium is not available: the Boltzmann theory. After a brief introduction to the standard
Boltzmann equation, we follow the general framework of Onsager’s theory again and supple-
ment the irreversible content of the Boltzmann equation by a fluctuating term. We obtain
a linearized fluctuating Boltzmann equation or Boltzmann-Langevin equation in the spirit of
Refs. [130, 131]. Using perturbation theory, we derive the form of the Boltzmann long-time
tails of the fluctuations (0 fxd fir). Finally, we use the linearized Boltzmann equation to derive
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the fluctuating hydrodynamic equations.

Guided by the insights of the previous chapter, we develop the fluctuating relaxation-time
approximation in Ch. 11. In particular, Sec. 11.2 addresses the numerical implementation of
the obtained set of stochastic differential equations. Here, we strict ourselves to the one-
dimensional case. The key step is to introduce an artificial diffusion term into the Boltzmann
equation which is accompanied by additional current noise, similar to hydrodynamic equations.
These ingredients are required to ensure numerical stability. In Sec. 11.3, we benchmark the
time-evolution of correlation functions obtained by numerical integration against the prediction
of linear fluctuating hydrodynamics.

The concluding Ch. 12 highlights perspectives for applications of the fluctuating relaxation-
time approximation.
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Chapter 7

Macroscopic Theory of Fluctuations
and Irreversible Processes

The purpose of this introductory chapter is to provide the general Langevin formalism that
we will follow throughout Part Il. In Sec. 7.1 we discuss the example of Brownian motion to
introduce the concept of a fluctuating equation or Langevin equation. We explain that the
irreversible equation of motion must include a noise term in order to describe the relaxation
to the equilibrium state. Furthermore, we derive the relation between observables and the
fluctuating quantity. We also define the probability distribution of this quantity. In Sec. 7.2, we
develop the general macroscopic description of the relaxation process in isolated systems.
Here, we restrict ourselves to the relaxation close to equilibrium where linear macroscopic
laws are applicable. We show how the relaxation process is described by fluctuating equa-
tions similar to Brownian motion. We present two derivations of the noise correlation function:
The first derivation is based on the properties of correlation functions and the entropy balance,
and the second one on the explicit solution of the corresponding Langevin equation. The gen-
eral expressions for the noise correlation functions and the buildup of equilibrium correlations
provided here will be used in the subsequent chapters.

7.1 Brownian motion: prototype of fluctuating dynamics

In 1828 the botanist Robert Brown reported on the irregular motion of pollen grains suspended
in water [132, 133]. About eighty years later, the phenomenon attracted attention in physics
when Einstein [80] and Smoluchowski [134] showed that the observation can be explained by
the thermal motion of the fluid molecules. In the debate at that time, the results of their
works were interpreted as strong indication of the molecular structure of matter. Shortly after,
Langevin gave a simple description of Brownian motion in terms of a fluctuating equation of
motion, now termed Langevin equation [135].! For the sake of a smooth introduction, we
restrict ourselves to Brownian motion in one dimension: Consider a heavy particle of mass
m and velocity v suspended in a fluid of light particles at temperature 7. The heavy particle
experiences collisions with the light particles in an irregular manner. The effect of the collisions
can be described phenomenologically by two forces:

e On average, the heavy particle is exposed to a higher rate of decelerating collisions in the
direction of motion, which is described by a friction force —ywv.

o Additionally, the collisions can be regarded as a fluctuating force, giving rise to fluctua-
tions of the velocity around that average as illustrated in Fig. 7.1. The fluctuating term
is described by a stochastic variable &.

!For a translation of Langevin’s original paper, see Ref. [136].
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7 Macroscopic Theory of Fluctuations and Irreversible Processes

Fig. 7.1: Fluctuating force acting on a Brownian particle The random collisions with fluid
particles are described by a fluctuating force £ to the equation of motion, imprinting
thermal fluctuations to the velocity v of the Brownian particle.

The systematic effect of friction and the fluctuating driving force £ are intimately related owing
to their common microscopic origin. The existence and properties of £ can be deduced from
thermodynamic arguments on very general grounds. Detailed knowledge about the properties
of molecules and their interactions with the Brownian particle is not required. A similar dis-
cussion of Brownian motion is found in Refs. [11, 137].

Naively one could start with the Newtonian equation of motion of the Brownian particle as
ov = —qv, (7.1)

with some friction coefficient v > 0.2 According to (7.1), the velocity relaxes to the equilibrium
state v = 0 for t — oco. However, in the thermodynamic equilibrium state at finite temper-
ature T, the velocity is only zero on average, (v)eq = 0. (...>eq can be regarded as temporal
average over a large number of collisions with the molecules. In the collisions, kinetic energy
is transferred and the velocity is increased from time to time without directional preference.
Therefore, the average of the squared velocity is finite, (v?) eq 7 0. More precisely, the equipar-

tition theorem of classical statistical mechanics [138] tells us that (v?) eq = kBWT. Clearly, the
fluctuations of the velocity are not captured by (7.1). Therefore, we should read (7.1) as an
equation of the mean velocity, 0; (v) = —v (v). The equation of motion can be corrected ad
hoc by adding a fluctuating force or noise term ¢ which accounts for the accelerating (and
decelerating) collision events. (7.1) turns into a stochastic differential equation, the so-called
Langevin equation:

ov = —yv+E&. (7.2)

In principle, the above-mentioned relation between the friction coefficient v and the statistical

properties of £ can be derived form a microscopic theory of the fluid and its coupling to the
heavy particle, see e. g. Ref. [139]. Here, we follow a phenomenological approach: The solution
of (7.2),

t
o(t) = wlto)et10) 4 / dse ¢ (s) (7.3)
to

is found using the corresponding Green’s function, G(t —t') = 6(t —t')e~7*~*). The statistical
properties of £ have to be determined such that they translate to the thermal fluctuations of

2We absorbed the particle mass m into the coefficient .
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7.1 Brownian motion: prototype of fluctuating dynamics

the velocity for large times ¢ — oo when the memory of the initial state v(¢o) is lost. In order
to match lim;,oc (v(t)) to the equilibrium (v),, = 0, we have to choose

© = o. (7.4)

Here, (...) denotes the average with respect to the unknown noise distribution P[{(t)] while
<...>eq denotes the average value in the equilibrium state as introduced above. In order to
determine the second moment of the noise distribution, i.e. the noise correlations, we calculate

t t
(1) = R0 [ds [af 0D (o)) . (75)

to

To make further progress, we have to choose an ansatz for the noise correlation function. The

duration of the collisions 7. and the memory of the fluid are critical factors. Here, we can
argue that a particle of the fluid that had scattered with the heavy particle experiences a large
number of collisions from particles that where not involved so far. The information about the
first collision is lost after a very short time. Thus, the correlations of the fluctuating force
(E(t)E(t)) are only sizable for times |t — t'| < 7.. We are only interested in the time evolution
of the Brownian particle on time scales |t — t'| > 7., much larger compared to the correlation
time of the fluctuating force. It is convenient to approximate the temporal correlations by a
b function. We set (£(¢)&(t')) = Ad(t—t'). The fluid is then regarded as a source of memoryless
or Markovian noise. Under this assumption (7.5) can be evaluated to

A
2 _ 2 —2v(t—to) 4 “° _ a—2v(t—t0)
(v*(1)) v3(to)e + 3 (1-e ) (7.6)
In the long-time limit, i.e. for times much larger than the relaxation time (¢ — to)y > 1, the
term oc v2(tg) has decayed. Comparison of the quantities limy o (v2(t)) = % and <v2>eq = %

fixes the noise strength to A = QFkaTT. We find that the fluctuation strength is determined

by the dissipative content in the equation of motion. The relation A o vkgT is an instance
of a fluctuation-dissipation theorem. Kubo showed that such relations generically appear in
the regime of linear response, both in classical and in quantum systems [140-142]. Here, the
linearity enters through the assumed form of the friction force.> As a result, the Langevin
equation (7.2) with the noise correlations

(ewe)) = 0" 2ls 1), (1.7

describes the relaxation of the velocity correctly, i.e. in agreement with the mean and the
fluctuations of the velocity in equilibrium.

So far, we determined the correlation functions (£(¢)) and (£(¢)€(t')), i.e. the first and the
second moment of the noise distribution P[{(¢)]. With an additional piece of information,
we can reconstruct the full noise distribution: In thermal equilibrium, the velocity of the
Brownian particle obeys a Gaussian distribution: the Maxwell-Boltzmann distribution Pey(v) o<
e /@) Due to the linearity of the Langevin equation, the fluctuating velocity v(t) and
the fluctuating force are related by a linear transformation. In equilibrium the relation reads as
o(t) = [*  dse "73)¢(s) with the initial time sent to the infinite past tg — —oc.* Therefore,

3Consider a Brownian particle subject to a time-independent external force f. We can quantify its response
to the applied force by a non-zero average velocity (v) = v~ 'f. As long as the external force is sufficiently
small, the linear form of the friction term is appropriate. If the response coefficient 4! is unknown, it can be
obtained from the inverted fluctuation-dissipation theorem as v~* = % <U2>eq. Therefore, the linear response
(v) to an external drive is expressed by the equilibrium correlations <v2>e o of the same quantity. This is the
basic idea of linear-response theory.

4This just an other way to express the fact that the equilibrium state does not depend on the initial state v(to)-
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7 Macroscopic Theory of Fluctuations and Irreversible Processes

the noise distribution P[£(t)] must be Gaussian in equilibrium [138]. From the first (7.4) and
the second moment (7.7) the Gaussian distribution is fully determined as

2
Plet)] = \/Q%Aexp (- / dt%?) , (7.8)

with A = 27'“3#. A stochastic variable distributed according to (7.8) is usually referred to as
Gaussian white noise [137]. The Langevin equation (7.2) can be rewritten in a slightly different
form by factoring out the fluctuating strength as &(t) = bW (t) with b = v/A. The noise term
W (t) is normally distributed according to P[W(t)] = (2m)~"/2e” JoWEO/2 - The alternative
form of the equation,

ov = —yv+bW(t), (7.9)

is sometimes more appealing since it contains both macroscopic parameters that determine
the time-evolution of v: the friction coefficient v and the fluctuation strength b. The micro-
scopic input, i.e. the short-ranged correlated noise W (t), appears as “universal” feature for all
Langevin equations.

The velocity in (7.2) or (7.9) is itself a stochastic quantity as its time evolution depends on
the stochastic forces. To emphasize this fact, we denote the solution of the Langevin equation
(7.3) by v¢ in the remainder of this section. When a Brownian particle is tracked in an ex-
periment, an irregular motion is observed. However, the Langevin equation does not predict
the individual path or the sequence of the observed velocities. The stochastic force is only
defined by its statistical properties, i.e. by the distribution P[{(¢)]. The realization of the
stochastic force in a particular experiment is unknown and is obviously not included in the
Langevin description. We have to accept that we can only compare the averaged quantities
to the outcome of the experiment, e.g. (vg), <U§>, or any observable (O(vg)). (...) denotes
the expectation with respect to the probability distribution P[{(t)] as before. The theoretical
quantity vg alone is meaningless in this sense: Only the averaged values are predicted for a
given experiment, but the observed realizations of v¢ are not predicted.® In an experiment or a
computer simulation, the Brownian particle has to be observed for sufficiently long times and
the time-averaged quantities are then compared to the equilibrium prediction of the Langevin
theory, assuming that the time-average is equivalent to the noise average. Alternatively, one
can track the motion of many Brownian particles under the same conditions and perform an
ensemble average. In this way, the equilibration of the ensemble of particles can be studied.

As implied by the previous paragraph, the expectation value of an arbitrary observable O(v)
can be calculated by inserting the explicit solution ve into the expression of the given observable.
In the second step, the resulting expression O(vg) is averaged with respect to the distribution
P[&(t)]. Thus, the expectation is given by (O(vg)). Alternatively, one can ask for the probability
distribution of the velocity P(v,t). P(v,t)dv is the probability of finding the velocity in the
interval [v, v+dv] at time ¢. When P(v, t) has been calculated the expectation of any observable
O(v) is obtained without invoking the explicit solution v¢ ever again. Both methods are linked
in the following way:

+oo

(0(wg)) = /dv <5 [v—vf(t)DO(v)

—00

+oo
/ dv P(v,)O(v). (7.10)

Therefore, the probability distribution of the velocity is given by

Plu,t) = <5 [v—vg(t)}>, (7.11)

5The situation is similar in quantum mechanics: Here, a quantum state |1) and its time evolution are purely
theoretical objects. The connection to an observable O is established by the expectation value (¢| O [¢) of
the corresponding operator in that state.
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7.2 Relaxation of isolated systems close to equilibrium

We know that P(v,t) will approach the Maxwell-Boltzmann distribution for long times ¢ — oo.
The equation of motion of P(v,t) is found to be the Fokker-Planck equation [137, 143]. It can
be cast into the form of a continuity equation of the conserved probability density,

OP(v,t) = —d,J(v,t), (7.12)

with the current density
A
J(v,t) = —yvP(v,t)— 531,]3(11, t). (7.13)

The Fokker-Planck equation is derived from the Langevin equation (7.2) with Gaussian white

noise (7.8) in a straightforward manner. A compact derivation of the Fokker-Planck equation
is given in App. B.1. The Maxwell-Boltzmann distribution appears as a stationary solution
as it nullifies the current density. The solution of (7.12) converges to the Maxwell-Boltzmann
distribution in the long time limit for an arbitrary initial distribution P(v,ty), as one should
expect [11, 137].

The general steps of Langevin’s approach can be summarized as follows:

e A macroscopic irreversible law of some quantity v is interpreted as the equation of motion
of (v¢), the average of a fluctuating quantity ve.

e In order to construct the Langevin equation of vg, a noise term & is added. The noise cor-
relations are determined such that the correlations (or the full distribution) of equilibrium
fluctuations v¢ are reproduced in the long-time limit.

The method is pursued unambiguously for linear macroscopic laws like (7.1). In the subsequent
section, we will show how Langevin’s approach can be applied to the relaxation of isolated sys-
tems close to equilibrium in a very general fashion.

7.2 Relaxation of isolated systems close to equilibrium

The Brownian particle exemplifies a type of fluctuating irreversible dynamics that is also found
in other physical quantities: Further examples of fluctuating quantities are:

e the conserved densities in hydrodynamics [7, 51],
o the single-particle distribution in Boltzmann theory [see Chs. 10,11}, and
e the order parameter in the vicinity of a critical point [144].

The first two examples are relevant theories describing the relaxation of systems to equilibrium
as introduced in Ch. 6. Before we discuss these specific examples in Ch. 8 and Ch. 10, we
consider the fluctuations in an isolated thermodynamic system close to equilibrium. The linear
theory of “fluctuations and irreversible processes” reviewed here was worked out by Onsager
and Machlup [120-123]. Our discussion is mainly inspired by the first two sections of Ref. [122]:
We adopt the notion that the fluctuations of macroscopic variables are controlled by the en-
tropy and that the dynamics of these variables is described by a Langevin equation. We also
use their definition of thermodynamic forces. However, our discussion of the Langevin theory
proceeds independently of Ref. [122]: We start with two different interpretations of the Second
Law of thermodynamics by Gibbs and by Planck. Based on these interpretations, we conclude
that the Langevin equation is derived from the condition of vanishing entropy production in
equilibrium. In particular, in Sec. 7.2.2, we show how the Langevin theory can be derived from
few assumption on the equilibrium correlation functions. In Sec. 7.2.3, we add a derivation of
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7 Macroscopic Theory of Fluctuations and Irreversible Processes

the fluctuation-dissipation theorem in the spirit of Sec. 7.1. The benefit of the general treat-
ment is that it can be applied to any irreversible description of the relaxation process. We
will become more concrete in the subsequent sections. An extension of Onsager’s theory to
nonlinear hydrodynamic equations and non-equilibrium steady-states was proposed by Bertini
et al. [145, 146], but will not be considered here.

The final goal of the relaxation process is a macroscopic equilibrium state. Thus, we start our
discussion with the thermodynamics of equilibrium states. We then follow the guide of the
Second Law of thermodynamics in order to introduce dynamics into that static theory.

7.2.1 Basic principles

Equilibrium thermodynamics (or thermostatics) is concerned with macroscopic systems in ther-
modynamic equilibrium states. The equilibrium state is fully determined by the set of conserved
quantities or conserved charges

C = (C1,...,Cn), (7.14)

e. g. the total energy C; = F or the total particle number Co = N. The quantities C are regarded
as “conserved” if the change is exactly given by the exchange with the environment, e.g. by
performing work or by heating the system. If the system is isolated from its environment,
C are constant in time. Therefore, C serve as equilibrium state coordinates in equilibrium
thermodynamics. The total energy F is an equilibrium state coordinate for all thermodynamic
systems, i.e. the energy is conserved. This is the content of the First Law of thermodynamics
[76]. The Second Law of thermodynamics combines two statements: The first part postulates
the existence of an extensive function of state, the entropy S(C). According to the statistical
interpretation of thermodynamics brought up by Boltzmann [147], the entropy measures the
number of microscopic realizations N'(C) compatible with the constraints set by C: The entropy,
defined by

S€) = kelog|N(C)], (7.15)

is the basis of statistical mechanics and the so-called microcanonical representation [76]. The

Boltzmann constant kg brings in the unit of entropy and defines the typical entropy scale. The
fundamental assumption behind (7.15) is that the system rapidly passes through all accessible
microscopic configurations in a way that every microstate occurs with the same probability
when the system is observed for a long time period. The details about the microscopic dynamics
are not relevant as long as a “statistical equilibrium” [121] is established by this mechanism. The
number of conserved quantities or constraints m is assumed to be very small compared to the
accessible microscopic states. The second part of the Second Law of thermodynamics appears
in many different ways in literature, see Refs. [77, 148] for an overview. A very influential
formulation by Planck connects the increase of entropy to the irreversibility of processes,

“Every process occurring in nature proceeds in the sense in which the sum of
entropies of all bodies taking part in the process is increased.” [75].9

For isolated systems, it states that internal irreversible processes increase the entropy of that
system. In marked contrast, Gibbs proposed a variational principle which directly draws on
the concept of equilibrium states without reference to processes,

“For the equilibrium state of any isolated system it is necessary and sufficient
that all possible variations of state of the system which do not alter its energy
[or conserved quantities C], the variation of its entropy shall either vanish or be
negative.” [78]

5English translation is taken from Ref. [77].
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We may take the liberty of generalizing Gibbs’s principle and replace the conservation of “en-
ergy” by a set of conserved quantities C. Following Gibbs, the stable equilibrium state realized
in nature is selected by the principle of maximum entropy. A very modest interpretation re-
gards the variation as purely virtual as it is done for the principle of least action in classical
mechanics [77]. Due to a more ambitious interpretation shared by Onsager those variations of
state can be produced by physical processes, thereby, realizing non-equilibrium states. In this
sense, Gibbs’s principle makes a statement beyond equilibrium thermodynamics as it compares
the entropy of equilibrium and non-equilibrium states of an isolated system. In the following
we adopt the latter interpretation.

Macroscopic states and their fluctuations We consider a macroscopic system in a state
slightly distorted from its thermodynamic equilibrium state. In order to define the non-
equilibrium state, we introduce non-equilibrium state coordinates,

X = (X,.X), (7.16)

measuring the distance from the reference equilibrium state. The generalized macroscopic state
of the system is now given by the pair (C, X'). We define the equilibrium state as (C, X = 0)
with X = (X1 =0, ..., &, = 0) in our coordinate system. In contrast to the conserved quantities
C, the non-equilibrium displacement X will change in time. The number of non-equilibrium
modes n can be large compared to the number of conserved quantities m, but not macroscop-
ically large: X describes a macroscopic state of the system, in a similar fashion as C. The
description in terms of (C,X) is remains to be incomplete from a microscopic point of view
as the macroscopic state is realized by a large number ~ 10** of microscopic configurations.
Thus, Boltzmann’s principle (7.15) is still applicable.

We extent the definition of the microcanonical entropy (7.15) to the space of non-equilibrium
states by writing

S(C,X) = kplog [N(C,X)}. (7.17)

N(C, X) is the number of microscopic realizations of macroscopic state (C,X).” For an
isolated system, the value of C are fixed, but the system may explore non-equilibrium states
X # 0 when passing through all accessible microstates. However, one should expect that
the equilibrium state X = 0 is realized by almost all microscopic configurations and large
deviations are extremely unlikely to occur. It follows that the entropy reaches its maximal
value Sp(C) = S(C, X = 0) in the equilibrium state and drops exceedingly fast for X # 0, in
accordance with our interpretation of Gibbs’s principle. It was pointed out by Einstein that a
relation like (7.17) is meaningless without resort to a microscopic theory which allows to count
the number of microstates N (C, X). Still, (7.17) can be inverted,

N, x) = SCX)/ ks (7.18)

and the statistical properties of the system may be deduced, given that the entropy function
is known [126]. The probability P(X|C) of finding the system in state X under the constraint
of C can be estimated by the ratio

N(C, X)

P(X|C) = W = const. X e[S(C7X)_SO(C)]/kB 5 (719)

where N0t (C) is the total number of microstates compatible with the conserved quantities C.
The normalization constant has to be very close to 1 since large deviations from equilibrium are

"The definition of the non-equilibrium entropy in (7.17), also used as a starting point in Ref. [122], was already
introduced by Einstein [126].
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very improbable. For a continuous variable X', we require the probability density p(X|C). The
expression p(X|C)d"X =~ e[S X)=50(O)]/kn gn y i5 an acceptable estimate for the probability
of finding the system in an infinitesimal region of size d"X.® (7.19) tells us that states X
with sizable deviations from the maximum entropy S(C, X)) — So(C) 2 kp are very unlikely to
occur.” As we only consider small deviations from equilibrium with AS < kg, it is sufficient
to expand!? S(X,C) about the equilibrium state to the lowest order in X,

S(C, &)~ So(€) =~ SOy +O(XY). (7.20)

The matrix C~! € R™*" is symmetric and positive definite. The latter property is required to

ensures the stability of the equilibrium state as postulated by Gibbs’s principle. Furthermore,
the matrix is a function of the conserved quantities C. The expansion of the entropy (7.20) is
equivalent to the Gaussian approximation applied to the probability distribution:

1 _
p(X|C) o exp —%Z[C NiXix | (7.21)
ij

Our analysis implies that Gibbs’s “variations of the state” occur spontaneously and the fluctu-

ations about the equilibrium state are controlled by a Gaussian distribution. The correlations
of the fluctuations are given by kpCj; = (X;&;) = (X;A&;) = kgClji. (...) denotes the expecta-
tion with respect to the distribution (7.21). The equilibrium expectation (X;) = 0 follows from
our choice of the coordinate system.

Since the state variables X’ fluctuate, all observables depending on them must fluctuate about
their equilibrium values. This is also true for the entropy itself. For the equilibrium expectation
of the entropy, we obtain

<S(C,X)>—SO(C) = —%ZC}?(X@'X]') = —ETI"]In = Ty (7.22)
ij

with n the number of non-equilibrium modes. We note that the fluctuations of X reduce the
expectation of the equilibrium entropy. Expressed in the unit of the Boltzmann constant each
non-equilibrium mode contributes —%B, a result which is very reminiscent of the equipartition
theorem in classical statistical mechanics. We also find that the magnitude of the fluctuations

about the mean entropy (S(C, X)) is

<[S(C,X)—<S(C,X)>r> = 220510,;1 (B 02) — (.25) (G2)) = "’2“123
ijkl
(7.23)

We employed Wick’s theorem, using the Gaussian approximation. The relative magnitude of
. 2\ /q\2\1/2 .

entropy fluctuations decays as % o n~1/2 such that fluctuations are less pronounced

if many non-equilibrium modes contribute. However, the entropy itself does not fluctuate about

its maximal value Sp, but about the reduced value Sy — kBT”. The reduction of entropy (7.22)
was also noted in Ref. [125].

8By performing the limiting procedure for small regions, we obtain the expression p(X|ICO)d"xX =
I(DX/CY‘)C*’,) (AX)™ =~ const. x el5(C.X)=50(@)]/kp—nlog(AX) gn ¥ Even if AX is very small, well below the res-
olution of an experiment, the exponential relation ensures that the entropy acquires a negligible correction,
i.e. log(AX) does not change the order of magnitude of the exponent [126].

9The Planck constant h plays a similar role in quantum mechanics: While kg controls the smallness of thermal
fluctuations, h controls the smallness of quantum fluctuations.

10We assume that the entropy is an analytic function of X’.
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In the remainder of this section we will simplify our notation and suppress the dependence of
the entropy on C. We will also neglect the trivial shift Sy. From now on and in all subsequent
chapters, we will use units of kg = 1.

Irreversible dynamics and entropy production So far, we considered fluctuations about
the equilibrium state into non-equilibrium states X # 0, which was inspired by Gibbs’s prin-
ciple. Now, we want to pursue Planck’s view on the irreversible content of the Second Law:
For an isolated system irreversible processes increase the entropy. The description of a process
P adds a dynamical element to the theory. It requires an additional time coordinate t which
parameterizes the sequence of states, P = {X(¢t) : t > to}, the system passes through in the
process. X (tp) denotes the initial state of the process. The maximum entropy is reached in
the equilibrium state X = 0. As a consequence, irreversible processes eventually recover the

equilibrium state tlim X (t) = 0, a process we referred to as relaxation in Ch. 6. In contrast,
— 00

Gibbs’s principle does not make a statement about the time evolution of states and does not
contain a time coordinate.

We want to describe the relaxation towards the equilibrium state by setting up an equation of
motion for X(t). The essential prerequisite of attaching a time coordinate is that X can be
regarded as an “incomplete” equilibrium state, established on a short time scale before X (t)
relaxes to the “complete” equilibrium X = 0 on a much longer time scale [7]. After comple-
tion of this earlier stage of relaxation, the non-equilibrium content of the state is completely
determined by the macroscopic variable X. Hence, it is natural to assume that the relaxation
rates are given by a macroscopic law of the form X; = a;(X). Before we proceed it worthwhile
recalling how irreversibility is reflected by the absence of time-reversal symmetry [77]: The
process P and the reversed process P~! = {RX(—t),t < —to} are allowed if the equation of
motion is invariant under the time-reversal transformation ¢ — —t, X — RX. R denotes
the time-reversal operator acting on the state variable X. P and P~! are equivalent in this
sense. However, if the process P is irreversible, the reversed process P~! has to be excluded
by our theory. Therefore, we require that the equation of motion is not time-reversal invariant
in order to make this distinction. In this thesis, we limit ourselves to the following situations:

e The systems under consideration are described by state variables which are invariant
under time-reversal, i.e. RX = X. In Ch. 8, we discuss the examples of the parti-
cle number density and the energy density which fall into this class of variables. The
momentum density represents a counterexample as momentum changes sign under time-
reversal, Rp = —p.!!

e Furthermore, we focus on small displacements from equilibrium. The smallness of X
allows us to expand the functions a;(X) to leading order in X. The zeroth order vanishes
since equilibrium X = 0 is a stationary state with X = 0. We assume that the linear
order is the leading contribution.

Under these assumptions, the macroscopic law can be written in the form
A = =2 Dy (7.24)
J

Given that D € R™™ is positive definite, (7.24) describes the relaxation to the equilibrium
state X = 0. In contrast to the symmetric correlation matrix C' of the previous paragraph, D
does not possess any symmetry properties. It is easily seen that (7.24) is not invariant under

a time-reversal transformation as X 2 — X , but X IR X. Due to the lack of time-reversal

11f we think of the macroscopic state variables as being derived from a microscopic theory, we allow for state
variables with are even functions of the particle momenta and exclude those which are odd functions.
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symmetry, the reversed process (the departure from equilibrium) can be excluded from this
theory.

In order to derive a macroscopic equation of motion Onsager and Machlup [122] argued that the
relaxation is driven by the gradients of the entropy landscape, which they called thermodynamic
forces:

05(X)
o0x;,
The “restoring forces” vanish if the equilibrium state X = 0 is reached. Furthermore, they
assumed that a linear relation between the relaxation rates (which they refer to as “fluxes”)
and the thermodynamic forces:
A = = LiFy. (7.26)
J

F = (7.25)

The expansion of the entropy (7.20) leads to F; =3~ [C~1);;X; implying the identity
L = DC. (7.27)

Finally, we consider the entropy production rate to check the consistency of the macroscopic
laws (7.24), (7.26) with the Planckian view on the Second Law: The temporal derivative of
(7.20) yields

7 1)

The benefit from this line is twofold: The first identity states that entropy production rate
is the inner product of the relaxation rates X; and the conjugate thermodynamic forces Fj.
Therefore, we gain an alternative way of determining F; by factoring out X; in the entropy
production rate. The second identity shows that the entropy production rate is a quadratic
form of the thermodynamic forces. It follows that L = DC has to be positive definite in or-
der to satisfy Planck’s relation between the increase of entropy S > 0 and irreversible processes.

The existence of a macroscopic law like (7.24) can be regarded as an “extra-thermodynamic
hypothesis” [125]. Still, the irreversibility on macroscopic scales can be understood by a statis-
tical argument by taking the microscopic point of view [126]: Consider a system initialized in
a macroscopic state Xy with a number of A (X) microscopic realizations. The system passes
through these microstates on very short time scales, but also explores the vicinity of X since
the initial condition Xy does not impose constraints for the dynamics. Most of the adjacent
macroscopic states are realized by a number of microstates of the same order as N'(Xy). But
one of these states, X1, peaks out since N(X1) exceeds N (X() by an order of magnitude,
N(X1)/N (&) = e?5/k8 > 1. After short time, we will find the system in state X; with over-
whelming probability. The exponential relation tells us that the order-of-magnitude difference
appears for states with AS > kg. Thus, we expect that time-reversal symmetry is broken on
macroscopic time scales and that the system will evolve towards the maximum entropy state
X = 0. The macroscopic law (7.24) describes this trend by the phenomenological coefficient
D.

7.2.2 Langevin equation |: unequal-times correlation functions

In the precedent paragraphs of Sec. 7.2, we discussed the fluctuations (X;X;) and the irre-
versible dynamics of the macroscopic state X (t) separately. Now, we want to combine both
ideas. We find ourselves in a conceptually equivalent situation to that of Brownian motion: We
do not track the full microscopic dynamics, but focus on a small subset of macroscopic quan-
tities X. The rapid transitions between the microscopic states lead to a damping effect. The
most probable transition entails the relaxation towards the macroscopic equilibrium state. But
this is only true on average. Besides this main tendency, further microscopic transitions occur
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7.2 Relaxation of isolated systems close to equilibrium

that induce spontaneous fluctuations of the macroscopic state. As long as the displacement
X (t) is large compared to the range of fluctuations ((X7?))'/2, the description of the average
behavior in terms of the macroscopic law (7.24) may be sufficient. But if X (¢) eventually enters
the regime of spontaneous fluctuations (7.21) requires modification. In Sec. 7.1, we saw that
fluctuations and damping are then tied together by a fluctuation-dissipation theorem.

In terms of formulae (the equation of motion and the correlation function (X;X})) there is com-
plete agreement between the description of Brownian motion and the behavior of macroscopic
states. Thus, we can perform the steps of the Langevin approach directly as summarized at the
end of Sec. 7.1: We add a noise term & to (7.24) and determine the noise correlation function by
the fluctuation-dissipation relation which emerges in the long-time limit. In doing so, we have
to solve the Langevin equation explicitly as in Sec. 7.1. We will postpone this procedure to the
next paragraph. First, we will present a method of deriving the Langevin equation without
resorting to the explicit solution: We will derive the Langevin equation from the properties of
the correlation functions in equilibrium and from consistency considerations. The benefit of
this method is that we see more clearly what principles are operative.

The equal-times correlations of state (X;X;) = (X;(t)&;(t)) are fully determined by their
distribution (7.21). By adding an equation of motion, unequal-times correlation functions
(Xi(t 4+ At)X;(t)) will necessarily become important. In deriving correlation functions from
consistency considerations, we will use the following properties:

e The correlation functions are time-translation invariant. They only depend on the relative-
time coordinate, i.e. (X;(t + At)X;(t)) = C;;(At). The dependence on the absolute time
t is excluded as the equilibrium state is a stationary state.

e Furthermore, we draw on the notion of microscopic reversibility [120, 121]: We assume
that the fundamental theory of the microscopic constituents is symmetric under a time-
reversal transformation. If we observe that the macroscopic state X;(t) = ) is followed
by X;(t + At) = ), after some time At, we should expect that we observe the reversed
process [X;(t) = Vs followed by X;j(t + At) = ) after the same time At] with the same
frequency. In other words: The correlation functions of X are time-reversal invariant,

Cij(—At) = Cy5(At).

e The fast microscopic modes enter the macroscopic description as fluctuating forces or
noise &;(t). As the dynamics of the fast modes happens on a very short time scale
compared to the slow evolution of the macroscopic variables X;, we argue that the noise
correlations are very short-ranged in time and can be approximated as (& (t + At)&;(t))
0(At).

e Soon we will be confronted with cross-correlations between fluctuating forces & and the
state coordinates X;. Causality requires that (& (t)X;(t + At)) o« 0(At), i.e. the force
&i(t) cannot be the cause of a fluctuation X;(t — At) with At > 0 in the past.

e As an important consequence of time-translation invariance, the derivatives with respect
to the absolute-time coordinate vanish. In particular, the entropy production rate vanishes
on average, (S(X)) = 0.

It is instructive to calculate the equilibrium expectation of the entropy production rate using
the irreversible equation of motion (7.24):

<S(X)> = =Y Cixx) = > Ci'Du (X)) = T(D) > 0. (7.29)
ij ijk
At this point, we clearly see that the joint theory of fluctuations (7.21) and the irreversible

equation of motion (7.24) is inconsistent since the entropy production must vanish in equi-
librium. The reason is that the equation of motion only describes the relaxation towards the
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7 Macroscopic Theory of Fluctuations and Irreversible Processes

maximum-entropy state X = 0 at a rate of Tr(D). However, it does not contain the sponta-
neous fluctuations of X which lead to the distribution of states in (7.21). We conclude that
there must be compensating counter forces which actively drive the system away from equilib-
rium and, thereby, lower the entropy. The inconsistency can be healed by adding fluctuating
counter forces &; on the right-hand side. We arrive at the multidimensional generalization of
the Langevin equation introduced in Sec. 7.1:

X, = —ZDinj-i-&. (7_30)
J

The crucial assumption in combing the fluctuations and the irreversible equation of motion
is that the displacements X # 0, generated by the fluctuating forces &, relax according to the
same macroscopic law as if displaced by external manipulation [121]. Our alternative view in
Sec. 7.1 was that in the presence of fluctuations the macroscopic laws have to be regarded as
equations for averaged quantities in the first place. In addition, we assume that the range of
fluctuations is smaller than (or at most equal in size to) the range of validity of the linearized
macroscopic law. As we argued below (7.19), deviations from the average behavior are very
rare if they exceed the range of spontaneous fluctuations set by kg. Therefore, the fluctuating
forces & may be neglected as long as (X;(t)) > ((X?))'/2. In this case, we are back to (7.24).
As a consequence, entropy increases with the rate given by (7.29) until the regime of sponta-
neous fluctuations is reached.

First, we note that averaging (7.30), (X;) = — >-; Dij (Xj)+(&), enforces (§) = 0 since (X;) =0

(and therefore (X;) = 0) in equilibrium. Inserting the Langevin equation (7.30) into (S(X)),
the entropy production rate acquires an extra contribution ~ (& &),

<S(X)> = —ZCZ}l (i) = TT(D)*ZC;(&XJ')- (7.31)

Our next goal is to determine the cross-correlation function such that the entropy production

is balanced as illustrated in Fig. 7.2. The vanishing of (S(X’)) is a consequence of the fact that

0 = dg:j = (;it (XiOX;(t) = (X&) + (GA;) . (7.32)

This essential equilibrium condition is simplified in presence of time-reversal symmetry: To
show that, let us perform a time-reversal transformation At — —At to the correlation function

Cij(At):

Cij(—At) = (Xt — ADX;(1) TEY (Xt + ADX() = Cji(Al). (7.33)

We observe that the composite transformation of time-reversal and transpose operation is a
symmetry transformation in the most general case. If the equilibrium state is time reversal
symmetric it holds that

Cij(At) = Ci(=At) = Cji(At). (7.34)

Both, time-reversal and the transpose operation, are symmetry transformations in this case.?

The derivative of (7.34) with respect to At is

(At + A1) = (&t +ADX()) . (7.35)

2In presence of an external magnetic field, the time-reversal transformation also includes the inversion of the
magnetic field, B — —B. (7.34) becomes C;;(At,B) = Ci;(—At,—B) = Cj;(At, —B). We do not consider
this case here.
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7.2 Relaxation of isolated systems close to equilibrium

» X

Fig. 7.2: Fluctuations of the entropy S(X') The maximum value of the entropy is reduced by
—% on average by the fluctuations of n non-equilibrium modes X;. The equilibrium
value results from a balance between entropy production by dissipation ~ —D (X?)
and the reduction of entropy by fluctuating forces ~ (¢X). The dashed vertical lines
indicate the range of fluctuations of Aj.

Performing the limit At — 0 yields (X;&;) = (X;A;). Therefore, (7.32) simplifies to (X;X;) =
0. The equal-times cross-correlations are determined by the condition

0 = (X)) = =) Du (X)) +(&&;) = —[DClij+ (&) - (7.36)
k

As a result, the problem of finite entropy production (7.29) is resolved. In conclusion, a
macroscopic irreversible equation of motion must include a fluctuating term to be consistent
with equilibrium thermodynamics.

The Langevin description would be incomplete without knowledge about the noise correlation
function (&;(¢)&;(t + At)). In order to derive its form, we extrapolate the equal-times results
using the principle of causality for the cross-correlation function and short-rangedness for the
noise correlation function. Causality suggest the ansatz (& (t)X;(t + At)) = 6(At)fi;(At).
From the equal-times correlation function (7.36) follows that f;;(0) = 2[DC];;.'*> The deriva-
tive with respect to At can be written in two ways: On the one hand, our ansatz yields
(&) X(t+ AL)) = O(AL) 1 (At) + fi;(0)5(At). Alternatively, we can insert the Langevin equa-

tion and obtain (& ()X (t + At)) = —0(At) > Dir frj(At) + (&i(t)E;(t + At)). From these
identities, we read off the expression for the noise correlation function,

(G@)E(t+AL) = 0(AL) | fi;(At) + Z Dk frj(At) | +2[DC;;8(At) . (7.37)
k

Here, we demand that (&;(t)§;(t + At)) is & correlated on macroscopic time scales. The vio-
lating term oc §(At) vanishes for f;;(At) = 3, [e P2 f;(0).14 This leads to the conclusion
that L = DC' is the noise correlation matrix and, thus, has to be symmetric. The symmetry of
L is the content of the famous reciprocal relations found by Onsager [120, 121]. In the language
of thermodynamic forces (7.25)-(7.28), it states that the force F; (conjugate to the variable

5We define 0(t) = [*__dt's(t') with 6(0) = 1.

[ee] P . .
X — ZP:O );—, denotes the matrix exponential.
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7 Macroscopic Theory of Fluctuations and Irreversible Processes

X;) causes the same change in X; as the force F; in X since they share the same kinetic coeffi-
cients, L;; = Lj;. The reciprocal relations explain the existence of thermalelectric effects [76].
In the context of our work, we refer to L as the noise correlation matrix. Similarly, we can also
derive the unequal-times correlations of state Cj;(At) = (X;(t + At)X;(t)) from its temporal
derivative for At £ 0,

CL(AL) = = D (Xt + At X; (1) + (&t + Ab)X;(t))
k

7.38
= — Z Dikaj(At) + 9(—At)fij(—At) . ( )
k

Unlike in (7.36), we do not consider the limit At — 0. For At > 0, the contribution of the
inhomogeneity of the differential equation oc (—At) vanishes. Extrapolation to the equal-
times result C(At — 07) = C leads to C(At > 0) = e"PA!C. Finally, time-reversal symmetry
C(—At) = C(At) fixes the correlation function for At < 0, C(At) = e PIAUC .15 The case of
At = 0 was covered by (7.36).

In summary, we obtain the following unequal-times correlation functions:

(GOt +A0) = 2006 Y [e "] [DCY,,;
k

(gt +AD) = 2[DC], 5(Ab), (7.39)

DX+ AN = 3 e8] Gy

Similar to our discussion of Brownian motion, the fluctuating forces & are not strictly 6 cor-
related. The noise correlation function is broadened on a small time scale 7., related to the
formation of the “incomplete equilibrium” X [7]. The non-analytic cusp of C(At) at At =0
is smeared out on this time scale, respectively. As variations of state X’ (¢) evolve on much
larger time scales set by D!, the limit 7. — 0 is taken for convenience. We can find an upper
limit for 7. using that (X;X;) = —(DL);j + (&&;). The non-negativity of (X?) implies that
(€2) > (DL);;. The temporal correlations are now described by (£2) = L;;8, (At = 0) with
&r. broadened on the scale 7.. It follows that the correlation time has to be at least as small
as 7o < Tr(L)/ Tr(DL). As a result, the short-rangedness of noise correlations 7. — 0 fits
consistently into the macroscopic theory. 7. > 0 also implies that the cross-correlation function
(& () X;(t + At)) in (7.39) is finite for —7./2 S At <0, i.e. the system pretends to react to
a noise event from the future. The principle of causality is softened on the time scale ~ 7.
The reason is that there can be a noise event &;(tg) at time ¢y which affects the state X;(t1) at
time t; > tg, but is also correlated with a late noise event &;(t2) with ¢ty < ¢; < t2. Hence, the
resulting correlation between X;(t1) and ;(t2) is due to their individual correlations with the
initial noise event &;(to).

The specification of the correlation function (&;(¢)&;(t + At)) in (7.39) concludes our description
of the relaxation process. In the next paragraph, we turn to the explicit solution of the Langevin
equation (7.30) which we will construct by decoupling the non-equilibrium modes Aj.

7.2.3 Langevin equation ll: decoupling of modes and buildup of equilibrium
correlations

In this last section, we follow the steps of the Langevin approach that we developed in Sec. 7.1,
i.e. we solve the Langevin equation (for given &) and consider the long-time limit of the cor-
relation functions. We re-derive the result that we obtained by considering the properties of

5The result can be checked for At # 0 using the explicit expressions C’'(At) = sign(At)efDmtlDC and
f(At) = 2e"PAtDC. C(At) is non-analytic at At = 0, i.e. C’(0) is ill-defined.
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7.2 Relaxation of isolated systems close to equilibrium

unequal-times correlation functions in equilibrium. As a bonus, we learn how the equilibrium
correlations (X;(¢)X;(t + At)) build up as functions of the absolute-time coordinate ¢.

Our first goal is to decouple the modes i of the Langevin equation (7.30). Although the matrix D
is not symmetric, we realize that it can be symmetrized in case of time-reversal symmetry. This
allows us to diagonalize the symmetric matrix D by an orthogonal transformation. According
to Onsager’s reciprocal relations time-reversal symmetry implies that L = DC' is symmetric
or DC = (DCO)T [see text below (7.37)]. Multiplying this matrix equation by C-z gives
C~:DCz = (CféDC%)T, i.e. the matrix

D=C"3DC3 (7.40)
is symmetric.'® This observation motivates the following change of basis:

Xo= Y(C5X, & = Y (CH)yE;. (7.41)

J J

After this transformation the modes X are coupled by the symmetric matrix D. Due to its
symmetry D, is diagonalized by an orthogonal matrix U~! = U” with U7 DU = diag(dy, ..., dy,).
Therefore, the subsequent transformation

X o= Y UiaXa, & = > Ui, (7.42)

eventually decouples the modes. In summary, we ﬁndlthat in case of time-reversal symmetry

the non-symmetric matrix D is diagonalized by M = C2U, M~ DM = diag(dy, ..., dy,). dq > 0,
1 < a < n, are the eigenvalues of D and D. In order to decouple the modes in the Langevin
equation we have to perform the total base change:

X o= Y MigXe, & = Y Mia. (7.43)

Here and in the following equations, we use the indices a,b, ... if we refer to the eigenbasis of
D while indices i, j, ... indicate the original basis. As a result, we obtain n decoupled Langevin
equations,

Xy = —doXy+ &, (7.44)
The equilibrium fluctuations of the new state variables X, are given by
g Lo gl
(Xaly) = D> My'M (XX;) = > (C2U),(C2U),,'Cij = dap- (7.45)
ij ij

The first moment (X,) = M_' (X;) = 0 trivially vanishes as (X;) = 0. We observe that time-
reversal symmetry allows us to simultaneously diagonalize the matrix of damping coefficients

D and the equilibrium correlation matrix C.
The decoupled Langevin equations are solved by means of the Green’s function method in the

same fashion as the Langevin equation of the Brownian particle (7.2). The solution of (7.44)
reads as

t t
X,(t) = Xy(0)e et 4 / dsGa(t,8)éa(s) = Ay(0)edat 4 g=dat / dsela’c,(s).  (7.46)
0 0

16The square-rooted matrix C% has the property C 30% = C. C% is well defined since C is symmetric and
positive definite. Hence, ST CS = diag(c1,...,cn), ¢; > 0, with an orthogonal matrix S. The square-rooted
matrix can be constructed as C'2 = S diag(v/c1, ..., \/a)ST. Obviously, C? is again symmetric and positive
definite. The negative exponent indicates its inverse, C —3 = (C %)_1.
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The principle of causality is operative through the choice of the retarded Green’s function,
Ga(t1,ta) = O(t; — tg)e~%(t1=12)  We chose the time-evolution to start at ¢ = 0. We can re-
late the initial time to the onset of fluctuations during the time evolution: For earlier times
t < 0 the displacement X, (t) exceeds the range of spontaneous fluctuations described by the
Gaussian distribution (7.21). Later, for ¢ > 0, X,(¢) has relaxed to such an extent that it falls
within the range of spontaneous fluctuations. Being a remnant of the formation of the macro-
scopic state, the initial fluctuations (X,(0)A5(0 + At)), however, will differ from its Gaussian
equilibrium form (7.21). Thus, the initial correlation have to be calculated from a microscopic
model of the system which is also valid in the early stages of the relaxation process. From
time t = 0 on, X,(t) experiences significant drive by the fluctuating forces &, and they start to
imprint the equilibrium correlations on X, (¢).!” Under permanent action of &,, the fluctuations
(X, (1) X (t + At)) will relax to their equilibrium value following (7.46).

We can also reverse the relationship between state and noise as we did in Sec. 7.1: We de-
mand that the correlations of state match their equilibrium form (7.45) in the long-time limit,
(Xa(t) (1)) 100 = dap in order to determine the noise correlation function (&,(t1)&(t2)). As
the modes are decoupled in (7.45), it is obvious that (&, (t1)&(t2)) x 8ap. We draw the addi-
tional knowledge about the temporal correlations from the previous section: The noise correla-
tions are time-translation symmetric and short-range in time. Also from a mathematical point
of view, white noise,

(€a(t)&(t2)) = Aabapd(ti —ts), (7.47)

is the most practical choice. The noise strength A, remains to be determined from the long-
time limit. For the state correlation function, we obtain:

<Xa(t1)){b(t2)> = <Xa(0);(b(0)>e—datle—dbtz

+ efdatle*dth /d51 /d82 eda81+db52 <§a(51)§b(82)>
0 0

~ B B e2da min(tq,t2) _ 1
= (Xa(0),(0) ) e datremhtz - A, 5,y 0 dultrHt2) o (7.48)

A
_ —dgty p—dpta —da(t1+t2) 170
= <<Xa(0)Xb(O)> e dalleT 2 — § e 12 2da>

I ;{z o—dalti—ta]
We used that time integrals with (X,(0)&(s)) o 6(—s) vanish due to the causality princi-
ple. Aiming at equilibrium correlations, we consider the limit of the absolute-time coordinate
t1 + t2 — oo while keeping the relative-time coordinate At = t1 — to fixed. For At = 0, the
equal-times correlation approaches (X, (t)Xs()) [t—o0 = 2‘%‘1. Comparison with (7.45) leads to
the fluctuation-dissipation relation A, = 2d, or

(€a(t)6(t2)) = 2daBa 8(t1 —12). (7.49)

After reinserting this result into (7.48), we read off how the initial fluctuation decay and the
equilibrium fluctuations build up, where the spontaneous fluctuations are driven by the noise
term:

(A1) = ((A(0X(0)) e btremts — 5y emtolit) ) 45y cdelatl - (7.50)

'"The instantaneous switching on of noise &, at t = 0 is a simplification. We should rather think of a smooth
crossover to the fluctuating regime.
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In particular, we reproduce the limit of the unequal-times equilibrium correlations of (7.39),
(Xa(t1) X (£2)) |1 41200 = Sap e~ 2L or [(X;(1) Xi(£2)) |t 41200 = € P 72IC];; in the orig-
inal basis. We will employ the general form of the buildup of equilibrium correlation repeatedly
in the subsequent sections.

Finally, in order to transform the noise correlation function to the original basis, we use the
relation (7.43) and the definition (7.40):

(E(t)E(1) = D(CTU)W(CTU) 5 (Lalt)&(ta)) = 2ADC)y8(t —12).  (751)

ab

Using the linearity of Gaussian random variables as in Sec. 7.1, we deduce that the full noise
distribution has the form

Plg) o e | -5 [ar Y awie0 | (7.52)
ij

with the inverse L~ of the matrix L = DC.

Instead of tracking the time-evolution of the stochastic variables X¢(t), we can also consider
the time-dependent joint probability distribution P(X,t) = I, (8(&X; — X&,i»g- P(X,t) is the
higher-dimensional generalization of the distribution P(v,t) in Sec. 7.1. The corresponding
multivariate Fokker-Planck equation [143] reads as

6J X t)
O P = —Z (7.53)

with the probability current

0
Ji(X.t) = =) DyX;P(X,t) —ZLU@P(XJ) (7.54)
J J J

It is derived in the same way as for one variable, see App. B.1. We note that the noise
correlation function in (7.51) reflects the symmetry of the matrix DC. In a more general case,

if DC # (DC)T, the results is

(&(t)g(t) = [DC+(DOYT] 8(t —ta), (7.55)

ij

see e.g. Ref. [7]. The derivation can be done in the same way as before, but we have to use

a general transformation matrix M~'DM = diag(dy, ...,d,) with M # C2U to decouple the
modes X;
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Chapter 8

Fluctuating Hydrodynamics

Hydrodynamics describes the relaxation of systems caused by the diffusive transport of con-
served quantities. It is an instance of a macroscopic theory which necessarily involves noise
terms. In Sec. 8.1, we apply the general formalism developed in Ch. 7.2 to derive fluctuating
hydrodynamic equations. We choose a representation in terms of real-valued Fourier modes
to match with the general scheme. In Sec. 8.2, we show that hydrodynamic transport leads to
a slow algebraic approach to complete equilibrium  ¢t=%2, known as hydrodynamic long-time
tails. The power-law behavior emerges for inhomogeneous as well as homogeneous initial
states. We derive the form of the prefactor of the long-time tails. We also introduce the notion
of the diffusion time which cuts off the long-time tails for finite-sized systems.

8.1 The fluctuating diffusion equation

8.1.1 Heuristic derivation of hydrodynamic equations

Hydrodynamics governs the transport of conserved quantities (e. g. energy or particle number)
on large length and time scales. It is an example of a coarse-grained description [7] which relies
on a certain hierarchy of scales, ls.t <€ Ax < lyar. The volume of the system is thought of as
divided into small cells of size (Az)?, small compared to length scales under investigation, but
still macroscopic in extent such that they contain a large number of microscopic constituents,
e.g. (quasi)particles. On the one hand, their size is much larger than the mean-free path or the
scattering length [ of the particles. Each cell is itself a thermodynamic system to which the
same thermodynamic, i. e. the same conserved quantities, are attributed as to the total system.
On the other hand, the cells have to be small on the length scale [y, of smooth variations
in the thermodynamic content of neighboring cells. One can turn to a continuum description
where the cells are treated as infinitesimal volume elements (Az)?¢ — d%z labeled by the space
coordinate x. Variations of the conserved quantities between different cells are then described
by the set of the corresponding coarse-grained densities p;(x), 1 < i < n. Furthermore, hy-
drodynamics assumes that each cell is in a local-equilibrium state such that each cell — as well
as the total system — are fully characterized by the conserved densities p;(x). Therefore, only
temporal variations on time scales At > 7 are considered, much larger than the typical time
scale 7 on which local equilibrium is established. 7 is given by typical transport scattering
time of the particles. In the coarse-graining procedure, we performed a transition from a mi-
croscopic picture to slow hydrodynamic variables. We chose to discuss coarse-graining and
the concept of local equilibrium assuming that the relevant microscopic degrees of freedom are
(quasi)particles. However, the hydrodynamic description does not depend on the validity of
the quasiparticle description, but only relies on the existence of n conservation laws, where n is
much smaller than the number of microscopic degrees of freedom. Under this condition hydro-
dynamics provides an effective description of the long-wavelength and low-frequency behavior
of the system.
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Fig. 8.1: Fluctuating currents as a result of coarse-grained description A conserved den-
sity p in given volume cell is changed when particles cross the boundary of the cell.
A directed contribution to the current is driven by an imbalance between the neigh-
boring cells. Additionally, the irregular motion of particles gives rise to fluctuating
currents ¢ when they randomly cross the boundary.

The further steps in our heuristic derivation run parallel to Ref. [88]. The value of conserved
quantities of any cell is only changed by a flow through its surface. In the limit of infinitesimal
volume elements this fact is expressed by the continuity equation,

Opi(x) +0x - ji(x) = 0, (8.1)

which relates the change of the densities p; to the current densities j;. By convention the
current densities are directed out of the volume element.! The notion of small volume cells
also explains that there are two contributions to the current density:

Ji = jz(dir) [8xp7 a}%pa 8pr7 ] - Cz : (82)

The first contribution is driven by the imbalance of the densities between adjacent cells which
induces a directed flow along the density gradients. If the homogeneous distribution is reached,
the directed flow vanishes. (8.2) is called a constitutive relation, required for setting up a
closed set of equations for the densities. For small density gradients and in the continuum
limit, the strong tendency towards a homogeneous distribution is expressed by Fick’s law [149]
jgdir) = —D;;j0xp;. The elements D;; of the matrix D € R™*™ are called diffusion constants
with m the number of the conserved charges. The continuity equation supplemented by Fick’s
law is an instance of a linear macroscopic law as introduced in (7.24). It states that a ho-
mogeneous distribution of the conserved quantities is by far the most probable configuration
among generic inhomogeneous distributions. Hence, the system will evolve to the more prob-
able homogeneous configuration of maximum entropy when it is prepared in an improbable
inhomogeneous configuration of lower entropy.? The probability argument can be illustrated
by considering the binomial distribution of particles in a bipartite box: For large particle num-

bers ~ 10?3 the number of configurations related to an equal distribution exceeds the number

'The continuity equation can easily be rationalized by considering the change in a finite volume through the
flow at the surface, & [d%@ pi(x) = — [dS-ji(x) = — [d?z O« - ji(x). The continuity equation follows if the
relation holds for arbitrarily small volume elements.

2without external intervention
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8.1 The fluctuating diffusion equation

of imbalanced configurations by several orders of magnitude.

The second contribution ¢; is the result of random transitions of particles between adjacent
cells, illustrated in Fig. 8.1.3 On average (¢) = 0, i.e. {j;) = _],fdlr). The fluctuations of the
current density are directly related to the thermodynamic fluctuations in the system. From the
statistical mechanics’ point of view, each volume cell can be considered as an open system for
which the grand-canonical partition Z function can be calculated. The equilibrium fluctuations
(pip;) are then derived from Z. These fluctuations are realized by a fluctuating current in order
to preserve the conservation laws. Inserting the fluctuating current density into the continuity
equation leads to a set of coupled hydrodynamic equations or diffusion equations, supplemented
by the fluctuating current density [7, 144, 150]:

8t,0i — Dija,%pj = 8x . Cz . (8.3)

The appearance of the divergence term 0Oy - ¢; indicates that the fluctuating diffusion equation
satisfies the local conservation laws.

8.1.2 Macroscopic state coordinates of hydrodynamics

In the following, we take a different route for deriving the fluctuating diffusion equation and
the correlations of the current density. We will directly apply the general expressions delivered
by Onsager’s general theory in Sec. 7.2. To this end, we identify the proper non-equilibrium
coordinates X;. Once they are known, we are in the position to write down their equilibrium
correlations, as obtained from the expansion of the entropy (7.21), and the noise correlation
functions (7.51) of hydrodynamic Langevin equations. We consider the macroscopic law given
by the set of coupled linear diffusion equations,

Api(x) = Dy0Zpi(x), (84)

ignoring the fluctuating currents to begin with. So far (8.4) does not match the standard form
of (7.24). A Fourier decomposition into discrete modes pq ;, defined by

1 ‘g —iq-
0 = S pae™, pa = [ dlpx)e (35)
q
eliminates the coupling by spatial derivatives, 0ipiq = —¢> >_j Dijpjq. For simplicity, we
choose periodic boundary conditions, yielding the discrete values q = 2L” m, m € Z% The

Fourier modes p; 0 are complex-valued. The reality of the densities p;(x) implies that Pigq =
Pi,—q, reducing the number of independent modes by half. We choose the half-space ¢, > 0 in
the following discussion. We also note that the general variables X; in Sec. 7.2 are taken to be
real. In order to achieve formal agreement, we split the complex Fourier modes into real and
imaginary part and define the real-valued modes pj’q = Re{piq} and p;, = Im{p; q}, in the
half-space q, > 0. This step brings the macroscopic law into its standard form,

o 1
Ohpiq = T > qu ZJqu (8.6)
(4,9’ 0’ ==%)

Here, we defined the positive definite matrix qu i = qQDl'deéqq/é""/ with ¢ = |q|. Now we
are able to identify the elements of the general theory developed in Sec. 7.2:

e By our convention of the Fourier transformation (8.5), p; q—0 = [, pi(x) gives the total
conserved quantities of the system, denoted by C in Sec. 7.2. According to (8.6) all
modes pf £0 decay to zero while the total conserved quantities p; q—o remain constant,
respectively. Fourier modes P7 g0 = 0 indicate an inhomogeneous distribution of the
conserved quantities ¢, i.e. a non-equilibrium state.

3The minus sign is set by convention.
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8 Fluctuating Hydrodynamics

o As the index i labels the (total) conserved quantities, a triple of indices (i,q # 0, 0) label
the non-equilibrium modes. Formally, there is an infinite number of Fourier modes q # 0
for each conserved quantity . An infinite number of non-equilibrium modes is in conflict
with a macroscopic description which traces out a finite subset of the total degrees of
freedom. However, in the hydrodynamic setting only long-wavelength modes ¢ < A are
activated. The cutoff A o 1/A\yar is set by the smallest length scale Ay, compatible
with the hydrodynamic description. Therefore, the actual number of non-equilibrium
modes remains finite and is much smaller than the total number of microscopic degrees
of freedom.

We conclude that the set (C,X) = ({piq=0}, {piqz0,0}) defines a macroscopic state in the
sense of Sec. 7.2. (C,X =0) = ({pi,q=0}, {Pi.qz00 = 0}) denotes the equilibrium state. The
states with coordinates X # 0 are non-equilibrium states with inhomogeneous distribution of
conserved quantities in space.

8.1.3 Entropy of hydrodynamic modes

At the beginning of Sec. 7.2, we stated that the state of complete equilibrium is fully determined
by the set of conserved quantities C and that the equilibrium entropy of the system S(C) is a
function of the conserved quantities. Consequently, an infinitesimal change in entropy is given
by the total differential dS = >, \;dC;. The quantities C; can be expressed by the zero modes
of the conserved densities, C; — piq—0. The coefficients \; are called conjugate thermodynamic
potentials or Lagrange parameters. If energy and particle number are conserved we have that
Ci=E,Co=Nand S=S(E,N) [76], and

dS = pBdE +log(z)dN. (8.7)

The conjugate thermodynamic potentials are the inverse temperature 8 = T and the logarithm
of the fugacity z = e P*. Here, log(z) replaces the more common parameterization in terms
of the chemical potential p. In the derivation of (8.7) from the grand-canonical formalism /3
and log(z) naturally appear as Lagrange multipliers. Obviously, there is no change in entropy
for an isolated system in equilibrium, S = 0 since C; = 0. So far, we described the situation
of equilibrium thermodynamics. Away from complete equilibrium, the state space is enlarged
and contributions of non-equilibrium modes &; — p7, +0 add to the entropy.

Hydrodynamics deals with the most modest departure from complete equilibrium:

e As we discussed at the beginning of this section, hydrodynamics is based on the existence
of local equilibrium: The system can be divided into small cells of size (Axz)? located at
X which are themselves thermodynamic sy?tems in complete equilibrium. Hence, a local

S(x

entropy S(x) or entropy density s(x) = Axd) can be defined for each cell and the local

entropy density is a function of the conserved quantities in each cell or the conserved

densities, s(x) = s({pi(x)}).

e Close to complete equilibrium, hydrodynamics implicitly assumes additivity of entropy
[7], i.e. the entropy is obtained by summing up the local entropies of the cells or by
integrating the entropy density in the continuum limit:

Sx
=AY /xddxs(x). (8.8)

This implies that hydrodynamic fluctuations are completely uncorrelated at different
points in space. Long-range correlations and boundary effects are excluded.*

4The situation changes for non-equilibrium steady state, see Ch. 12.
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8.1 The fluctuating diffusion equation

We can attribute local thermodynamic potentials A\;(x) to each cell and write the local change
in entropy density as
Z Ai(x)dpi(x) - (8.9)

y (8.8), the total change in entropy is given by the sum of the local entropy changes,
2

1 . o .0
Y[ N0t = a3 Naba = 11 X Mafla  (310)
7 2,9

1,q2>0,0

Here, we adopt the notation )\+ = Re{Aiq}, \iq = Im{Xiq}, for gz > 0. The zero modes do
not contribute since p; q—o = 0. Comparmg the express1on (8.10) to the general one in (7.28),
S =— > Fi X, we conclude that —2L~ d)\" are the thermodynamic forces conjugate to the
non-equilibrium modes pf . A decomp031t10n of the local entropy change into local entropy
production rates and entropy fluxes is given in App. B.2.

8.1.4 Hydrodynamic fluctuations

Now we turn to the expansion of the system’s entropy that controls the fluctuations of the
hydrodynamic modes pf,. As suggested by (7.20), the most general form of the expansion

starts with
= T2 Z > sz,q [

1j qu,q5>0 o0’

o,/
LJ qq P (8.11)
where C~! is symmetric and positive definite.® We let the Fourier index run over the half-space
> 0 since only these modes are independent degrees of freedom. At the same time, we omit
the factor 1/2 by convention such that (pgqp‘;/q,> = %[C_l]gf(;q,. The expansion immediately
simplifies if we consider a homogeneous system: The Fourier sector is forced to be diagonal,
[C199 ) — [C71]ij8qq 877 . Otherwise, the correlation matrix would vary in real space. The

ij,qq
diagonal structure leads to the expression

S = dZZZ[ },P‘qu}iq

ij qz>0 o
— 1 * .
- 2Ld Z Z |:C :|ij PiqPi.a
ij q#0
(8.12)
1 -1
- T ard Z [C Lj Z PiqPia — Pia=0Pjq=0
— q
= -5 / d's 3 (07, de3nst0).
where 6p;(x) = pi(x)—p denotes the local deviation from the homogeneous densities p = 25922
From (8.12), we read off the equilibrium correlation functions
o 0 1 d oo’ /
<pi,qu,q’> - §Cij L%8qq'd (2.0, > 0),
(8.13)

(pips(x)) = Cijdlx—x).

The short-rangedness of the hydrodynamic fluctuations (8-like in the continuum limit) is a
direct consequence of the assumed additivity of the entropy, S = [, s(x).

d
5We use to the convention that the summation over q modes is accompanied by a factor of (%) = ﬁ to be

consistent with our definition of the Fourier transform.
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8 Fluctuating Hydrodynamics

Relation between hydrodynamic fluctuations and generalized susceptibilities The cor-
relation matrix C' can be related to measurable quantities. To achieve this, we consider the
thermodynamic forces associated with the hydrodynamic entropy (8.12),

08 2 1
Fo = —p0 = ga2lC7 e (8.14)
iq j
We used the symmetry of C~1. From (8.10), we also know that the thermodynamic forces are
given as the thermodynamic potentials, FJ, = —2r~¢ Afq- Thus, we have
Na = ~ Z[C_l]ﬁpﬁq’ or piq = - > CisAig (8.15)
J J

for ¢, > 0. Inverse Fourier transformation of (8.15) takes us back to real space,
(5,oi(x) = - Z Cij (5/\]' (X) y (8.16)
J

with 0p;(x) = pi(x) — P, OAi(x) = Ai(x) — Ai. (8.15) and (8.16) relate the correlation matrix
to the generalized susceptibility matriz x [119],
6pi(N)

Cij = T Xpi,\j o Witthi)\]. = SV (817)
J

The susceptibility matrix quantifies the effect on the densities caused by changes in the ther-
modynamic potentials to linear order. In case of energy and particle number conservation, the
Lagrange parameters are log(z) and (3, respectively, see (8.7). Accordingly, the susceptibility

matrix reads:
y = (Mniosa Xne) o (Gegyn Opn) (8.18)
Xelog(z) XeB 810g(z)6 8,66

These more abstract objects are related to measurable quantities, e.g. Xy1og(z) = —TOun =
—T7%kp and Xeg = —T?0re = —T?cy. Here, ky = —%g—g\n n is the isothermal compressibility

and the cy = C—‘}’ = %g—?\u ~ is the isochoric heat capacity per volume.® The symmetry of the

susceptibility matrix is guaranteed by the Maxwell relations that are derived from S(E, N) as
function of energy F and particle number N,”

o), - ()
0log(2) 5 ap log(2)

In summary, the equilibrium correlations of the densities are given by
n(x)n(x’) n(x)e(x’) _ (TPPRr —Xng o
< (e(x)n(x’) e(x)e(x’) . - —Xng TQCV 6(X X ) . (8.20)

The equilibrium values of intensive variables T, k7, ¢y, X3 entering the correlation matrix are
fixed by the total conserved quantities £ and N.

5The relation d,n = nk7 follows from the Gibbs-Duhem equation Ndu = —%dP for constant temperature
T and from % = —%2%|v, % = N2 |n; see, e.g. Ref. [151].

"We have that d [dS(U,N)|] = 0 = dBdU = —dlog(z)dN = % = —1. (61875())3 - % -
_% = (%%)log(z). Note that the permutation involves a sign change. Alternatively, one can use the

Legendre transform S = S — U — log(z)N.
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8.1 The fluctuating diffusion equation

Noise correlations  Once the proper non-equilibrium coordinates p7, and the their equilib-
rium correlations Cj; are known, we can follow the general scheme developed in Sec. 7.2 in
order to set up the Langevin equation of the hydrodynamic modes: Adding the corresponding
noise term &7, to the macroscopic law (8.6) yields the Langevin equation

hplq = —¢ Z Dijpfq+&q- (8.21)
j

The general form of the noise correlations in (7.51) implies that

(4) = 0,

< 7a(t) ac'r,’q’(t/)> = ¢*(DC)ijbaq 877 8(t —1') .

The factor ¢? suppresses the noise for ¢ — 0. It ensures that the total conserved charges Pi,q=0

do not fluctuate and are strictly constant in time. Note the missing factor of 2 compared to
(7.51) which is due to our convention in (8.11). The real-space representation of (8.21) is given
by the fluctuating diffusion equation in (8.3),

Oupi — Y Didgp; = x-¢;- (8.23)
J

(8.22)

Here, we expressed the noise term by the fluctuating current densities, &(x,t) = 0x - {;(x,t) =
>0 0alial(x,t). Asthe divergence term takes care of the conservation laws, the long-wavelength
suppression ¢ — 0 is removed from the correlations of {. To achieve consistency with the
correlations of (8.22), the components of the fluctuating currents ¢; o, 1 < a < d, have to obey

<Ci,a(xat)> = 0,
(8.24)

(Galx DG ) = 2(DC)iBagblx — x)3(t ).

Limitations To conclude, we want to comment on the limitations of the hydrodynamic frame-
work as presented in this section:

e The linearity of the fluctuating diffusion equation is based on the linear form of Fick’s
law. It has to be seen as the lowest-order term of a gradient expansion. Higher-order
terms in the expansion introduce nonlinear terms into the diffusion equation, e.g. dyp =
Dd2p+ 05778,7(,05 with v > 2 or 6 > 1. A scaling analysis shows that most of the nonlinear
terms are irrelevant in the long-wavelength limit [88, 152]. Further terms are excluded
by symmetry for inversion symmetric systems, provided that the densities transform as
Zp = p under inversion. If, however, there is a conserved density which is odd under
inversion, Zp = —p, the term ~ d,p? is relevant in one spatial dimension and cannot be
treated as a small perturbation to the linear macroscopic law, even close to equilibrium.
As a consequence, the linear Langevin equations with Gaussian white noise, derived
in Sec. 7.2, are not applicable in such systems and have to be replaced by nonlinear
Langevin equations. An important example for this case are one-dimensional systems
with momentum conservation as the momentum density behaves as Zp = —p under
inversion [153, 154]. The long-wavelength behavior of these systems falls into the KPZ
universality class [155]. We excluded momentum conservation from our scope as we chose
to limit the discussion to time-reversal symmetric variables in Sec. 7.2.

e When using Fick’s law in the form j; = —3_; D;;0xpj, we implicitly assumed that the
equilibrium state of the system is homogeneous and isotropic. In symmetry broken phases
[156] or close to a critical point [144] further slow modes appear, e. g. the Goldstone modes
of a broken continuous symmetry or a fluctuating order parameter. The coupling between
various slow modes has to be added to complete the picture.
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8 Fluctuating Hydrodynamics

8.2 Hydrodynamic long-time tails

8.2.1 Relaxation of hydrodynamic modes on average

Consider an inhomogeneous distribution of conserved quantities, e.g. an accumulation of par-
ticles or energy in some region of space. The corresponding densities p;(x) are higher or lower
with respect to their average values p;. As stated before in Sec. 8.1.2, we are dealing with a
non-equilibrium situation described by the Fourier modes pf a0 =% 0. If we are only interested
in the decay of the non-equilibrium modes on average, we can take the average of (8.21) with
respect to the noise distribution,

O (pfa) = —a*> Di(pfa) (8.25)
J

using that (§7,) = 0. We regain the macroscopic law (8.6) we started our analysis with.
Decomposed into the eigenmodes of D;; we have

O (pga) = —a%da(pq) (8.26)

where we define d,, 1 < a < m, as the eigenvalues of the diffusion matrix D;; in this con-
text.® The modes (P2 q(0)) = [, e 9% (p,(x,0)) |, that are populated in the inhomogeneous

initial state, decay exponentially fast with time, (pf 4(t)) = (pg 4(0)) e~9*dat  Tnverse Fourier
transformation gives a different picture in real space:

<pa(x, t)> = % Z <pa,q(t)> eldrx

Ld q

L—oo A% 2y i (s (8.27)
Lo, [ qd, <pa(x,70)>/ (%)de P2 dat+iq-(x—x')
R4
,(’;;xt/)
= Az’ { pa(x',0) S
/ < > (47d,t) "/
R4

As we consider systems of macroscopic extent, we took the thermodynamic limit L — co. As

the spacing Ag = 2% vanishes, we approximate the summation over discrete Fourier modes by
d

a continuous integral, ﬁ Yafa— [ (ngd q-

To make this behavior more transparent, we consider an idealized case of conserved charges,

initially concentrated at the origin, p,(x,0) = C,0(x). The densities flatten in space,

_1x?
e 4dat

(4mdgt)™*

<pa(x,t)> = C, (8.28)

From this expression, we see that the densities decay as (pq(x,t)) o< t=%? at x = 0 and within
a increasing volume of x <« +/4d,t around the origin. The missing charges are transported
to the shrinking region x > 1/4d,t where the density grows at the beginning to satisfy the
conservation laws. Thanks to the unbounded Gaussian integral fq e_q2dt+iq'x, the exponential
decay of the Fourier modes is replaced by a power-law or algebraic behavior in real space for
long times. This is an instance of emergent scale invariance due to conservation laws [1].

7
oo

iaql = ¢*D; 63;: € R™™™ we only have to diagonalize
the “pure” diffusion matrix D;; € R™*™ m < n, in the smaller subspace of the conserved quantities.

8Due to the block-diagonal structure of the full matrix D
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8.2 Hydrodynamic long-time tails

8.2.2 Finite-sized systems: the diffusion time

According to (8.28), the densities will eventually decay to zero at each point in space since
the conserved charges are distributed over an infinite volume in the thermodynamic limit. Of
course, an infinite dilution cannot be realized in physical systems with finite size L¢. It is in-
structive to look at finite-sized systems from the perspective of the Fourier modes: For L < oo
the q values have to be taken as discrete. Now, there is a slowest mode with |q| = 27” =@ >0
for each direction in space. Eventually, all faster non-equilibrium modes with |q| > @ have
decayed and the relaxation is governed by the slowest mode () alone. Hence, the power-law
behavior of (p,(x,t)) will turn into an exponential decay ~ e~ @%dat for large enough times.
In contrast, there is no slowest mode in the thermodynamic limit L. — oo as @ % — 0.
In other words: the slowest modes become soft. Therefore, the scale invariant regime extents
to arbitrarily large times. From this example, we can infer that the softening of the relevant

modes in a system is linked to the emergence of scale invariance.

For a more careful analysis of the finite-size effect, we employ the Poisson summation formula,
Snez () = ez [0 ds f(s)e?™™ [157], in the form

—+00

%Z fa = > / d’q fqetam. (8.29)
q

meZd_ 5

For a box L x ... x L = L% and for the -shaped initial condition, (8.27) becomes

(i) = v
q

—+00

d
= Cq H Z / dqrefq%dat+iqT(£Br+Lmr)
r=1 mTEZ—OO
1 _ (@rtLm)? C, d 2T ,
= Ca I E— e ddgt _ ~a 19< 7e_Q dat> .
7’1;[1 (4md,t) 1/2 m%:z 4 rl;[l I

(8.30)
Y(u, w) denotes the Jacobi theta function. The function describes the relaxation from a peaked
distribution to a homogeneous value % with periodic boundary conditions. Again, we place
ourselves at the origin x = 0: At the beginning of the time evolution, the density decays
algebraically (pq(x = 0,t)) |ts0 = Cq(4mt)~%? as in the thermodynamic limit, but eventually
crosses over to an exponential decay (pq(x = 0,t)) |t—00 = %(1 + ¢~ Q%at)  dominated by the

slowest mode (). The cross over happens at the diffusion time ¢; ~ 0.07 %.9

On the one hand, the system size L gives rise to a slowest modes @Q = 27 /L, but there is
also a small length scale | = 27 /A associated with the fastest modes |¢g| = A. As stated
in Sec. 8.1.2, [ represents a microscopic scale where the hydrodynamic description in terms
of local equilibria with small fluctuations breaks down. Therefore, we should think of the
initial 8(x) peak as broadened on the scale [. In order to take also the existence of fastest
modes into account, we could multiply the cutoff function e~?/A i (8.30) which leads to
the replacement d,t — d,t + A~2 in the final result. Thus, the algebraic relaxation of the
density p, occurs for times t; < t < tr with #; ~ % and tj, ~ 5—3. For times t < t; or
t > tr the relaxation is determined by the characteristic microscopic or macroscopic time
scales, respectively. Here, we encountered a natural limitation of emergent scale invariance in
condensed matter systems: The scale invariant regime is sandwiched between a microscopic
and a macroscopic time or length scale. The standard example is a critical system [4]: Close to

9We obtain the numerical prefactor from the intersection of the limiting curves.
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the critical point, the correlations of the order parameter decay algebraically with a universal
exponent, (0p(x)dp(x + Ax)) ~ m. However, scale invariance is limited to length scales
Emic € Az < &, between a microscopic length scale &nic and the correlation length . At
larger distances Az >> ¢ the correlations decay exponentially ~ e~2%/¢. At small distances
Az < Enic the concept of an order parameter breaks down and a theory of the underlying
microscopic degrees of freedom is required. The fluctuations of the order parameter become
soft exactly at the critical point where the correlations length diverges, & — oo. Strictly
speaking, the softening can only happen in the thermodynamic limit. Otherwise the spacing
of critical modes ~ % unavoidably introduces a gap. Therefore, scale invariant behavior in
hydrodynamics and criticality is a phenomenon only emerging in macroscopic systems. From
now on, we will stick to the thermodynamic limit for which the slowest modes soften, Q — 0,

and permit scale invariance for arbitrarily large times.

8.2.3 Relaxation of hydrodynamic fluctuations

As we pointed out in Sec. 7.2, the global equilibrium state of a thermodynamic system is not
fully defined by the average values of the relevant non-equilibrium modes, (X;) eq = 0. The
thermodynamic fluctuations around these mean values are represented by stochastic variables
X;. The equilibrium state is characterized by a Gaussian distribution of the non-equilibrium
modes (7.21). The fluctuations are measured by the correlation functions (X;X;) with some
well-defined values (X;&;),, = Cy; in equilibrium.

The fact that the equilibrium state is characterized by a characteristic fluctuation pattern al-
lows for homogeneous non-equilibrium states in the hydrodynamic description. These states are
characterized by <pg7qsﬁ0>eq = O0and <pqupg,/’q,> # (pqupg,/,q,)eq. The non-equilibrium conditions
are only reflected by the absence of the equilibrium fluctuations. Such a situation is generically
realized after a global quench, i.e. a global change of system parameters, H(\) — H(\'). An
homogeneous initial distribution of conserved charges <pg7q 7&0) = 0 will remain. However, the
equilibrium correlations are shifted to new values, C(\) — C()\’) as they depend on the system
parameter A. Similarly to the relaxation on average in inhomogeneous situations, the equilib-
rium fluctuations build up exponentially fast in mode space ~ e_q2d“t, but algebraically slowly
in real space ~ t~%2. This phenomenon is referred to as hydrodynamic long-time tail [158].

Hydrodynamic long-time tails are expected to emerge in the last stage of the relaxation process
after a global quench when local equilibrium has been established. The relaxation of hydro-
dynamic slow modes will ultimately dominate the time-evolution of local observables. On the
theoretical side, the hydrodynamic stage of the relaxation process after an interaction quench
in the Bose-Hubbard model was studied by Lux et al. [88, 102]. The authors used a semiclas-
sical simulation of the quasiparticle dynamics as well as exact diagonalization in order to track
the relaxation of various observables. Long-time tails were found in full agreement with the
prediction of fluctuating hydrodynamics. However, we are not aware of an experimental real-
ization of a quench in an ultracold atom system that reaches sufficiently long times to observe
hydrodynamic long-time tails.

Although inherent in hydrodynamics, no special attention was paid to the long-time behavior
of hydrodynamic fluctuations in modern research. Long-time tails were first observed in “com-
puter experiments” of the late 1960s by Alder and Wainwright and were perceived as a surprise
[159-161]. The authors simulated the Newtonian dynamics of hard spheres and found an al-
gebraic decay of the velocity autocorrelation function o< ¢~%2 in d = 2,3 spatial dimensions.
The observation triggered theoretical investigation of the phenomenon. The hydrodynamic
explanation was established by a series of publications [162-165]. Algebraic long-range correla-
tions also appear in very different fields of physics, such as critical systems [166] or cosmology
[167, 168]. In Ch. 12, we will comment on long-range correlations in non-equilibrium steady-
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8.2 Hydrodynamic long-time tails

states. Fluctuating hydrodynamics belongs to the class of mode-coupling theories [169] that
are capable of predicting the algebraic decay of correlations.

To be more concrete and to simplify our discussion, we consider a system with a single con-
served charge, the energy, which we represent by the zero Fourier mode eq—o = e9. The non-
equilibrium modes eg are labeled by (q # 0,0), respectively. The extra index for the conserved
charge can be dropped. In complete equilibrium, the energy density is homogeneous in space
or <eg¢0> = 0. According to (8.13), the equilibrium fluctuations of the energy density take the

form <egeg;> =1C (e0)L%qq87°". The fluctuation strength C/(ep) is a function of the conserved
charge eg. Now, we perform a rapid change of the energy ey — €{, on a time scale 7f < tq < s,
much shorter than the time scale of the fastest relevant hydrodynamic modes 75 ~ ﬁ, but
much larger than the time scale ¢ for establishing local equilibria.' The first condition charac-
terizes the quench as infinitely fast on hydrodynamic time scales. The second condition ensures
that the hydrodynamic description applies directly after the quench. If the energy gain or loss
is homogeneously distributed, the first moments are not activated <eg¢0’ ) = 0. However, the
equilibrium correlations are shifted to new values C™ = C(eg) — C(efy) = Ci". The actual
fluctuations (eZ (t)efli (t)) follow the target fluctuations with the corresponding rates ¢>D. The

q
situation is described by the Langevin equation

8teg = —queg + gg . (831)

with the diffusion constant D. The target correlations are imprinted on e by the noise term
§q With

(g (1)) = @?DC™L5q877'5(t — 1) (8.32)

C™M enters as initial condition (e%(O)eéﬁ(O)) = %CiniLdéqqré"”/ where t = 0 is the time when
the sudden quench is performed. The physical intuition behind is that the microscopic degrees
of freedom generating the noise term are excluded from the hydrodynamic description. The
dynamics of these fast modes follow the prescribed quench protocol without delay, assuming
tq < 7¢. On the time scale of the hydrodynamic slow modes 75 > t4, the noise correlations
or the target fluctuations jump instantaneously at a given point in time, ¢ = 0. The buildup
of the target correlations was derived in Sec. 7.2.3, (7.50). For a single conserved quantity the
matrix structure collapses to the diagonal elements and the fluctuations build up according

toll
1 .
<eifﬁ (tl)eg2 (t2)> — Ld6q1q250102 5 l:(Crlm - Cﬁn) e—2q%dat + Oﬁne—q%da|At| ) (833)

t = (t1 +t2)/2 and At = t; — t2 denote the absolute time elapsed after the quench and the
relative time, respectively. The relaxation of the fluctuations shows the same features as the
relaxation on average for inhomogeneous initial conditions: The fluctuations of the hydrody-
namic modes (eg! (t1)eg, (t2)) approach their target value exponentially fast as ¢ — oo. This is
a general feature of non-equilibrium modes as defined in Sec. 7.

The ¢ dependent relaxation rates ¢°D develop the same effect as in the inhomogeneous case:
The existence of infinitely slow or gapless modes ¢?D — 0 in the thermodynamic limit entail
the algebraic relaxation in real space. The fluctuations of the energy density de = e — € around

10T his is equivalent to a change of temperature T — T".
"The change of basis which preceded that general equation (7.50) acts as trivial normalization factor
case of a single conserved charge.

1 .
CfHn mn
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8 Fluctuating Hydrodynamics

their mean value & = ey/L¢ are related to the Fourier modes by

<(56(X1,t1)(5€(X2,t2)> = Ld Z —iqr- X1 Z GIQQ X2< (n t1)6q2(t2)>

a17#0 CI23£0
— Z iq-(x2—x1) |:(Cini _ Cﬁn) equth + CﬁnquDAt:|
Ld .
q#0

(8.34)
We used that (eg(t1)eq (f2)) = Oqq 2_o (€q(t1)eq(t2)). For L — oo, the unbounded Gaussian
integral yields:!?

d
<(5€(X1,t1)5e(X2,t2)> = / % el (xa—x1) [(Cini — Cﬁn) e 2¢°Dt | Cﬁnequmt']

(2m)¢
(O™ — C) g —xp)? Cfin G oxp)?
= 7d/2e 8Dt  + —d/Qe 4D|At]
(87 Dt) (47D|At))

(8.35)
The unequal-times correlations show the expected long-time tails in real space o t~%2 or
x |At]_d/ 2 provided that t, At > D(x; — x32)?, respectively. In particular, the buildup of
equilibrium fluctuations is tracked by the difference of the equal-times correlation function
from the target value,

(Cini _ Cﬁn) 1
de(x,t)de(x,t)) — (de(x,t)de(x,t) = — 2 . 8.36
< > < >eq (87TD)d/2 td/2 ( )
where the equilibrium correlations <5e(x, t)de(x, t)> = d4p are obtain from (8.35) in the limit
eq
t — o0o. In equilibrium, the fluctuations show similar long-range correlations with
B Cfin 1
«a  (4xD)"Y? |At]m42T

<5e(x,t + At)5e(x,t)> (8.37)

For finite system sizes L < oo, the long-time tails are cut off by the slowest mode ~ e~Q*Dt
like in the inhomogeneous case. In conclusion, the hydrodynamic fluctuations give rise to scale
invariant behavior in two aspects:

o Hydrodynamic long-time tails oc |At|~%2 demonstrate that the thermodynamic equilib-
rium state is an extended scale invariant phase. In hydrodynamic systems, there is a
broad window of scale invariance between the time scale of local equilibration and the
diffusion time. In contrast, critical systems reach perfect scale invariance exactly at the
critical point in the phase diagram.

o Additionally, the long-time tails o< %2 emerge in the approach of the equilibrium state.
As the hydrodynamic slow modes govern the relaxation process, thermal equilibrium is
reached very slowly after a quench. Importantly, this also includes quenches with non-
thermal initial correlations C'™. This is the generic situation after a quantum quench.
The buildup of thermal correlations of the final equilibrium state are still described
by (8.36), provided that the initial correlations are short-ranged, (e(x,0)e(x’,0)) =
CMig(x — x'). But even if they are of a different form and decay fast, the buildup
of the final equilibrium correlations is the limiting factor.'® Therefore, long-time tails
~ t=%? are regarded as the “bottleneck for thermalization” [88].

12 According to our convention of the Fourier transformation, the continuum limit is performed by the replace-
d
ments: ﬁ Zq — f (gT;Zd, Ld5q1q2 — (27r)d6(q1 —q2).
131f the initial correlations are long-ranged with (e(x,0)e(x’,0)) « (x —x’)™", v < d, the approach of the
thermal state is also hampered by the slow decay of the initial correlations ~ t~*/ [88].

—v
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8.2 Hydrodynamic long-time tails

Besides the universal exponent —d/2 the prefactors of the long-time tails are of interest. The
prefactor of the equilibrium long-time tails in (8.37) only depends on the equilibrium correla-
tions O™ of the final state. As can be seen from (8.36), the prefactor of the non-equilibrium
long-time tails also depends on both Cfi* and C'™. In the remainder of this section, we provide
the prefactors of the long-time tails if m > 1 hydrodynamic modes are coupled by diffusion
equations.

In the general case, described by the Langevin equation (8.21), there are m > 1 conserved
charges which can be altered in a quench protocol, C'™ = {p, q=0™} — C™ = {p, q=0""}.
The correlations of hydrodynamic fluctuations are shifted to new values C'™™ — Cfir = (.
The actual fluctuations will follow the target correlations with the corresponding rates ¢2d,
which are determined by the eigenvalues of the diffusion matrix D. For our convenience, let
a indicate the eigenmodes of the diffusion matrix D while keeping the Fourier indices (q, o)
explicitly in our notation. As shown in Sec. 7.2, the target correlation matrix is diagonal,
Cn o §,p, in the eigenbasis of D. The initial correlations can be written as (P, (0)pp, (0)) =
%C’ggiLdéqquB‘”"?. On the technical side, we note that, in general, C'™ and D cannot be
diagonalized simultaneously. Here, we provide the expressions for the special case of vanishing
initial correlations C'™ = 0. Such a situation is approximately realized if the system is prepared
at a low initial temperature C™ ~ T with small fluctuations. In the quench, the system is
heated up rapidly (but still homogeneously) to a much higher temperature Cfir ~ 7fin > ini
such that the initial fluctuations can be neglected compared to the large fluctuations building
up in the final state. In the eigenbasis of the diffusion matrix, (7.50) translates to

1
(P2l ()07, (12)) = L184,qu87728gpy [ —o0ide(112) 4 omideltr—te
(8.38)

1 2 2
— Ld6q1q2 50102 60,65 |:_e—2q1dat + e_qldalAt‘:| ,

with ¢ = (¢; + t2)/2 and At = t; — t2. The long-time tails in real space are obtained from the
generalization of (8.34), (8.35):

<5pa(X1, t1)dpp(x2, t2)>

_ dap Z ol (x2—x1) [_ezqzdat n eq2da|At|]

d

L q7#0

d
L—o0 6ab/ (d C)Ideiq-(xzfxﬂ |:_e2q2dat +eq2daAt:| (8.39)

2T

) 71 _% 4+ — 1 —(’ZQTZ)‘Q

= O |~ 775 @ apc

(87dqt)” (amd,|at))”

with dp, = pa — pa,q=0/ L. We performed the thermodynamic limit Aq = 2% — 0 which is

essential for recovering a scale invariant expression. As a final step, we transform the correlation

matrices back into their original basis by applying the transformation rule (7.43). At a given

point in space, X] = X2, we obtain the prefactors of the equilibrium long-time tails,
[D—d/2cvﬁn]ij 1

(Bpilxst + A3 (x0) = s T (8.40)

and the non-equilibrium long-time tails,

—d/2fin] ..
<6p¢(x,t)5pj(x,t)> — <5pi(x,t)5pj(x, t)>eq = _Wtdl/g (8.41)
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8 Fluctuating Hydrodynamics

The required symmetry of the coefficient matrix D~%2Cf" is a consequence of Onsager’s
reciprocal relations DC = (DC)7T, see Sec. 7.2.2.14

14The fractional exponent of the diffusion matrix is defined using the representation D = CY2DC~Y? with the
symmetric matrix D. Hence, D¥%/2 = ¢¥/2D*4/2C=1/2 The symmetry of D~%2(C follows immediately.
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Chapter 9

Hydrodynamic Bounds to the Entropy
Production for a Quasi-Static Quench

In the previous chapter Ch. 8, we argued that the Fourier modes of the conserved densities
are the proper non-equilibrium coordinates of hydrodynamics. Now, we use this represen-
tation to calculate the entropy production of hydrodynamic modes for a slow quench in time
tq- In Sec. 9.1, we point out the relevance of slow, quasi-static changes of state as a method
to minimize the entropy production, from a theoretical and an experimental perspective. In
Sec. 9.2, we introduce a method of calculating the entropy production of slow macroscopic
variables: We use the Fokker-Planck equation for Brownian motion to calculate the entropy
production of a Brownian particle induced by a temperature quench. Finally, in Sec. 9.3, we
transfer this method to slow quenches in the framework of fluctuating hydrodynamics. Starting
from the corresponding Fokker-Planck equation, we show that the relaxation of hydrodynamic
slow modes results in a power-law behavior: The entropy production vanishes o ¢4 in the
adiabatic limit tq — co. The analytic calculations presented in this chapter complement numer-
ical simulations of slow quenches by Dennis Hardt under supervision of Achim Rosch [152].
He studied the entropy production in a one-dimensional diatomic classical gas under various
conditions. The analytic prediction of the exponent o« = 1/2 is in agreement with the numerical
results.

9.1 Motivation: adiabatic state preparation

In the introductory chapter Ch. 6, we discussed the change of system parameters as a way
to induce the relaxation dynamics in interacting quantum systems: In a sudden quench, the
Hamiltonian of the system is changed rapidly, H(\) — H(\'), by tuning a Hamiltonian param-
eter A\. The initially prepared ground state |¢)g) cannot follow the change of the Hamiltonian
on this short time scale. As a consequence, excited quasiparticles are created with respect to
H(XN'). Scattering among these quasiparticles finally leads to a thermal equilibrium state of
maximum entropy. The initial pure quantum state is destroyed. Thus, sudden quenches give
rise to finite entropy production.

Now, we consider a quench A — X of finite duration ¢,. This process can be described by the
quench protocol

() = Altiemt/ta 4 pfin (1 —e~t/ta) | (9.1)

with A(t = 0) = A and A(t — oo) = A", In the limit ¢, — 0, we recover the quench protocol
of a sudden quench. In the opposite limit of an infinitely slow quench ¢, — oo, we can argue
that the system remains in the instantaneous ground state |¢g(A(t))) of the time-dependent
Hamiltonian H(A(t)) for all times. As a result, the state of the system is transformed from
[0 (A1) of H(A™) to the ground state |¢o(A?)) of the new Hamiltonian H(A"). Obviously,
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9 Hydrodynamic Bounds to the Entropy Production for a Quasi-Static Quench

the entropy production vanishes. In the context of our work, we refer to a change of state
with vanishing entropy production as adiabatic state preparation.! The one-to-one correspon-
dence between the ground states, |¢o(A™)) and |¢o(A")), (and all other eigenstates) is called
adiabatic continuity. The concept of adiabaticity plays a major role in the understanding of
many-body or condensed matter systems [4, 37]: It provides the basis of Fermi-liquid theory
and T = 0 perturbation theory, see also Ch. 2.1.2 of Part I. There, the quench protocol is used
to turn on an interaction term Hiy in the Hamiltonian by setting H(A(t)) = Ho + A(t)Hint
with A" = 0 and Mi® = 1. The correspondence in the adiabatic limit tq — 00 is exploited
to reduce the unknown ground state of the interacting system Hg + Hiyt to the known ground
state of a non-interacting system Hj.

From a thermodynamic point of view, the quench protocol (9.1) corresponds to performing
work W to the system. Thereby, the energy E of the system and other quantities are altered.
These state variables correspond to the conserved quantities of an isolated system. However,
there is no entropy flux associated to the quench itself, i.e. no entropy exchange with some
heat bath. A change of the system’s entropy is only due to internal irreversible processes.
Thus, the quench protocol is clearly characterized by its entropy balance: In terminology of
thermodynamics, the adiabatic limit, {; — oo, corresponds to a quasi-static? change of state;
the entropy of initial and final state are the same, AS = 0. The adiabatic comparability or
adiabatic accessibility of equilibrium states by quasi-static processes is the corner stone of equi-
librium thermodynamics [76, 170]. For t, < oo, we expect that the quench induces internal
irreversible processes which lead to a finite entropy production, AS > 0, in accordance with
the Second Law of thermodynamics.

The concept of adiabaticity is also relevant in experiments in which the Hamiltonian parameters
can be controlled such as in ultracold atom systems. Sometimes the desired state is not easily
produced by direct loading of atoms into an optical lattice and direct cooling The state can be
fragile and is destroyed by small amounts of entropy. Extremely low temperatures are required.
An alternative approach is to first generate an easily producable state and then perform a slow
quench to reach the desired state [171, 172]. Lubasch et al. [173] produced an insulating state
of fermionic atoms in an optical lattice and succeeded to realize a Heisenberg antiferromagnet
by switching on a second lattice with half the wavelength. If the spectrum of the final Hamil-
tonian is gapped with considerable gap size A, it is sufficient to choose the quench time as
tqy 2 A~!. For such quench times, quasiparticle excitations and, thus, the entropy production
are exponentially suppressed. But for an ungapped spectrum, no intrinsic threshold exists.
In principle, ¢y should be chosen as large as possible, t{; — oo in the ideal case. Of course,
the state preparation cannot be performed arbitrarily slowly in a real experiment: A quantum
system cannot be isolated perfectly for arbitrarily long times. The system will interact, at least
weakly, with the environment which plays the role of a thermal bath. As a consequence, the
system will heat up again. The finite heating rate leads to a finite coherence time. The optimal
ramping time ¢4 is a compromise between minimizing the entropy production due to internal
processes (tq — 00) and minimizing the entropy flux due to external heating (t; — 0). In both
extreme cases, the system departs from its ground state towards a thermal equilibrium state.
Therefore, it is a relevant question how the entropy production scales with ¢, in the case of an
ungapped spectrum.

We address this question in the framework of fluctuating hydrodynamics. The quench will
continuously produce quasiparticles at the rate ~ ¢ 1 which relax to a local equilibrium state
on a time scale 7. Assuming that ¢, > 7, local equilibrium is maintained during the quench
and the hydrodynamic description is applicable. The slow relaxation of hydrodynamic modes

!'Note that, contrary to our definition, adiabatic changes of state are sometimes defined as changes without
entropy fluz (changes without coupling to a heat bath), e.g. in the discussion of the Carnot cycle [76].
2Quasi-static changes of state are sometimes also called reversible [76].
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9.2 Temperature quench and entropy production for a Brownian particle

is expected to induce power-law behavior in various observables, similar to the long-time tails
of the density correlations. Here, we show that hydrodynamic slow modes also lead to a power-
law decay of the entropy production o< {,* for slow quenches.

9.2 Temperature quench and entropy production for a Brownian
particle

Our method of calculating the entropy production is based on the partition into macroscopic
slow modes X; and the microscopic fast modes which give rise to damping and fluctuating
forces. In the following, we will refer to the sector of the slow modes as system, and to the
sector of the fast modes as bath. The partition simplifies the description of the quench and
the calculation of the entropy production. The dynamics of the fast modes occurs on the time
scale 7. For t4 > 7, the bath adjusts almost instantaneously to the quench protocol. Thus, its
contribution to the entropy production can be neglected. The relaxation of the hydrodynamic
slow modes lag behind the quench since their relaxation rate vanishes ~ ¢°D as ¢ — 0, see
Sec. 8.2. Therefore, the relaxation of the system gives rise to a finite entropy production. There
are two contributions to the entropy change of the system [125]:

8,5(1) = () +II(t). (9.2)

The entropy flux ® results from the coupling to the bath of the fast modes. It is equivalent to

a heating rate O, FF = T'®. We use the convention that ® > 0 if the entropy flux is directed from
the bath to the system. The entropy production II > 0 is caused by the irreversible dynamics
of the slow modes. While ® can have arbitrary sign, II must be non-negative to comply with
the Second Law of thermodynamics. Both contributions are nonzero during the process of
relaxation.

In order to proceed, we have to separate the entropy production II of the hydrodynamic slow
modes from the entropy fluxes ® caused by the coupling to the bath of fast modes. Here, we
take advantage of Tomé’s discussion of this issue [174]. Before we turn to the actual calcula-
tion, we introduce our method of choice using the Langevin dynamics of Brownian motion as
an example. Here, we deal with a single slow mode: the velocity of the Brownian particle.

Temperature quench 1In Sec. 7.1, we introduced the Langevin equation of the Brownian
particle,
v = —yv+¢, (9.3)

with the noise correlations

@) = 0, €@OEE)) = 29Cod(t—1t). (9-4)

The parameter Cy = % indicates the velocity correlations in thermal equilibrium for a Brow-

nian particle with mass m. It is controlled by the temperature Ty of the fluid in which the
Brownian particle is suspended. Now, we consider a temperature quench: a slow variation of
the temperature, Ty — Tp(t). We assume that the variation of temperature on a time scale
tq is slowly enough to sustain an instantaneous equilibrium state of the fluid. If the equilib-
rium condition is fulfilled for the fluid, the temperature quench is described by time-dependent
Gaussian white noise,

(E@DEE) = 2yCo(1)8(t —1'). (9-5)

The function Cy(t) = TOT@) denotes the instantaneous velocity correlation (v*(t)), at time ¢

which the Brownian particle is attracted to. We model the temperature quench by the analytic
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9 Hydrodynamic Bounds to the Entropy Production for a Quasi-Static Quench

function
Co(t) = CMiet/ta 4 O (1 e t/ta) . (9.6)

where G (Cfin) denotes the target value of the equilibrium fluctuations before (after) the
quench. The actual correlations, C,(t) = (v%(t)), will follow on the time scale y~! set by the

friction coefficient. C,(t) = o) efines the temperature of the Brownian particle which will
deviate from Tp(t). The Brownian particle can be regarded as thermometer that senses the
temperature of the fluid, but only with a certain delay. Using the solution of the Langevin
equation,

o(t) = v(0)e 4 e / ds ™ £(s), 9.7)
0

and the noise correlation in (9.5), we obtain the equal-times correlation function
t t
Cult) = @A) e e [dsy [dsy @) (g(s1)g(s2)
0 0

t
— Cinie—2'yt+2,ye2'yt/d562'ysco(8)
0

Here, we assumed that the Brownian particle is in equilibrium with the fluid at ¢ = 0 and
Cy(0) = Cp(0) = C'™. Using the quench protocol defined by (9.6), we find the explicit expres-
sion

—t/tq _ o271
— ini,—2~t fin _ a—29t ini _ fin € €
Cy(t) Cinie=21t 4 Cfin (1 — e=21t) 4 (€0l — Cfin) 2y TRV (9.9)
The difference between the actual fluctuations and the target fluctuations yields
Cult) - Colt) = (M- o) Lt (=2t = o7t/ta) | (9.10)
! 1/tq — 27 ‘

The actual fluctuations lag behind for fast quenches ¢4 < 1, and follow instantaneously for
slow quenches ~ytq > 1.

Entropy balance We want to analyze the entropy change of the system. Following Tomé
[174], we start with the expression of the Gibbs entropy

S(t) = —/v P(v,)log (P(0.1)) . (9.11)

We use the notation [, = [ dv. P(v,t)dv is the probability to find the system in a state
in the interval [v,v + dv] at time ¢. The probability distribution satisfies the normalization
condition [, P(v,t) = 1. We find the change in entropy by performing the total time derivative
of the integral expression:

S(t) = —% / P(v,t)log (P(0.1)) = - / 0,P(v,1)log (P(v.1)) . (9.12)

where we used that [ 0;P(v,t) = % J, P(v,t) = 0. As the entropy is given by an integral
over the time-dependent probability distribution P(v,t), it is natural to invoke its equation of
motion, the Fokker-Planck equation. In Sec. 7.1, we introduced the Fokker-Planck equation of
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9.2 Temperature quench and entropy production for a Brownian particle

the Brownian particle as derived from the Langevin equation (9.3). In case of time-dependent
Gaussian white noise (9.5), the Fokker-Planck equation reads as

O*P(v,t) 0

O P(v,t) = _a% [a(v)P(v,1)] + b(t) S = 5 1), (9.13)

with a(v) = —yv and b(t) = v7Cy(t), see App. B.1 for the derivation. It takes the form of a
continuity equation with the probability current

OP(v,t)
ov
We perform a short sequence of algebraic manipulations: We insert the continuity equation,
O P(v,t) = —0,J(v,t) (9.13), into (9.12), integrate by parts®, and finally use the definition of
the probability current (9.14) in the form OP(l) _ L (a(v)P(v, t) — J(v, t)) Finally, we are

J(v,t) = a(v)P(v,t)—b(t) (9.14)

90 10)
able to separate the two contributions, ® and II:
. v dlog ( P(v,t)
50 = + [ Doy (Pwn) = - J(v,wg(av)
_ / Tt p<i,t>8pa(?t) . / J(0,1) P(ijt)b(lt) (a()P(v,8) = J(0,1))
= O(t)+I1(¢), 0.15)
9.15
with
B(t) = - / W) Iy, T = L [ LD Sy (9.16)
b(t) Jo Y b(t) Jo P(v,t) ' '

The second contribution II(¢) is manifestly non-negative. Furthermore, it is proportional to
the squared current J2(v,t), very reminiscent of Joule heating. Thus, we identify I1(t) as the
rate of entropy production. It follows that the first contribution ®(t) is the entropy flux from
the fluid to the Brownian particle. Reinserting the definition of J(v,t) (9.14), we obtain:

o(t) = ‘b(lw/ a(v) <a<v>P<v7t>—b(t>8P§Z’t)>

(9.17)

= b(t)/ aQ(U)P(v,t)—2a(v)b(t)8P§Z’t) +b2(t)P(

1 0P(v,t)
v,t)  Ov

a?(v) , 1 OP(v,t) ?
<<b(t) +2a(v)>>+b(t)U/P(U7t)< - ) .

We evaluate these expressions using the fact that the probability distribution P(v,t) remains
Gaussian during the time evolution,

1 v?
P(v,t) = \/ﬁ exp <_2C'v(t)> , (9.18)

3We use that J(v,t), P(v,t) — 0 for |[v| — oo (which is true for a Gaussian distribution P(v,t).)
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9 Hydrodynamic Bounds to the Entropy Production for a Quasi-Static Quench

O
® § O
®o
O O

(a) Entropy production and entropy flux for a Brownian particle

T, I 1o

(b) Analogon: entropy production by heat conduction in a rod

Fig. 9.1: Entropy balance of slow and fast modes compared to heat conduction (a) The
entropy production IT only occurs in the sector of the slow mode v for sufficiently slow
quenches. In addition, there is an entropy flux ® between slow and fast modes which
contributes to the change of entropy S of the slow mode. (b) The same expressions
for IT and @ are found for a rod with heat conductivity . Here, the temperatures T,
Ty of the slow mode v and the fast modes correspond to the temperatures of coupled
heat baths.

given that the initial distribution P(v,0) is Gaussian. It is easily verified that (9.18) is the
solution of the Fokker-Planck equation (9.13) and the actual correlations C,(t) obey*

1) = ~2v[Cu(t) = Colt)] - (9.19)

Using the building blocks (a?(v)) = v*Cy(t), (d'(v)) = —v, and (8,P(v,1))* = &P (v,1),
we find the rates

2

b — BO=TO o RO T0)] (9.20
TR T

Here, T,,(t) = mC,(t) measures the actual temperature of the Brownian particle while

To(t) = m Cy(t) gives the temperature of the surrounding fluid.

IT takes common form of the entropy production in a rod with heat conductivity . The anal-
ogy to the entropy production by slow modes is illustrated in Fig. 9.1: We consider a rod in
contact with two heat baths at temperatures T, < Tp. The energy current jp through the
rod can be expressed in terms of the entropy fluxes ®,,®y at the contacts to the heat baths.
The conservation of energy states that jp = T,®, = Ty®g. Given that T, < Ty, the entropy
flux arriving at the cooler bath is larger compared to the hotter one, i.e. ®, > ®3. Hence,

4The validity of (9.19) can again be checked by inserting the Langevin equation into C, = 2 (v8;v).
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9.3 Entropy production of hydrodynamic modes after a quench

the entropy production in the rod is finite and II = &, — &y = % Assuming that

the energy current is driven by the temperature difference according to Fourier’s law [175],

Jje = v(To — Ty), we reproduce the forrn of IT in (9.20). Furthermore, the entropy flux emitted

from the hot bath &g = ]E =~To ”, is consistently identified with the entropy flux &g = ®
n (9.20).

The total change in entropy yields

S(t) = ®(t)+1I(t) = 7 (9.21)

Using again the picture of heat conduction, we can identify the total change in entropy S with

the entropy flux ®, = II + ®( arriving at the cold bath. The result is also in agreement with
the heat capacity of our system: The change in energy of the system is given by the heat rate
FE = T,S and causes a change in temperature according to CyT}, = T,S. In the present case,
the system consists of a single harmonic mode: the kinetic energy of the Brownian particle,
E= va2 Thus, the heat capacity of the system is Cy = 1 ° This leads to S = 1 T“ . Taking
(9.19) into account, we arrive at (9.21).

We note that the entropy production, flux, and total change vanish if the system’s temperature
adjusts instantaneously to the bath’s temperature, T, (t) = Top(t). If the bath’s temperature
is increased and the system lags behind (7, (t) — Tp(t) < 0), the entropy production is finite
II(t) > 0. In addition, the entropy flows from the bath to the system (®(¢) > 0). Thus, the
entropy of the system is increased, S > 0. If the bath’s temperature is lowered (T, (t) —Tp(t) >
0), the entropy production in the system is again finite II(¢) > 0, but there is an entropy flux
from the system to the bath (®(¢) < 0), such that the system’s entropy is decreased S < 0. In
the following section, we will apply Tomé’s method to the hydrodynamic set-up.

9.3 Entropy production of hydrodynamic modes after a quench

After presenting our approach, we return to the entropy production of hydrodynamic modes
as it occurs after a slow change of parameters in the Hamiltonian. We explained before that
tuning the Hamiltonian is equivalent to performing work to the system. The internal energy
E of an otherwise isolated system will change in this process, AE = W. However, the quench
does not cause a heat transfer or entropy flux like an external bath. This is in marked contrast
to the example of the Brownian particle suspended in a fluid of varying temperature: Here, the
fluid (the sector of the fast modes) is heated or cooled. Thus, the entropy of the fast modes is
directly changed in the temperature quench. For a Hamiltonian quench only internal processes
are relevant to the change of entropy and can only lead to its increase. As stated earlier, the
most relevant contribution to the entropy production results from the irreversible dynamics of
hydrodynamic slow modes if the quench is performed sufficiently slowly.

Hydrodynamic quench We consider a system with energy being the only conserved quantity.
The hydrodynamic slow modes eg are labeled by the Fourier index q and by o indicating real
or imaginary parts, see Ch. 8. The corresponding Langevin equation reads as

&l = —¢>De + €7, (9-22)

where D denotes the diffusion constant and {7 is again the noise term. Similarly to the
example of the Brownian particle, we assume that the fast modes instantaneously follow the

5We choose units of kg = 1.
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9 Hydrodynamic Bounds to the Entropy Production for a Quasi-Static Quench

change of system parameters, giving rise to time-dependent noise correlations,
(&MELE)) = g®DCo(t)Lqq 577 8(t —1'). (9.23)
Similar to the temperature quench, we choose the quench protocol
Co(t) = Chie~t/tay Cfin(1—et/ta) . (9.24)

The target value of the equilibrium fluctuations is tuned from C™ to Cf on the time scale tq-
The equations (9.22) and (9.23) are very similar to the Langevin equation (9.3) and the noise

(9.5) of the Brownian particle. The correlations <eg(t)eg;(t)) relax according to exponential

laws, but with ¢ dependent rates v — ¢2D. The solution of (9.22),

t
eq(t) = eg(0)e Pt 4 o~De%t / ds P £7(s) (9.25)
0

and the noise correlation (9.23) lead to the equal-times correlation function

(2()ed (1)) = (€g(0)e7)(0)) e Pla*+a™)t

tt
+efD(q2+q'2)t/ds/ds' ePa*seDa"s (€5()E3(s)
I (9.26)

t
1 -
— Ld5q7q/60a 5 Clme—QDq2t+2Dq2e2Dq2t/d862Dq2300(8)
0

Again, we assumed that the modes take their equilibrium correlations, (eg(0)eg,(0)) =

%Cini Ldéqq/f)""/, at the beginning of the quench at ¢ = 0. Inserting the quench protocol
(9.24) yields

/ P N
(GO = Doqq™ 5 [Oe 2001 4.Con (1 - 07201)

_ _ 2
,e t/tq _ g—2Dq*t

2Dg? — 1/tq

(9.27)

+ (Ci — ¢fin) 2Dg

1
L184q87" 5C(a,1).

We absorbed the ¢ dependent terms in the square brackets into a new function C(g,t).%
The mismatch between the actual fluctuations and the target fluctuations <e“(t)e”;(t))0 =

a\"/%q
%Co(t)Ldéqqxé‘”’ is described by the ¢ dependent function

(eq(t)eq (1)) — (eg(t)eg (1)),
- Ldéqqzé""% [C(q, t) — C’O(t)] (9.28)

— Ldéqq/éaa’ % (Cini - Cﬁn) 1/tq]‘1t;Dq2 (e—QDQZt _ e—t/tq) .

The discrepancy between the actual fluctuations and the target fluctuations is a measure of
the non-adiabaticity of the quench and indicates a finite rate of entropy production II(¢).

Note that the pole at 2Dg* — 1/tq = 0 is removed by the numerator.
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Fig. 9.2: Lag of hydrodynamic modes The hydrodynamic slow modes follow the quench
protocol exponentially fast ~ e~ D, However, for each quench time t, there are
slow modes ¢ — 0 which lag behind in the thermodynamic limit. This leads to the
power-law behavior of the entropy production ~ ¢ .

Fig. 9.2 shows how the slow modes lag behind the quench protocol for different values of ¢. The
relevance of the Fourier decomposition becomes particularly evident in this context: Since the
Fourier modes eg relax with different rates ¢>D, their contributions to the entropy production
depend on g and have to be counted separately. This demonstrates that the Fourier modes eg
are indeed the relevant hydrodynamic slow modes.

Entropy production from the multivariate Fokker-Planck equation Despite the fact that
only one conservation law is involved, we are dealing with a larger number of many non-
equilibrium modes or slow modes &; = eg labeled by i = (q, ). Even in one spatial dimension
many Fourier modes contribute. In order to analyze the entropy balance, we start again from
the Gibbs entropy, but generalized for many degrees of freedom:

St = — /X P(% ) log [P(X,1)] . (9.29)

P(X,t) is the time-dependent probability distribution of the relevant slow modes X and
satisfies the normalization condition [, P(X,t) = 1. The notation [, = ], [72°dA; is implied.
The change of entropy is then given by the temporal derivative

S = — /X O P(X,)log [P(X,1)] . (9.30)

As the number of slow modes is n > 1, we require the multivariate Fokker-Planck equation
(7.53) to track the time evolution of P(X,t).
We again cast it into the form of a continuity equation

&]Xt
o P = —2: (9.31)

with the probability current (7.54)

0

8Xf%Xt) (9.32)

XD = a(X)P@) - Y by()
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9 Hydrodynamic Bounds to the Entropy Production for a Quasi-Static Quench

In the regime of linear hydrodynamics, we have that a;(X) = —2>.; DijX;. The quench
protocol enters through L;; — b;;(t) = [DCo(t)];; with the target correlation matrix Cy(t).
Similar to the case of a single slow mode, we can identify to two contributions to the change
of entropy,

St) = ®(t)+1II(t), (9.33)

with the rates of entropy flux and the entropy production,

o) — —Z/Ji(X,t)bi_jl(t)aj(X),
ij ¥
(1) (9.34)

Ji(X, ;
H(t)zz/ i > 0,

respectively. The steps of the calculation are identical to the case of a single slow mode, see

App. B.3. Since b~ is a positive-definite matrix, the entropy production rate II(t) of the slow
modes X can clearly be identified by its non-negativity. Again, ®(¢) > 0 corresponds to an
entropy flux from the bath of fast modes to the sector of slow modes X .

We focus on the evaluation of II(¢). As we argued earlier, the entropy production by the slow
modes is the only relevant contribution in the adiabatic limit t; — co. The entropy flux ®(¢)
describes the exchange between the sector of slow modes and fast modes, thus, not changing
the entropy of the total system that is composed of slow and fast modes. Similarly to the
example of the Brownian particle, we make use of the fact that the probability distribution is
Gaussian with a time-dependent kernel C~1(t),

P(X,t)

1 Xi[CYi(6)X;

where the correlation matrix (X;(¢)X;(t)) = C;;(t) obeys the matrix equation

CiC() = —2D[C(t) - Golt)] . (9.36)

We rearrange the expression of II(¢) as

_ _LOP(X 1)
II(t :/[ ()b (Ha bub;;' ———a;(X
(t) . Eija( )bi; (t)aj( %l ! X, a;(X)
L. OP(X,1) 1 L. OP(X,t)0P(X,1)
> ai(X)b;; b 0X, +% P, 0 i X o,

ijl
Dai(X > (9.37)

= me ) {ai(2) >+22<

Olog {P(X,t)} 0log {P(X,t)}
* %:bij < X, X, > ’

using the short-hand (f(X)) = [, f(X)P(X,t). The evaluation of the correlation functions
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9.3 Entropy production of hydrodynamic modes after a quench

yields
() = Y b ') DD (Xi X)) — 2> D+ > bi[C™iw[C™ju (X X)
ijkl i ijkl
= Tr {DTb_lDC} —2Tr [D] + Tr [C‘le'_lC} (9.38)

= Tr {D (CC’al -2+ COC_1>} )

As a result, II(¢) is conveniently reduced to a trace operation if many slow modes contribute. A
similar expression is found for ®(¢). Note, however, that the matrices C, C are time-dependent
objects.

Application to hydrodynamic modes Having a sufficiently general expression for the en-
tropy production available, we apply (9.38) to the case of hydrodynamic slow modes X; — €q
with mode index ¢ — (g, > 0,0) as defined before. Furthermore, the general scheme allows us
to perform the following replacements:

SR

0,qz>0

Dij = ¢*D L% qqrds0r

, 1
bij(t) — (EG(0)ES (1)) = 5 ¢*DCo(t) L*Bqq 801, (9.39)
, 1
Cou(t) = (eg®)eq(®)y = 5C0(HL8aq oo,
, 1
Cij(t) — (eg(t)ed (1)) - 5C(q,t)Ldzsqq,esm,,.

The explicit expressions of the functions C(q,t), Cp(t) are given in (9.27) and (9.24), respec-
tively. Due to the diagonal structure of the correlation matrices, the evaluation of II(¢) (9.38) is
straightforward. The trace operation translates to a summation over (g, o). In the thermody-
namic limit I — oo, we transform the discrete summation of Fourier modes into a continuous
integral and we obtain the corresponding rate of entropy production as

R T [ >co<>}

G50 0% 9,1)Co(t)

e ) [O<,> Co(t)]”
— ( >/ T4 Do 0 (9:40)

() faeerktsnecal

J Cla.0Co(

Qg = nger//;) denotes the solid angle in d dimensions. When we switched to the isotropic integral,
we also absorbed the factor > ,_, = 2. The UV cutoff A reminds us that the hydrodynamic
description breaks down at a small length scale ~ 27 /A. We introduced A in Sec. 8.1.2 when
we argued that the number of macroscopic states or slow modes is much smaller than the

"We use that Bgi)((@ = —Dy, %%P% = Z [C™1:;X;, and the symmetry of the noise correlations
(DC)T = DC.
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9 Hydrodynamic Bounds to the Entropy Production for a Quasi-Static Quench

number of fundamental microscopic degrees of freedom or fast modes.® Technically, A < oo is
required for dimensions d > 2 to keep the integral finite, preventing an “ultraviolet catastrophe”
of infinite entropy production. We observe that the contributions of the individual q modes
take the common form discussed in Sec. 9.2. However, the uniform damping is replaced by
v — ¢*>D. The actual quantity of interest is the total entropy production:

0 00 A 2
Iy = O/dtﬂ(t) = Qq (;)d D O/dt O/dqqd"'1 [C(q’t) _CO(t)} . (9.41)

C(g,t)Co(t)

[T;ot measures the total amount of entropy produced during the quench. We first consider the
case of d = 1 which allows us to set A — co. As the dimensionless integrand is of the form

[Cla,)~Co(t)]?

a0~ = f(yt, Dg?t, %), it is possible to scale out the desired dependence on t:

1 ~ fin L _
Htot(tq) = ;f (gm1> X tq1/2; (942)

/Dty
with the scaling function

[c ol o)

fly) = /ds /dus_%Tuf(s,u,y). (9.43)

0 0

We find that the entropy production vanishes algebraically slowly, Iliot o tq 12 Thus, it turns
out that the exponent matches the value of the long-time tails (5e?(x,t)) — <5e2(x)>eq o t1/2
in one dimension. There, a similar integration over q modes is involved to obtain the result.
Furthermore, the entropy production scales with the number of slow modes x L, as expected.

Discussion In the calculation of the entropy production, the relevance of correct parame-
terization of the non-equilibrium modes becomes evident: We note that each slow mode eg of
the energy density decays at a different rate ~ Dg?. During the process of relaxation we can
attribute a temperature T'(q,t) ~ C(q,t) to each mode. In the regime of linear hydrodynam-
ics, the modes are completely decoupled during the relaxation and do not exchange entropy
among each other. Each temperature T'(q,t) relaxes to the global target temperature Ty at
its individual rate. On the technical side, the individual temperatures are reflected in the
fact that we first take the square [C(q,t) — Co(¢)]?, and only then integrate over all ¢ modes.
Furthermore, the contributions of the slow modes are weighted by ¢2. Hence, the entropy
production of the modes is suppressed for ¢ — 0. In the thermodynamic limit, the modes lie
dense around ¢ = 0. There are always modes with ¢>D < ty ! which lag behind, no matter
how large the quench time ¢, is. These modes will hamper the approach of the adiabatic limit:
Similar to the long-time tails of the density fluctuations, the softening of hydrodynamic modes
in the thermodynamic limit gives rise to the power-law behavior of the entropy production,
IT,,, (tq) o< tq /2 There is no characteristic time scale as in a gapped system. Therefore, the
adiabatic limit cannot be reached with exponential accuracy for slow quenches. Nevertheless,
we can state that a quasi-static change of state is an adiabatic operation since II, |¢, 500 = 0,
as expected. Note that assuming a uniform temperature T, for all modes leads to a wrong re-
sult: 7. would be tied to the fluctuations (§e?(x,t)) and, therefore, exhibits the same long-time
tails, i.e. T. — Ty o< t~ /2. Furthermore, the entropy production rate would be of the standard
quadratic form T1(t) o (T, — Tp)? in this case, see Sec. 9.2. We are then forced to conclude that
a large amount of entropy is produced for time t > t,, giving rise to a logarithmically divergent

8Strictly speaking, we count an infinite number of q modes in the continuum limit. However, the number of q
d
modes scale o< L? while the total number of microscopic states (dimension of the Hilbert space) scale o e”

Thus, the cardinality of q modes is smaller.
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Fig. 9.3: Total entropy production of the ¢ modes in d = 1,2, 3 dimensions For d = 1,
the entropy is produced by the slowest ¢ modes ¢ — 0 while for d = 3 the fast modes
q — oo contribute most to the entropy production. In d = 2,3 dimensions, a cutoff
A is required to avoid an “ultraviolet catastrophe”.

total entropy production, II, , = ftzo dt% = oo. This is in conflict to the fact that the system
converges to a definite equilibrium state after the quench.

If the unbounded integral would be finite for arbitrary dimensions d, the entropy production
would scale as Il o tq 4/2 However, in higher dimensions d > 2, we have to keep the
cutoff A explicitly.Despite the fact that the fast ¢ modes decay faster than the slow ones, they
are more relevant for the entropy production in d > 2, see Fig. 9.3. The likely reason for
this behavior is that the quench protocol Cy(t) (9.24) is not smooth at ¢ = 0. Therefore,
the true adiabatic limit cannot be reached for arbitrary slow quenches tq; — co. In order to
find the exponent of the leading order in t,, we approximate the full integrand in (9.41) by
the numerator ¢?+1[C(q,t) — Co(t)]? and replace the non-zero denominator C(q,t)Cy(t) by a

constant C~. Analytical evaluation of the simplified integral yields [176]:

1
1 (L?\? _
Mot (tq) o ( > ta/?, d = 1

8v2 \ D
2
Mot (tg) o 597D t;llog <2DA2tq>, d = 2
(9.44)
ot (L) LA P d 3
K J— pr—

totlta 1672D 4 32/2xD3/2

LdAd—2
ot (tq) o 5 tq 1t subleading, cutoff dependent corrections, d > 3.

We included the one-dimensional case as a benchmark and omitted the common prefactor

(Cfin — 01“1)26_2. The leading-order dependence on t4 is in agreement with the numerical
solution of the integral (9.41).
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Chapter 10

The Fluctuating Boltzmann Equation

After we have established the equations of fluctuating hydrodynamics, we turn to an effective
microscopic theory that considers the momentum-resolved distribution of particles: the Boltz-
mann theory. We start by pointing out that the Boltzmann theory is based on a coarse-grained
picture of the system in Sec. 10.1 before introducing the standard from of the Boltzmann
equation in Sec. 10.2. The standard Boltzmann equation is incomplete since it predicts an
exponential approach of the equilibrium state wrongly. Like for hydrodynamic equations, the
irreversible character of the Boltzmann equation requires to add a noise term. In Sec. 10.3,
we apply the general formalism of Ch. 7 to derive the corresponding noise correlations. We
then demonstrate that the fluctuating Boltzmann equation is able to predict the emergence of
hydrodynamic long-time tails. In Sec. 10.4, we address the buildup of fluctuations of the dis-
tribution itself and show that they exhibit long-time tails. Finally, we show that the fluctuating
hydrodynamic equations can be derived consistently in Sec. 10.5.

The hydrodynamic description is based on a set of slow variables that are directly linked to
the conservation laws as we discussed in Ch. 8: The non-equilibrium states described by the
hydrodynamic slow modes correspond to inhomogeneous distributions of the conserved quanti-
ties. The knowledge about the microscopic dynamics of the fundamental degrees of freedom of
the system is not required. However, the state and the dynamics of the system are fully defined
only for very mild deviations from complete equilibrium preserving local equilibrium. Now we
pass over to a finer resolution of the non-equilibrium state allowing for the departure from
local equilibrium. An extension of this kind is offered by the Boltzmann theory: The conserved
densities are replaced by its momentum-resolved analog, the phase-space density fi(x,t). Fur-
thermore, the theory provides an equation of motion of this quantity, the Boltzmann equation.

The theory is based on the major assumption that the system’s degrees of freedom are suffi-
ciently described by particles or quasiparticles which are defined by their momenta k and their
positions x. While the hydrodynamic description only relies on the existence of conserved
quantities, the Boltzmann treatment requires stable quasiparticles. From the perspective of a
given microscopic model, the stability of quasiparticles can be justified by a sharply peaked
spectral function, see Sec. 2.1.2 of Part 1. These particles are treated in a semiclassical manner:
They are assumed to obey classical equations of motions except for scattering events when the
particles approach each other closely. Moreover, the Boltzmann theory takes a coarse-grained
perspective similar to hydrodynamics, unavoidably introducing an irreversible element.

10.1 Prerequisites

The above-mentioned semiclassical approach can be justified if the following conditions are
fulfilled:
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10 The Fluctuating Boltzmann Equation

o Particles are described by wave functions vk (x,t) = [ G @& >t in the first
place. We assume that the weights gix_)s exhibit a sharp peak at k with small width
Sk.!' A Taylor expansion in 6k shows that the wave function takes the form vy (x,t) =
ellex=ad)g(x — vit), see Ref. [119, 158, 177]. v = Okex denotes the group velocity of
the wave packet. Hence, the particle is described by a wave packet whose center of mass
moves according to the classical equation of motion x = vy and we can attribute the
definite momentum k to the particle.

e On the other hand, the sharply peaked weight gi_)s implies that the width of the wave
packet, dx ~ ﬁ, is large in real space.? The particles will interact if their wave packets
overlap. We refer to this configuration as scattering event or a collision. Here, the
quantum nature becomes relevant. Thus, the width of the wave packet defines the range
of interactions A\, = dx. The mean-free path Apee indicates the average distance a particle
propagates between two collisions. In order to distinguish periods of classical motion and
collisions, we require that they are separated by the corresponding scales, A\; < Agee- The
duration of a collisions 7. is much shorter than a typical scattering time 7, respectively.
Thus, the particles have to form a sufficiently dilute gas [11].

In the derivation of hydrodynamic equations we assumed that the total volume of the systems
can be divided into small volume cells (A:c)d, still large enough to provide local equilibrium.
The conserved charges in a volume cell are indicated by the corresponding densities p;(x) as
pi(x)(Az)?. The existence of particles as prime degrees of freedom opens the possibility to
characterize the state of the system by the occupation of the single-particle states (k,x). The
Boltzmann theory extents the coarse-grained description to the d x d dimensional single-particle
phase space:®> The phase space is divided into small cells (AkAz)?, in a way that they contain
a macroscopic number of particles, but still appear very small on the scale on which their
particle content varies in phase space [3]. At this point, we are led to introduce the central
object of Boltzmann theory: the (single-particle) distribution function fi(x) indicating the
occupation of a phase-space cell. fy(x)(AkAz)? counts the number of particles in a phase-
space cell around (k,x). Hence, the distribution function fi(x) refers to the density in phase
space around the point (k,x) in the same fashion as p;(x) indicates the density around x. In
Sec. 10.3 we will argue that we have to distinguish the actual density from the average density,
in full analogy with fluctuating hydrodynamics. The coarse-grained description is applicable
if a similar hierarchy of scales is in place as for hydrodynamics: To have a large number of
particles within a phase-space cell we require that Apee < Axz. Ak cannot be chosen smaller
than the spread of wave packet dk. On the other hand, variations of fi(x) are only allowed on
scales 0var, Okvar With Az < dxvar and Ak < dkyar, respectively. At this point, we emphasize
that the phase-space cells are not derived from the uncertainty principle, i. e. their size is not
given by h? [82].

Boltzmann theory provides a microscopic basis of hydrodynamics. The hydrodynamic densities
(particle density n, energy density e, momentum density p) are obtained by summing up the
occupation of all momentum states.* Additional summation over the volume cells (Az)? yields

'In a lattice system the width of the peak should be small compared to the extent of the Brillouin zone.
2The wave packet spans over many unit cells.

3The single-particle phase space is also referred to as p space in the literature on kinetic theories [82].
4A momentum state is only defined up to Ak.
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10.2 The standard Boltzmann equation

the total quantities (particle number NV, energy E, momentum P):

n(x,t) = /kfk(x,t), N = /X/kfk(x,t),

e(x,t) = /ekfk(x,t), E = /x/kekfk(x,t), (10.1)

k
px,t) = [kfxt), P = /x/kkfk(x,t).

k

The smoothness of the distribution allows us to convert summations over phase-space cells into

integrals. We use the conventions % Sk — f% = [, and (Az)? Y, — [d%x = [_. The
local equilibrium condition of the hydrodynamic description appears as a special case of the
distribution function. In this case, the momenta of the particles in a volume cell around x are
distributed according to their local equilibrium distribution f(x,¢). Usually, fL = f2[{\:}] is
parameterized by the Lagrange multipliers \; conjugate to the conserved charges p;(Az)? in the
volume cell. Since the content of the cells changes in space and time, our notation implies that
Ai = Ai(x,t). From now on, we restrict ourselves to the minimal set of conservation laws: energy
and particle number conservation. The energy is conserved as we consider isolated systems.
Particle number conservation is added since we treat the (quasi)particles as fundamental degrees
of freedom. The equilibrium distribution takes the form of the Fermi-Dirac, Bose-Einstein, or
Maxwell-Boltzmann distribution, f2(z,3) = (zef% 4+ n)~!, with n = 1,—1,0 for fermions,
bosons, and classical particles, respectively.® Here, we replace the more common parameters,
chemical potential 1 and temperature T, by the fugacity z = e ?* and the inverse temperature
B = T~!. The particle density and the energy density are obtained by summing up the
occupation of all momentum states and their energies:

n(x,t) = /kfﬁ [z(x,t),ﬁ(x,t)}, e(x,t) = /kekflg [z(x,t),ﬁ(x,t)}. (10.2)

For a given pair of densities (n, e) the local equilibrium distribution is calculated by inversion
of the functions n(z, ), e(z, 3), see also Sec. 11.1.2. In Sec. 10.5, we will use (10.2) to derive
an explicit expression for the susceptibility matrix y introduced in (8.17), Sec. 8.1.

10.2 The standard Boltzmann equation

Boltzmann proposed an equation of motion for fi(x,t) [83]. Here, we provide a heuristic
derivation, roughly following the structure in the textbook by Ziman [10], supplemented by
notions from the textbook by Brenig [158]. According to the Boltzmann equation the time-
evolution of the local distribution is driven by three contributions:

[ 9Ofx 0 fx
atfk - <8t>drift i <8t>force i Ik[f] ' (103)

The first term states that the distribution changes if particles propagate freely between adjacent
volume cells. If there is an imbalance in the population of state k, ~ Ox fi, there will be a net
flow of particles in state k.

9 fic _

The direction of the flow is determined by the relative orientation between the (group) velocity
of the particles vy and the gradient of the imbalance. The second term,

)" _
<8t>force N _F(X7 t) | 8kfk ’ (105)

5The equilibrium distribution can be derived from the partition function of the grand-canonical ensemble.
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10 The Fluctuating Boltzmann Equation

describes how the distribution changes within a volume cells when an external force F(x,t)
is applied in the region around x. The appearance of these two terms can be understood by
tracking the positions (k;,x;), 1 < < N, of N particles in phase space, see e.g. Ref. [3, 158]:
Let us consider the microscopic phase-space density defined as p(k, x,t) = Zfil Ok —1¢; (£) Ox—x (1)
We assume that the particles obey the classical equations of motion x; = vy, and k; = F(x;,t)
where vy denotes the group velocity of the corresponding wave packet as before. For the change
of p(k,x,t), we obtain:

N N
Op(k,x,t) = =) %i Ox Sk tei(t)Ox—xa(t) — D Ki * Ok Skt (1) s (1)

i=1

(10.6)
= —ka * Ox D16, (1) Ox—xs () — ZFXU “ Ok Ok, (1) Ox—xi (1)

i=1
= —Vk- 8xp(k7x) t) - F(X, t) ' akp(ka X, t) :

The equation of motion of p(k,x,t) is known as the Liouville equation of the single-particle
phase-space density from classical mechanics [111, 158]. The distribution function in the Boltz-
mann equation is related to p(k, x, t) through a coarse-graining procedure, i. e. we take averages
over small phase-space cells introduced before, fi (x,t) = (AkAz)~¢ Jiakag) dlz'd?k p(K', %', t).
The structure of the Liouville equation is transferred to the Boltzmann equation in the conti-
nuum limit and we arrive at the intermediate result:

Orfx + Vi Oxfic + F(x,t) - O fic = 0. (10.7)

The set of contributions discussed so far is called streaming term as it describes a flow in
the single-particle phase space. The streaming term is invariant under the time-reversal trans-
formation t — —t,k — —k.© Hence, it represents the reversible content of the Boltzmann
equation. We emphasize again that the force F refers only to external forces. Interactions
between the particles are not discussed so far. Therefore, the N-particle phase space factorizes
into single-particle phase-spaces [158].

Boltzmann achievement was to include the effect of particle-particle interactions on fi by
counting the number of collisions (Stofzahlansatz) in volume cell (Axz)?. If the semiclassical
picture is applicable, a collision only occurs at an isolated point in space when the wave packets
overlap for a short time interval 7.. For most of the time, the particles are separated in space.
The local change in the occupation fi(x) of state k in a given volume cell around x can be
written in terms of gains Wy ;, and losses Wi gut,

L(fl = Wiin — Wiout - (10.8)

Assuming a dilute gas of particles 7. < 7 the rates of gain and loss are determined solely be
binary collisions. n-particle collision events with n > 2 are extremely rare and can be neglected.
The rates of gain and loss are determined by two factors:

o Wik, k.ks denotes the probability that particles with incoming momenta (k, k1) scatter to
an outgoing momentum states (ks, k3) in the collision event. Such a process contributes
to Wy out- While the free propagation of well-isolated wave packets can be described clas-
sically between two collisions, the quantum nature of the particles cannot be neglected
when they approach each other and overlap. This condition defines the collision event. As
a consequence, Wik, .k, is obtained from a quantum-mechanical transition amplitude.
The reverse process Wik, kk, contributes to Wy i, respectively. Microscopic reversibil-
ity — inherent in quantum mechanics — implies the collision symmetry of incoming and

SWe do not consider magnetic fields.
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10.2 The standard Boltzmann equation

outgoing particles, Wi, koks = Wiokskk,- To calculate the transition rates, one can
resort to the underlying Hamiltonian with two-particle interactions,
g o— f L1 b
— Z €k C) Ck + 5 Z kiko,kska Ck, Ck, CkaCks 5 (10'9)
k {ki}

with the dispersion ey and the interaction matrix Vi ik, k,k,- Fermi’s Golden Rule
[4] leads to the transition probabilities Wiy, koks = 27’f!ka17k2k3 128 (€x + €1, — €Ky — €ks)-
They reflect energy conservation during the collisions.

e Despite collision symmetry, the rates do not vanish in general since they also depend on
the occupation of the involved states. A scattering event (k,kj) — (kg,ks) is realized
only if the incoming states are occupied. For the occupation of the final states, quantum
effects must again be considered. In particular, fermions can only scatter to empty states
due to Pauli’s principle. In this case, the outgoing states come with Pauli blocking factors
(1— fx). The contributions to the loss rate take the form Wiy, w,ks fic fic, (1= fiey ) (1 — fics)-
The gain rate is obtained by swapping incoming and outgoing states. For classical par-
ticles the occupation of the outgoing states is not relevant.

Integration over all scattering channels yields the so-called collision integral,

I(f] = / / / Wik, koks [fkfklfkgfkg - fkfklfkgfkg} : (10.10)

ki Jko Jk3
with the short-hand fi, = 1 — nfk, n =1, —}1,0 for fermions, bosons, or classical particles,
respectively. We used the convention [ = % as introduced below (10.1). Combining the

contributions from the streaming term and the collision integral yields
Ofc +vi - Oxfu T F(x,t) - O = ILlf]. (10.11)

We will refer to (10.11) as the standard Boltzmann equation. 1t is regarded as the prototype
of master equations [82]. As in the previous chapter, we restrict ourselves to isolated systems,
for which external forces are absent. We will omit the contribution ~ Oy fi in the remainder
of the text.

If we consider a certain volume cell with an arbitrary distribution fy, collisions will transform
fx to the equilibrium distribution flg, hence, I[f] # 0. The local equilibrium is established
on a time scale 7 related to the scattering time. Eventually, the collision integral vanishes in
equilibrium, Iy [f°] = 0, as f° fulfills the detailed balance condition ff{) fl(()l f£2 flgg = f2 fﬁl fQQ fl(()g,
i.e. all microscopic transition rates between the momentum states are balanced against each
other, see App. B.4. While the collision integral leads to the relaxation process in momentum
space, the complementary drift term reduces spatial inhomogeneities of the distribution func-
tion. The interplay between both terms results in complete equilibrium and is discussed in
Sec. 10.4 for the linearized Boltzmann equation.

Continuity equations and sum rules The conservation laws of the Boltzmann equation are
shown by deriving the corresponding continuity equations (8.1). Integrating both sides of the
Boltzmann equation (10.11) [ or [, ek yields:

On+ Ox - jn = /Ik, e+ Ox - jo = /eka, (10.12)
k k

with the particle density n, the energy density e, and the corresponding current densities,
o= [ de = [ avndhe (10.13)
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10 The Fluctuating Boltzmann Equation

The local conservation of particle number or energy actually holds since Iy satisfies the sum

rules,
/[k == 07 /Eka = 0. (1014)
k k

The sum rules state that particle number and energy is not changed in the collisions that
occur in a given volume cell. The sum rules (10.14) are easily checked using that Wy, k,k, X
d(ex + €k, — €k, — €ky), see App. B.4. Further conservation laws may add, depending on the
precise form of the interactions (e.g. momentum conservation if Vi, koks X dktk,—ky—ks) and
the existence of further quantum numbers (e. g. spin), but are not considered here. We will draw
on the continuity equation (10.12) in the derivation of hydrodynamic equations in Sec. 10.5.

Coarse-graining and irreversibility The collision integral breaks time-reversal symmetry
of the Liouville-type streaming term (10.7) and gives rise to the irreversible nature of the
Boltzmann equation [158]. This property is usually discussed in the context of Boltzmann’s H
theorem [83]. In our notation, it states that the quantity defined by

s = = [ |fos (0 + itos ()] (10.15)

)

cannot decrease if fi(x,f) evolves according to the Boltzmann equation, i.e.
S = — [ lofidlog(fi/ fi) > 0. (10.15) can be identified as the coarse-grained entropy of
the systerﬁ [147, 178]. The expression in terms of the coarse-grained single-particle distribu-
tion is reasonable as the phase-space density approximately factorizes. Summing or integrating
contributions from different volume cells yields to an extensive total entropy. The extensiv-
ity of the entropy is in line with the assumed short-ranged interactions of the particles. The
entropy (10.15) is maximized by the homogeneous equilibrium distribution fl(() under the con-
straint of the conservation laws, i.e. a fixed particle number fx7k fkx = N and a fixed energy

fx’k exfex = E." Note that the contributions of the streaming term in S can be written as
surface integral and, thus, vanishes. This is in accordance with the notion that reversible pro-
cesses do not change the entropy. The entropy production is only caused by the collisions,
i.e. by Ii[f]. Thus, S reaches its maximum in complete equilibrium when I [f°] = 0.

In general, irreversibility indicates the loss of information about part of the microscopic degrees
of freedom. Here, the apparent irreversibility demonstrated by the H theorem is rooted in the
coarse-grained description [82]. As stated earlier, the Boltzmann equation does not track the
trajectories of the particles in phase space. Instead, the Boltzmann equation treats the collisions
in a statistical manner by counting their number within finite volume cells. As a consequence,
the equation assumes its irreversible character, similar to the coarse-grained hydrodynamic
equations in Sec. 8.1. A generalized form of coarse-graining was developed by Zwanzig and
Mori [179, 180]. Here, the slow or coarse-grained variables are defined by a projection operator
acting in phase space. Their formalism can be used to derive general master equations. The
Boltzmann equation can be also be derived in the framework of real-time quantum field theory,
starting from a fully microscopic quantum-kinetic equation. There, the coarse-graining enters
as so-called Moyal expansion [181].

Correlations and long-time tails As we explained, the Boltzmann theory is a coarse-grained
description. Thus, the distribution function approaches its equilibrium shape in an irreversible
manner. Now, we address the time scale of the relaxation. As the Boltzmann theory deals with
the microscopic constituents, the hydrodynamic behavior on macroscopic scales should be pre-
dicted consistently. Indeed, hydrodynamic equations can be derived from the standard Boltz-
mann equation [119]. Note, however, that the fluctuating term is absent. In inhomogeneous

"In Sec. 10.3, we will consider fi x as a fluctuating quantity. Still, N and E are conserved ezactly (not only
on average).
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10.2 The standard Boltzmann equation

situations, the slow diffusive relaxation is predicted correctly. If the system is initialized in an
homogeneous non-equilibrium state, the standard Boltzmann equation predicts an exponential
relaxation of the distribution function, an obvious contradiction to fluctuating hydrodynamics.
In Sec. 8.2, we saw that the hydrodynamic correlations exhibit algebraic long-time tails oc ¢~%2
even for homogeneous systems. Therefore, the standard Boltzmann theory is incomplete.

The standard Boltzmann equation neglects the correlation between particles. The form of the
collision integral is based on the assumption of molecular chaos [11, 82]: Colliding particles
are assumed to be uncorrelated before the scattering event. Only after the scattering event the
particles are correlated. This implies that particles are not allowed to collide again before they
lost their correlation. It is assumed that scattering events with other particles will lead to a very
rapid decay of correlations. This treatment neglects so-called ring collisions [11, 182]: After the
initial scattering event, the involved particles collide with different particles, but meet again
after a finite number of intermediate collisions. Thus, part of the correlation after the first
scattering event is retained before the second scattering event of the same particles. Ring col-
lisions lead to a slow algebraic behavior which replaces the exponential relaxation at late times.

In order to include the effect of correlations systematically one considers the Liouville equa-
tion of the full n-particle distribution functions flﬁ?)... k,- The equation of the single-particle

distribution fl((? = fx, is obtained by integrating over n — 1 momenta and will depend on
the two-particle distribution function fl(<2)k that describes the correlations between two par-

ticles. In general, the equation of the m-particle distribution fk involves the higher-
order (m + 1)-particle distribution, leading to the so-called BBGKY (BogolyubOV—Born—Green—
Kirkwood-Yvon) hierarchy of kinetic equations [111, 178]. The standard Boltzmann equation
is regained if we assume that the correlations can be neglected, i. e. if the higher-order distribu-

tions flgn) k,, factorize into single-particle distributions fk,. In order to predict the emergence

of long-time tails due to correlation effects the two-particle distribution fl(j)kQ should be kept
in the equation of fy, [183, 184]. The infinite hierarchy is then truncated only after m = 2.

In the following, we will not take this route. Instead, we honor the Langevin approach which
we developed in Sec. 7.2. Similar to the derivation of fluctuating hydrodynamic equation, we
will imprint the missing correlations by adding a noise term. Close to equilibrium, the noise
correlations are then determined by a fluctuations-dissipation relation.

Range of validity of the standard Boltzmann equation To summarize our introduction to
the standard Boltzmann equation, we collect the properties that limit its range of validity:

o As we stated at the beginning of this section, the Boltzmann theory heavily relies on
the existence of quasiparticles if applied beyond the classical-gas setting, i.e. the spectral
function has to be peaked with non-vanishing quasiparticle weight. This condition is not
met, e.g. for one-dimensional fermion systems as we discussed in Sec. 2.1.2 of Part 1.

e The interactions among the quasiparticles are calculated from Fermi’s Golden Rule to
second-order in perturbation theory in V. Thus, the form of the collision integral de-
pends on the validity of perturbation theory. The Boltzmann theory is not applicable for
strong interactions. Furthermore, the collision integral considers only binary collisions.
n-particle collisions with n > 2 are neglected which is usually justified by the diluteness of
the gas of the particles [11, 150]. If the two-particle contribution vanishes, three-particle
collision have to be taken into account, even for a dilute gas. This situation occurs for
a gas of identical particles in one dimension. Here, particles exchange their momenta in
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10 The Fluctuating Boltzmann Equation

binary collisions without changing the distribution function. The collision integral has to
be modified to incorporate three-particle collisions in this case [185, 186].

e Let us consider the time scales after a quantum quench: Hydrodynamics is limited to time
scales t > 7, where 7 denotes the typical scattering time. This is required to fulfill the
local-equilibrium condition. The Boltzmann equation is valid for shorter times after the
quench when local equilibrium is not available, but quasiparticles have formed and start
to interact. We introduced this time period as kinetic stage in Sec. 6. Thus, Boltzmann
theory provides a finer resolution in time, 7. < t < 7, where 7. is the duration of the
collisions.

e At larger times ¢ > 7 the standard Boltzmann equation misses the buildup of correlations
among the particles. The long-time tails predicted by hydrodynamics are not captured.
Thus, the standard Boltzmann equation is incomplete and has to be modified for large
times.

In the following section, we extent the validity of the Boltzmann theory to the hydrodynamic
stage.

10.3 Collision noise

As we saw in the previous section, the Boltzmann equation is the irreversible equation of
motion of the coarse-grained single-particle distribution fi(x,t). Following the general theory
of irreversible processes in Sec. 7.2, the actual distribution must fluctuate about its average
value in a similar fashion as the densities p. Hence, the standard Boltzmann equation (10.11)
only describes the time-evolution of the average distribution and should include a noise term
& to account for the fluctuations. This gives rise to a fluctuating Boltzmann equation,

(O +vic-O0x) i = Delf]+ & (10.16)

In this equation, the fluctuating quantity fi(x,t) has to be understood in the same way as the

velocity v(t) of the Brownian particle in (7.2) or the densities p(x,t) in fluctuating diffusion
equation (8.3). Alike in these examples, the noise correlation function (& (x,t)&w (x,t)) has
to be specified. Thereby, the conservation laws have to be respected. Fluctuating Boltzmann
equations have been repeatedly derived and discussed by many authors, e. g. in the framework
of the linear Onsager-Langevin theory [130, 131, 150, 187-189], but it was also derived from
the BBGKY hierarchy of kinetic equations or master equations [190-192], from the quantum
equation of motion 8t[chck] [193, 194], and with methods of real-time field theory [195, 196].
This is certainly not an exhaustive list of contributions. We will add a further derivation based
on the explicit construction of the relevant non-equilibrium modes X. We stick closely to
Onsager’s general formalism in terms of non-equilibrium modes as exploited in the derivation
of the fluctuating diffusion equation in Ch. 8. Our derivation is partly inspired by the early
works of Bixon and Zwanzig [130] and of Fox and Uhlenbeck [131]. Gross et al. [189] gave a
compact summary of the their results.

The noise term &y describes random transitions between the momentum states. In order to be
compatible with the continuity equation of fluctuating hydrodynamics (8.1), (10.12), & has to
fulfill the same sum rule as the collision integral in (10.14),

Ak)d Ak)?
((27r))dzk:§k ~ 0, ((QW))de:Ekgk = 0. (10.17)

Due to this similarity we will refer to & as collision noise. Here, we are interested in the
equilibrium form of the noise correlations. To simplify bookkeeping of the momentum states,
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10.3 Collision noise

we replaced the momentum integral with the explicit summation over the finite-sized momen-
tum cells again, [ — % > k- This will allow us to apply elementary linear algebra in our
further analysis. In the remainder of this chapter and in the subsequent chapter Ch. 11 we will
mostly omit the factors % for the sake of clarity, except for the final expressions. The missing

factors can be restored at any time by a dimensional analysis.

Equilibrium fluctuations of the distribution 1In the derivation of the fluctuating diffusion
equation, we started our analysis with the definition of the macroscopic state coordinates
(C,X). After this step, we were able to write down an expansion of the entropy which gave
us access to the fluctuations of X around the equilibrium state. In the light of the preceding
discussion, we can anticipate the equilibrium correlations of the fluctuating distribution fy here:
We assume that the fluctuations of fy are controlled by the coarse-grained entropy (10.15),

S = _!21; [fklOg (fie) + filog (]Ek)} : (10.18)

In equilibrium the entropy fluctuates around its maximum value. The fluctuating distribution
deviates only little from the the homogeneous equilibrium distribution that maximizes the
entropy, So = S[f"]. From the expansion of the entropy, in the small displacements § f = f— f°,

2
S = So—l/z[é‘fk(i()]Jro(afi“), (10.19)

we read of the equilibrium correlations
<5fk(X)5fkf (X')>eq = fbad(x—x) = Cuedx-x). (10.20)

We introduced the notation ff0 = ffi fﬁ for brevity. Again, the short-ranged correlations in
space are a consequence of the assumed additivity of the entropy of different volume cells, see
(8.8). The local correlation can also be obtained as the expectation value (clT(ckclT(,ck/>eq from
the grand-canonical ensemble.

Linearized Boltzmann equation and macroscopic state coordinates In order to apply
the general theory of Sec. 7.2, we require a linear macroscopic law that describes the relaxation
of the particles to their equilibrium distribution f°. From the macroscopic law, we then read
of the macroscopic state coordinates. To this end, we consider small local displacements from
complete equilibrium, dfi(x) < f2. In this situation, we can expand the collision integral
Iy on the r.h.s. of the Boltzmann equation (10.11). As f° nullifies Iy, the first term in the
expansion is of linear order in 0 f. The linearized Boltzmann equation reads as

O+ v 0x)0fic = — > Tiadfir + &k - (10.21)
K
The expansion coefficient is given by the collision matrizx,
Tkk' = ékk/ Z Wkpl,pzp:a (nfg2flgsfp01 + f82f33f31)
P1P2P3
+ Z [Wkk’,plp2(77fglf82flg + fglfSQflg) - 2Wkp1,P2k'(fnglgf81 + nf82f£fgl)} :
P1P2

(10.22)
The sum rules of the full collision integral (10.14) have to be satisfied at each order of the
expansion and for arbitrary § fx. Therefore, collision matrix contains full information about
the conservation laws, inheriting the sum rules

YT = 0, Y aluw = 0, (10.23)
k k
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10 The Fluctuating Boltzmann Equation

see App. B.4. The space of the macroscopic states is obtained from the eigenmodes of the
collision matrix.

We observe that we can decompose the total displacement into two independent contributions:
Of(x,t) = 0f°"(x,t) +0fic(x,1). (10.24)

0 f°"(x,t) denotes deviations from a spatially homogeneous equilibrium distribution that do

not change the their shape. f2 + 0f{%(x,t) = g’loc'(x, t) describes a local-equilibrium state,

where the inhomogeneous equilibrium distribution fﬁ’loc' (x,t) varies in space. These are the

states of the local-equilibrium space that hydrodynamics deals with. Hence, § fi°"(x,t) can be
parameterized in terms of the (inhomogeneous) conserved densities (n,e). Since I[f°] = 0,
df"(x,t) does not contribute to the collision integral. Additionally, ¢ f2¢(x,t) describes devi-
ations in the shape of distribution, i. e. the deviations from local equilibrium. This contribution
lies outside the scope of hydrodynamics. 0 f;°(x,t) gives rise to a finite collision integral as
collisions tend to restore local equilibrium. This suggests that  f°" and 0 fi)¢ are vectors of
orthogonal subspaces in the vector space of displacements 6 fi.. To summarize these thoughts,

we reformulate (10.21) as
(O + Vi - Ox) (5fﬁ°n + 5ff§°> = = Tadfid + . (10.25)
Kk

In the following, we will analyze the Euclidean space of distributions by constructing the
eigenbasis of T to verify the decomposition.

For the time being, we assume that we can switch off the drift term vy - 0xd fi.. The resulting
equation,

O6fc = = Tibfw + &, (10.26)
k

takes the general form of the linear macroscopic law (7.24). To get further insight, we perform
a change of basis according to the recipe in Sec. 7.2.3, consisting in two steps: In the first step
the matrix T is symmetrized by a change of basis,

0f = Zci{jgbk/ = (ﬁ£>1/2¢k,
k/

s (10.27)

Sk = ZC&?&/ = (ﬂfi) €k »
o

where Ce = ff28kw denotes the (local) equilibrium correlation matrix (10.20). Indeed, the
matrix

Te = [CPTCY] = T (#2)" (#0) " (10.28)

is symmetric by virtue of the Onsager reciprocal relation, TC' = [T'C]7, see (7.37) and below.®

In App. B.4, we explicitly show that T is symmetric and, therefore, the reciprocal relation is

fulfilled. The emergence of the symmetry tells us that the entropy (10.18) and the collision

integral (10.10) are defined consistently. From (10.23) follows that the T satisfies the sum rules
1/2 -

Z(ﬂﬁ) T = 0, Z(ﬁlg)l/Qekak’ = 0. (10.29)

k k

We obtain the intermediate result:

Ot = — Tawdi + &k (10.30)
k

8in absence of magnetic fields

138



10.3 Collision noise

As a side remark, we note that the equilibrium distribution takes a “universal” form in the
new basis, (bﬁ = z~1/2e=Pe/2 for fermions, bosons, or classical particlesas well. In the second
step, we change to the orthogonal eigenbasis {|m)} of the symmetric matrix T’

Yo" t) [m)y , G(x.t) Zﬁm X, ) [m)y (10.31)

with Y-y (mly [m')y = dpmy. We adopt the ket notation for clarity. |m), denotes the k element
of [m) € RN»*1 and (m/, denotes the k element of (m| = |m)" € RNt where Ny, is the total
number of cells in momentum space. The sum rules (10.29) indicate that there are exactly two
zero eigenvalues with eigenvectors T'|1) = 0, T'|2) = 0, and |m), = a™ ()% + 0" e (f2)'/2,
m = 1,2. We will calculate the coefficients in Sec. 10.5. |1),|2) are conserved modes since they
are not affected by the action the collision matrix. All other eigenvalues 3 < m < Nj have to
be nonzero and positive as T' > 0. Any further conservation law adds a new sum rule, i.e. a
zero eigenvalue to the spectrum of 7', thereby raising the dimension of the degenerate subspace
by 1. Therefore, we can write the symmetric collision matrix as

Tae = Y Imh (b - (10.32)

m>3

We identify 7,,, > 0 as the relaxation time of the non-conserved modes |my, m > 3.

The conserved modes m = 1,2 span the Euclidean space of local-equilibrium distributions,
defined by the vanishing of the collision integral. The non-conserved modes m > 3 describe the
deviation perpendicular to the equilibrium space. Both, conserved and non-conserved modes,
are non-equilibrium coordinates in the sense that they describe the deviations from complete
equilibrium. Thus, we verified the decomposition into contributions from orthogonal subspaces
n (10.24), 5fi = 0fL" + 5 fpc. We identify 6 £ (x,t) = (ff)V2[¢' (x,t) 1)y + ¢?(x, 1) [2)4]
and 0 f2°(x,t) = (ﬁk)1/2 Yoms3 @ (X, ) M)y 0 fi" and df¢ are decoupled if the drift term
is dropped in (10.25). Then, all eigenmodes are decoupled in the Boltzmann equation, in
particular, conserved and non-conserved modes. The decoupled equation are:

815(251’2 = 07

. (10.33)
O™ = ——@"+E™ m > 3.

Tm

We anticipated that £12 = 0: Noise is associated to the irreversible content of the Boltzmann
equation, i.e. to the non-conserved modes m > 3. As they decay exponentially o e t/Tm,
the noise terms €™ # 0, m > 3, are mandatory. In contrast, ¢"? are conserved and are
not related to an irreversible process. Consequently, there is no noise term. We can also
argue with the noise correlation function: The equilibrium correlations (10.20) translate to
<¢m¢m/>eq = §ymd(x — x’) in mode space. Using this and the general form of the noise
correlations (7.47), we infer that <§m§m/> = %5mm’6x—x’6t—t’- In the limit of infinitely long-
lived modes 7,,, — oo, the noise correlation vanishes. Taken together with the general condition
(¢€™) = 0, the noise term is nailed to zero. This is similar to the hydrodynamic noise o ¢?
(8.22) which vanishes in the long-wavelength limit ¢ — 0. Transformed back into the original
basis, we obtain the noise correlations

(&, D0 (1)) = 2Tiaed(x — x)8(t —1'). (10.34)
in (10.30) and, finally,
(&, D& (X)) = 2o fiU8(x — x)8(t —t'). (10.35)
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10 The Fluctuating Boltzmann Equation

in (10.26). The form of the correlations matches the general form (7.51).

The derivation given above is incomplete: We note that the equilibrium correlations in mode
space are O(1) for all modes, including the conserved ones, m = 1,2, a seeming contradiction
to the noiseless equation of ¢ (10.33). The reason is that the drift term couples conserved
and non-conserved modes allowing for fluctuations of the conserved charges in space.

To obtain the full picture, we restore the drift term vidx¢y in (10.30),

O +vic-Ox) e = — > Thawdir + & (10.36)
k

Here, we encounter a minor complication: The drift term adds a reversible contribution
to the Langevin equation which did not exist in the previous examples. Motivated by our
analysis of the hydrodynamic mode space, we choose the Fourier representation to eliminate
the coupling by the drift term. We apply the discrete Fourier decomposition (8.5) ¢ (x,t) =
L >a el 9% Py o and & (x,t) = L >q elIxg o, to (10.36), yielding

O +ivic- @) bkq = — 3 Tawdi.q + Ekq- (10.37)
k/

As previously in Ch. 8, we want to avoid complex variables and define the real-valued modes
¢;q = Re{¢k q}, g = Im{¢y q}. The states are now labeled by the triple (k,q,c). The
modes q # 0 describe distributions that are inhomogeneous in space. These transformations
convert the Boltzmann equation into the standard form of a linear Langevin equation with
real-valued variables [see (7.30)],

o 1 ! /
Odiq = TId Y. L ae P (10.38)
(X.q’,0")
with
/ 10 ~ 0 -1
kk'.qq' = (0 1) Tiw L8qqr + (1 0 ) Vi q Sx L g - (10.39)
oo’ oo’

The irreversible part is again represented by a symmetric matrix. The reversible drift term
violates the symmetry [150, 189]: It maps to skew-symmetric matrix, M7 = — M, that couples
o = + modes.? The equilibrium correlations of the quantities on q are given as

<¢iq$i;,q'>eq - %ﬁgékkll;déqqléwl lCZICZ’I,qq’ ) (10.40)

respectively. Now, we are again in the position to follow the prescriptions of Sec. 7.2.3 and
write down the noise correlation function. We note that, in contrast to the fully irreversible
hydrodynamic equations, the skew-symmetric drift term violates the Onsager symmetry, LC #
(LC)T. Therefore, we cannot use the expression (7.51) which was derived under the assumption
of this symmetry. Instead, the noise correlations are of the more general form (7.55) which also
holds if the symmetry is absent:

oo’

§(t—t) = TaoL%qqd7 6t —t').  (10.41)
kk’,qq’

[LC + (o)’

o ¢o’
(Fallia),,

The skew-symmetric part cancels out from the expression. This result is in accordance with
the notion that noise terms are required to balance the entropy production of irreversible
dynamics close to equilibrium. Reversible dynamics like drift does not contribute to the entropy

9The transpose operation is defined by swapping all indices, (k,q,0) < (k',q’,0")
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10.4 Boltzmann long-time tails

production and, thus, is not accompanied by noise. Inverse Fourier transformation yields the
same form of the noise correlations (10.34) and (10.35) as in absence of the drift term. The result
can also be stated in the following way: The noise term x drives the non-conserved modes 4 f°
perpendicular to the equilibrium space while the collision integral acts as a restoring force. The
conserved modes ¢ f°" also fluctuate: The fluctuating forces perpendicular to the equilibrium
space are transferred to fluctuations of the conserved modes with the equilibrium space by the

coupling of the drift term.

10.4 Boltzmann long-time tails

Coupling of conserved and non-conserved modes: qualitative behavior The drift term
~ vi.O0x0 fi represents the reversible element in the Boltzmann equation that leads to a shift of
the distribution in phase space, § fi(x,t) = ¢ fx(x — vit,0) in absence of collisions; for finite-
size systems pure drift eventually gives rise to an oscillating behavior. The drift term couples
conserved and non-conserved modes in (10.25),

(0 + Vi - Ox) <6f§°“ + 5f£0> = =) Tiabfi +&. (10.42)
K

The interplay of drift term and collision integral results in a slow relaxation of the conserved
modes for inhomogeneous initial conditions. We will first give qualitative arguments based
on the orthogonality of conserved and non-conserved modes. The orthogonality of ¢ f°" and
0 f€ has profound consequences for the relaxation dynamics: While 6 fi¢ decays exponentially,
there is no finite decay rate for ¢ f,°". The conserved modes can only relax indirectly through
the coupling to d fi¢ via the drift term. To clarify this statement we consider the relaxation
with two initial conditions: (1) an inhomogeneous local-equilibrium distribution [0 f°" # 0,

dfip¢ = 0] and (2) a homogeneous non-equilibrium distribution [§ fg°" = 0, § f2¢ # 0].

(1) When the system is released from an inhomogeneous local-equilibrium distribution, the
collision integral vanishes in the initial state. Since the local equilibrium distribution
is even in k and the velocities vy are odd, the current densities (10.13) also vanish,
Jn(x,0) = 0, je(x,0) = 0. The time-evolution is started by the drift term. When the
inhomogeneous local-equilibrium pattern is shifted in phase space, the local detailed-
balance condition is violated and finite non-equilibrium displacements d fi;¢ # 0 emerge.
The non-equilibrium distribution activates the currents of conserved charges, e.g. the
particle current j, = ) ) vid fil¢. The currents reach a maximum when the action of the
drift term is balanced by collisions after a certain drift time. After the initial buildup
of the currents the conserved charges are transported according to the hydrodynamic
equations. Since the 0 fi°" is parameterized by the local densities (n,e), it shows the
same diffusive relaxation in the equilibrium space. The approach of complete equilibrium
is accompanied by the decay of 6 f}° ~ jn, Jje-

(2) If the time evolution starts from a homogeneous non-equilibrium distribution, the lin-
earized Boltzmann equation predicts that the homogeneous equilibrium state is reached
exponentially fast. The relaxation is not hampered by conserved modes. However, this
treatment of homogeneous systems is to naive. Nonlinear higher-order terms in the
expansion change the behavior since they induce a coupling between conserved and non-
conserved modes. We will further comment on the relaxation of homogeneous distribu-
tions in Ch. 12.

Perturbative results To support our statement about the slow diffusive relaxation of the
conserved modes ¢ f°", we analyze the spectrum of the full operator £, including the drift
term. Due to their complementary nature, drift term and collision matrix do not share a

common eigenbasis, i.e. the eigenvectors |m) of T are not eigenvectors of £. We denote the
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eigenvalues and eigenvectors of £ by ¢, |la’f0>, respectively. Decomposition into eigenmodes

P q(t) = 2m 0q0(t) |lgs), leads to the decoupled Langevin equations

atqbgta = _l’gfo Zl,a + gan,o . (1043)

In order to access the spectrum of £, we treat k - q as a perturbation to the bare collision
matrix T'. The perturbation series is controlled by the smallness of the wavenumbers ¢, i.e. by
the smoothness of the inhomogeneities. The spectrum of T is recovered for q = 0.

As a first step we diagonalize the 2 x 2 blocks of the 0 = + basis which decouples those modes.
After that we arrange L into a block-diagonal form of two Nj, x N, matrices Ty + iovy - q,
o = =, and obtain their eigenvalues perturbatively. Due to the conservation laws the spectrum
of T is degenerate; it contains two zero eigenvalues corresponding to particle number and
energy conservation. Therefore, we have to use the method of degenerate perturbation theory
[197] to find the decay rates of the conserved modes lg%. In the following, {|m)} denotes
the orthogonal basis of 1" as before. We note that the matrix elements in the degenerate
subspace vanish, > (m|, vk |m), = 0 for m = 1,2, since the eigenvectors are even function of
k, |m)_, = |m),, and the velocity is an odd function v_x = —vi. As a consequence, the first
order in perturbation theory vanishes. The decay of the conserved modes is characterized as a
second-order process to leading order:

(Zk (m'|, ioq - vic |1, 2>k>2

2 = 0¢°+0q¢" + > + O(¢%)

1
m'>3 0- Tm!
2 (10.44)
= Z T Z (m'leq-vie|1,2) | +0(¢%)
m’>3 k
= D>+ 0(¢%).
The second-order term appears with a unusually positive sign due to i = —1. Only the odd

non-conserved modes contribute. In the last line, we defined the diffusion constant in mode
space,

Ul
M=

Q
Il
—_
=

Dip = L2l o My Tor (M Vi |1, 2) 0
K m/>3

(10.45)

s

Z <172|kvﬁ[f]£ﬁ/”ﬁ' 11, 2)y
7kl

S

1

=~

«

The diffusion constants D; 2 > 0 will reappear in the derivation of hydrodynamic equations in
Sec. 10.5. There, we will see that they are the diagonal elements of the symmetrized diffusion

matrix D = C}?yld/ 2DCﬁ}/fl. In the second line, we defined the inverse of the (symmetric) colli-

sion matrix, [T, = > m>3 M)y Tm (M), as the inverse in the subspace of the non-conserved
modes. We also used the rotation symmetry to single out the factor ¢2. As a result, the drift
term induces diffusive decay of the conserved modes qﬁll{’z 4 Via coupling to the non-conserved

. 1,2 .
modes in a second-order process. The zero modes ¢~ reflect the conservation of the total
conserved charges similar to hydrodynamic zero modes.

Assuming that the unperturbed spectrum of the non-conserved modes m > 3 are non-degenerate,
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10.4 Boltzmann long-time tails

Tm 7 T, M 7 m’, the first terms of the perturbation series read as

1
=3 = —¢"+0¢q'

Tm

(S (' lycioa - viclm)y, ) (S 'y ioa - vichmiy)”

+ ) T 1 + i

m#m’>3 Tm Ton! m/'=1,2 Tm

+0(q*)

1
= — +Dp>3¢® +0(¢?),
Tm

(10.46)
with

(10.47)

2
~Tm D, S (Z (/] vie Im>k) :
m/=1,2 e} k
The first order term o< ig vanishes, Y-, (m|, vk |m), = 0, irrespective whether |m), is even or
odd. Hence, the diffusive term is a subleading correction to the exponential decay ~ e~/ of

the non-conserved modes gzﬁgf?g. The correction can also become anti-diffusive, D,,>3 < 0.
Above we argued that the linearized Boltzmann equation wrongly predicts a fast relaxation of
the ¢ = 0 modes since it neglects higher-order terms. Thus, we cannot treat the relaxation
of the average distribution (§ fi) within the linear approximation. However, a slow relaxation
of the fluctuations of the distribution (J fi.0 fir) is predicted to leading order. The decay rates
of the conserved modes ~ Dy 2¢? imply that (5 fi(¢) fir (t)) exhibits Boltzmann long-time tails
o t~%2 similar to the fluctuations of the conserved densities. Again drawing on (7.50), the
fluctuations in mode space follow

/ / 1 m m
< g}a(tl)¢g%,a,(t2)> = §mm Ldéqq/sw,ﬁ[_e—lq,a<t1+t2>+e—lq,alt1—t2q. (10.48)

For clarity, we assumed that the initial correlations vanish, (¢g’,(0) a”,/ »(0)) = 0. For the
conserved modes, we use the perturbative rate lg', = D172q2, independent of . Thus, the

fluctuations in real space behave as

d
<¢1’2(X1,t1)¢1’2(xz,t2)> = /dqeiq(xz_xl) [e_Dl’qu(tlthQ) +e_D1’2q2|t1_t2}

(2m)4
(1 —x9)* (x1—x9)? (10'49)
e_ 87Dy ot e_m

_(87TD172t)d/2 + (47TD1,2|At|)d/2 7

with 2t = ¢ + to and At = t; — t2 [cf. (8.38)]. The fluctuations in momentum space are
obtained from

Sfext) = (FOV2Y om0 fmh R (V2 Y 6t mh s (10.50)

m=1,2

Here, the unperturbed eigenvectors |m) contribute to leading order. Corrections to the eigen-
vectors  ig correspond to spatial derivatives, (ig)"e%" = 979" acting on (10.50) and generate
terms that decay faster than t~%2. We also used that for large time scales, t,|At| > max(7,),
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10 The Fluctuating Boltzmann Equation

only the conserved modes are relevant since the non-conserved ones reach the final equilibrium
value o< e =%/ For x| = x2 = x, the leading contribution is given as

<5fk(x>t1)5fk’ (X,t2)>

— 0Y\1/2( £r0 \1/2 / m m’
= WY DD i bm o (@7 (x1,1)6™ (32, 12) ) (1051)
= DAY Il (ot o
WD S TR T BaDnt) 2 T (4D A2 )
In particular, we find the non-equilibrium long-time tail of the autocorrelations and its pref-
actor,
_ fe [m)y (mly 1
(0ibe 0 fice,t)) = (ORCOTA)) | = —grim X = m (1052)

The prefactor of the Boltzmann long-time tails exhibits the same structure as the prefactor
of the hydrodynamic long-time tails in (8.41). It consists of the equilibrium correlations ~ ff2

—d/2
m

and the relevant diffusion constant ~ Dy, '“. We will use (10.52) in the analysis of numerical

results in Sec. 11.3.4.

10.5 Derivation of fluctuating hydrodynamic equations

We discussed that Boltzmann theory adds new dimensions to the non-equilibrium space, per-
pendicular to the non-equilibrium space of hydrodynamics. These degrees of freedom are
activated if 0 f}° # 0. Hence, we recover the equations of fluctuating hydrodynamics in the
limiting case of 6 f2¢ — 0.

Before we enter the derivation, we verify that the hydrodynamic equilibrium fluctuations are
consistently determined by the thermodynamic susceptibilities. In equilibrium the particle and

energy densities are given by n(z,8) = Y f(z,8) and e(z, 8) = Sy exfL(z, B) with fugacity
z and inverse temperature 8 in (10.2). For the susceptibility matrix [defined in (8.17)] follows

80 . o 0 0
y = ((91 g(2)" ﬂn) = —Z<gf};}(‘£ Zggﬁ) (10.53)

log(z) e (956 m

We used that O/ ffg = — jflg, 0s fl(() = —ek ﬁlg. On the other hand, the fluctuations of the
distribution function (8 fid fir) o< ffldki [see (10.20)] generate the hydrodynamic fluctuations

<5nx6nx'>eq <5nx(sex’>eq _ Z <5fk5fk’>eq €k <5fk5fkl>eq
B e (0fk0fi)eq € (0f10fic)eq

(GexOnxr) o, (dexdex)oq i (10.54)
= _XS(X - X,) s
i.e. the hydrodynamic correlation matrix indeed obeys Cyyq = —x as required in equilibrium.

In this context, we recognize a practical representation of the orthonormal basis |1), |2) in the
subspace of the conserved modes: In Sec. 10.3, we saw that the basis vectors are given as

0\1/2
(I;@ N S(eij(%)l/?) ’ (10.55)

144



10.5 Derivation of fluctuating hydrodynamic equations

where the 2 x 2 matrix S ensures orthonormalization. If we choose S = ST, the condition

T T
(e (1M (f)'/2 ()2
’ 2k: <<2|k 120k zk: (i) | \ex(fi)? (10.56)
= SChyaS,
is imposed on S, thus, S = C}:yh/ . We gain that the abstract basis vectors 1), |2) are
now fully determined by physically meaningful, measurable quantities, see Sec. 8.1.4. It is

also useful to define an operator P°" which projects a function ¢y = 3, ¢ |m), onto the
conserved subspace spanned by |1), |2). The projection operator can be represented as

T T
o = (3 () _ () o (e 1057
Kk 120 (25 fk(ﬁflg)l/2 hyd €k’(ﬁ£/)l/2 ’
which follows from (10.55) and (10.56). We note that the inverse correlation matrix can be
expressed by the inverse susceptibility matrix C’h_yld = —x L. This symmetric matrix is defined
by the relation (8.17), 0A; = 3~ [x"'ij0p;, and describes the effects of changes in the conserved

densities on the associated thermodynamic potentials A;. In case of particle number and energy
conservation, it contains the partial derivatives:

Gl = Xt = (a"éigﬁ(z) aelai%@))‘ (10.58)

We will use these identities in the following calculations.

We complete the first step in the derivation of hydrodynamic equations by establishing the
continuity equations of the conserved densities (10.12), which are strictly fulfilled. In particu-
lar, they also remain preserved under strong non-equilibrium conditions. The remaining task
is to find the dependence of the currents on the densities: the constitutive equations of the
fluctuating currents j;({p;,¢;}). Given those, we obtain a closed set of equations. Here, the
assumption of weak non-equilibrium conditions will enter. We follow the derivation of hydro-
dynamic equations in Ref. [119] concerning the main steps, but extend them by fluctuating
currents and add the notion of conserved and non-conserved modes.

We recall the decomposition of the distribution function into the conserved and the non-

conserved modes, 0 fx =  f°" + 6 f2°. Finite current densities are only caused by 4 f°,

in 1 1 y
<‘;> = %:(q{) vie (fe+0h) = ;(q{) Vid f2e, (10.59)

since f + §fon = 12’100' is even in k. As a consequence, the local equilibrium assumption of
the hydrodynamic description cannot be met in a strict sense as this would exclude transport.
We will quantify the deviation in the derivation of 0 fi.°.

The hydrodynamic limit is defined by the smallness of ¢ f¢ in the first place, i.e. we are very

close to the local-equilibrium situation. The smallness of § f¢ allows us to linearize the collision
integral. It is convenient to start from the linearized Boltzmann equation in the form (10.25),

(O +vic- 0) (65 + 01) = =D Thao bl + &, (10.60)
k/

with (6£°%, 6, e &) = (fF)Y2(g5om, phe, &) such that the collision matrix is symmetrized,
T =T7. The idea is to isolate ¢’ on one side of the equation and, then, to perform a gradient
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10 The Fluctuating Boltzmann Equation

expansion. To make the inversion of the singular matrix T more transparent we switch to the
orthogonal eigenbasis |m) of T

O™ + Z Ve 0a.0™ = 0, m =1,2 (conserved modes)
m/
(10.61)

m

D™ + Z VO 0ad™ = —— €™, m>3 (non-conserved modes)
m/

Tm

We imply summation over a. The matrix elements V%, , = >, (m/|, v® |m'), also appeared in

the perturbative expansion of the Boltzmann long-time tails in Sec. 10.4. ¢™, €™ are defined
as in (10.31). For the current densities only the non-conserved modes m > 3 are relevant. By
multiplying (10.61) with 7, > 0 and by reinserting ¢ on the r.h.s., we obtain an iterative
solution:

¢m23 —Tm Z Vﬁm/aad)m/ . gm]
= —Tm Vn%m/ a¢m/ + Tmém — Tm 6mm’at + Vmam’aa ¢m’
m;jg mZ;S ( ) (10.62)
= Z [Al]mm’ —Tm! Z Vf,’{/naaqbn—f—Tm/fm/ )
=0 m’/ n=1,2
with Ay = =T (8mm/Or + V., ,04). The iterative solution is valid if the derivative op-

erator A introduces a small parameter such that the series in (10.62) converges. This is
the case if the local conserved modes vary slowly in time compared to the relaxation rates,
Tm>30a01% < 1, and if they vary smoothly on the length scale of the corresponding mean-free
path, 7,>3(Vin10a¢' + Vin20a9?) < 1.19 Such relations are indeed expected to be required
for local equilibrium states. We anticipated these conditions when we discussed the scope of
hydrodynamics at the beginning of Sec. 8.1. To leading order in the derivatives, the solution is

¢m23 = —Tm Z VT?:m/ a¢ml + ngm,
m/'=1,2
=L S (10.63)
ﬂc = - Z[T’I]kk/vﬁﬁagﬁf{?n + Z[Tﬁl]kk’gk’ :
K’ K’

The inverse collision matrix is defined with respect to the subspace of the non-conserved modes
[T Nk = Y ms3 M)y Tm (M) as in Sec. 10.4.

In order to obtain a closed set of hydrodynamic equation we have to relate the conserved modes

¢°" to the conserved densities (n,e). We write 0,¢i>" as an expansion about the complete
equilibrium distribution gbﬁ in the thermodynamic potentials log(z), 5 and use the chain rule:

T T
I — alog(z)gb0 8& log(z) _ 1 alog(z)flg Xfl aan
ok 039" Oa8 (Y2 \ 9sfe Oac

B2\ g [Aan
~ ladmpz) “wt\one)

We used the form of the inverse susceptibility matrix in (10.53). Inserting (10.63) and (10.64)

(10.64)

1"Mandt [119] points out that the time derivative corresponds to a higher order correction with respect to the
spatial derivative by the scaling of the diffusion equation, 9; ~ 92.
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10.5 Derivation of fluctuating hydrodynamic equations

into the definition of the current densities yields the constitutive relations

o 0\1/2
(j@ B Z ( (J(ﬁcﬁ%)l/z) VP
T
0y1/2 0\1/2 "
= -y ( (J(fﬁ%)l/z) O T e ( (@g )1/2) Cil @Z,e) (10.65)

RE .
+Z (ekﬁjlj(”o 1/2) V[T i -

k .k’

Finally, taken together with the continuity equations, we obtain the fluctuating diffusion

equations:
n\ _ Jn\ _ G
o <e> = —0q (jg) = Da2< >+a <C§”>’ (10.66)

with the diffusion matrix D and the fluctuating currents ¢,,, (.. The diffusion matrix can be

represented in different ways which may be more or less practical, depending on the context: !

T
13 (ﬁ0)1/2 - N (ﬁcO/)l/2 -
D = E ;k’k, (ek(ﬁ0)1/2) Uk[T 1]kk/vk/ <€k/(%£/)1/2 Chyld
S 1/2 (1] = 1 1) ! ~1/2
= 3 > Zchyd <<2’1;> V[T i vigr <|2>t/> Chyd (10.67)

T
1< o N 1\ (1 _
- St (L) (L) e

k/

The representation in the second line shows that the diffusion constants Dj o, relevant for
the Boltzmann long-time tails in (10.45), are the diagonal elements of the symmetrized dif-

fusion matrix D = C’h_yld/ 2DC§§§. In the third line, the inverse collision matrix is given by
[T e = (DT e (ff2) /2 in the original basis of 6 fi, &x.

The fluctuating currents in (10.66) are defined by

(e / B ~
<g§> =2 (ei](y];”%;fm) T oo = 3 <1> V[T i (10.68)

Kk’ ke \k

The fluctuating currents vanish on average (¢#) = 0 as (§) = 0. In order to complete
the derivation, we show that the correlations (Cf‘{;?‘/> are also in agreement with the result of

fluctuating hydrodynamics (8.24). We use that (§&y) = 2T d(x — x')8(t — t'), see (10.34).

"'We used the rotation symmetry.
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10 The Fluctuating Boltzmann Equation

The correlation matrix is

()

T
o o 0y1/2 0y1/2
= 2> ke Tl T () (fﬁéw) (0(?]?‘2))/)

kk’ pp’

T
o~ - . 0y1/2 0y1/2
- QZZUI%S [T_l]kk’ [T_l]pp’Tk’p’ (Gi](?,llﬁ(ef)z)lﬂ) (E(‘?}}%)Uz) S(x —x")8(t —t')
pP\/Jp

kk’ pp’

[1*

T
o 0y1/2 0y1/2
23 v 17y (“(7];3)/) (<{7ﬁ))/) 5(x = X)5(t 1)

kp
d . 0y1/2 0y1/2 r
= % Z Z Uﬁ”S[T’l]kp (61({](7];12())1/2> (6(]3/?2))1/2) Saard(x —x")8(t —t').
a=1 kp pP\J/Jp
(10.69)

Comparison with the expression for D (10.67) shows that the form of the current correlations
(8.24) is recovered:

T
< <C§> (sz) > = 2DChyqdaad(x —x")8(t —t'). (10.70)
<6 X,t Ce

! 4!
x/,t

The equality % in (10.69) hides that the inverse 7! is defined only on the subspace of the
non-conserved modes. Therefore, T~'T is not a full resolution of unity. The subspace of the
conserved modes is projected out:

S ooy = X bl = [1= P (1071
k’ m>3

The contribution of P*" produces vanishing terms oc 3y vig Fo? in (10.69) since P is even
in k, see (10.57). The first contribution Oy remains and leads to the equality *.
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Chapter 11

The Fluctuating Relaxation-Time
Approximation

After we pointed out the relevance of the fluctuating Boltzmann equation, we change our per-
spective and focus on the numerical solution: In view of practical applications, we derive a
simplified version in Sec. 11.1: a fluctuating relaxation-time approximation (fRTA). Sec. 11.2
is devoted to the subtleties of the numerical solution. We show that the equations needs to
be stabilized by an artificial diffusion term which also alters the noise correlation function.
Furthermore, we discuss the peculiarities involved in the numerical integration of stochastic
equations and finally provide an integration scheme for the fRTA. In Sec. 11.3, we use this
integration scheme to compute time-dependent correlation functions of hydrodynamic densi-
ties and the momentum distribution. We benchmark the numerical results against the analytic
prediction of long-time tails in Sec. 8.2 and Sec. 10.4. We also include a detailed description
of the program used.

11.1 Derivation of noise correlations

The standard Boltzmann equation (10.11) is a nonlinear integro-differential equation which
cannot be solved analytically. On the other hand, the numerical integration of the Boltzmann
equation is hampered by the form of the collision integral I)[f] (10.10) involving a 2d dimen-
sional integral in momentum space.® The integral has to be evaluated for all phase-space cells
(k,x) and at each time step of the integration scheme, which demands considerable computing
power. Therefore, approximation schemes are required to reduce numerical costs. Efficient
approximation schemes become even more relevant for the fluctuating Boltzmann equation,
when collision noise &y is included:

e To simulate the fluctuating dynamics pseudo-random numbers are generated for each
coordinate (k, x,t), in addition to the evaluation of the collision integral.

e Within the Langevin approach observables are calculated as ensemble averages over inde-
pendent noise realizations or from temporal or spatial averages, as explained in Sec. 7.1.
The statistical errors of these averages decay oc N~1/2 [198], where N denotes the num-
ber of independent realizations. Therefore, the fluctuating equation has to be integrated
many times to obtain meaningful results. This behavior of the statistical error is indeed
present in the numerical results presented in Sec. 11.3.5.

!The collision integral contains three momentum integrals fk ko L. 11 case of momentum conservation one of
1,K2,K3

the momentum integrals is eliminated by the transition probability Wik, koks X Ok4k; —ko—ks- 1f umklapp
scattering is relevant, momentum conservation is replaced by “momentum conservation modulo a reciprocal
lattice vector G” and one of the integrals is again eliminated by Wik, koks X dk4ki—ko—ks;—G-
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11 The Fluctuating Relaxation-Time Approximation

e Furthermore, the numerical effort increases if the noise correlations depend on the in-
stantaneous state of the system. Here, the noise correlation matrix has to be evaluated
for each pair (x,1).

The relazation-time approximation (RTA) is a simple approximation scheme that is applied
to transport phenomena in solids [10]. The key idea is to express the collision integral by the
typical relaxation rate % in the problem. The naive RTA replaces Iy[f] — —%, with 6 fx =
fi — f2 being the deviation from complete equilibrium. The resulting simplified Boltzmann

equation
0
(O + Vi 0x) 0 = —%ck ; (11.1)

is only acceptable if the system is coupled to a bath since it has no conservation law, e. g. the

energy conservation is violated, Yy exdfx # 0. This situation is met for condensed matter
systems which are kept at a fixed homogeneous temperature or chemical potential, e.g. for
electrons in solids that scatter with phonons [10]. As we consider isolated systems, we have to
take care that the conservation laws are still in place.

11.1.1 Linear relaxation-time approximation

In order to set up a conserving relaxation time approzimation, one can start from the linearized
Boltzmann equation. For convenience, we start with the symmetrized equation (10.36),

@+ vic-Ox) b = — > Tawdw + & (11.2)
k

with (0 fk,&k) = ( jfl?)l/ 2(¢k,£k). The linearization is already an approximation for small
displacements from the equilibrium space spanned by the conserved modes. As a further step
of simplification, we replace all nonzero-eigenvalues of the collision matrix 7' by the same
relaxation rate, % — % for m > 3. Very crucially, we do not touch the zero eigenvalues of the

conserved modes, m = 1,2. Considering the decomposition of T into eigenvectors, we define
the new collision matrix TRTA as

~ 1 1 ~

Twe = Z M)y P (ml  — p Z Im) (mhe = TEH, (11.3)
m>3 m m>3

where m > 3 only runs over the non-conserved modes. Therefore, the new collision matrix

can also be written as

- PHC
s = T (11.4)

with the projection operator on the subspace of non-conserved modes P = 3=, <5 |m), (m|.
The linearized equation (11.2) becomes

nc

(O + Vi - Ox) (¢f<0n + ¢ﬁc) = =) T+ & = —¢: + &k - (11.5)
k/

The last equality holds since ¢° = 3=, 53 ¢ |m),. The conservation laws are fulfilled since
¢3¢ has no overlap with the conserved modes |1), |2). As a result, all non-conserved modes
relax exponentially ~ e~%/7,

In order to complete the fluctuating relaxation-time approzimation (fRTA), we determine the
correlation of the collision noise &. Obviously, the noise correlation function is obtained by the
replacement 7' — TRTA in (10.34). TRTA is a matrix with finite elements in the large subspace
of non-conserved modes. Calculating the eigenvectors explicitly is impractical due to vast size
of the mode space. The projection operator P"¢ is complemented with the projection operator
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11.1 Derivation of noise correlations

P onto the conserved modes to a full resolution of unity. An explicit expression for P°" in
terms of the equilibrium distribution was found in (10.57). As a consequence TRTA | is obtained
by subtracting the projection onto the low-dimensional subspace of the conserved modes with
the operator

T
() (R
By, = [1—-P°",,, = Ok — C, ) (11.6)
kk [ ]kk kk ( (ﬁo)uz hyd Gk’(ﬁl(()/)l/Q
The noise correlation function of the linearized Boltzmann equation (10.34) is replaced by

- ~ - 2
(%, )60 (X, 1)) = 2TRTAS(x —x)8(t —t/) = =PiSs(x—x)8(t—t'). (11.7)

T

In view of numerical simulations, it will be useful to write the noise term as §~k = Bkk/Xk, with

independent stochastic variables Xy (x,t), following a Gaussian distribution with (X Xj/) o
Siw. The matrix B € R¥e*Nk ig determined by BBT = oTRTA — %Pnc. Thanks to the
projection property [P*]?> = P", we have B = (2/7)"/2P"°. In the symmetric basis, the
linearized Boltzmann equation is then compactly written as

- . / 2
@ +vic 0 o = =X T + 3 BaeXie = 3R (‘%W“’)'
kl

k’ k’
(11.8)
As a last step, we formulate the fRTA in the original variables fy, ¢ fi:
0 fe 0
(O + vk 0x) 0 fic = —% +&k = fk + Y Bue Xw - (11.9)

k/

The displacement perpendicular to the equilibrium space is obtained by the projection oper-
ator,

Sfpe = (Y2 S PR(H2) Y26 fior . (11.10)
The collision noise is defined by the correlation function

(Ge(x, )& (X, 1)) = 2TRTAH6(x —x)8(t —t'), (11.11)

with TEVA = ()Y 2 Tiae (ff2) 712, see also (10.28) and (10.35). Alternatively, we can use the
decomposition into a prefactor,

1/2
~ 2
Bkk’ = (ﬁ£)1/2Bkk’ = (ﬁ£)1/2 (7_) Pl?li' , (1112)

and Gaussian white noise,

(Xu(x,1) = 0,
(11.13)
(X, )Xo (K, 1)) = Siaed(x — x)5(t — ).

As for the full correlation matrix the projection operator ensures that the sum rules, )y Bk =
0, >k exBxix = 0, are obeyed. Note, however, that B is not symmetric.

11.1.2 Nonlinear relaxation-time approximation

The contribution of the non-conserved modes d f¢ can also directly be obtained by subtracting

0,loc.

the local equilibrium distribution f =™ = fle + 0f" (an element of the equilibrium space)
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11 The Fluctuating Relaxation-Time Approximation

from the full distribution: 0f¢ = dfx — 0 fL" = fix — 1(z’loc'(p). This replacement transforms

the fRTA (11.9) into

he— 1% (p)
T

(815 + Vi - Gx) (5fk = + Z Bkk’Xk’ . (11.14)

k/
g’loc'(p) is parameterized by the local conserved densities p = (n,e). By definition, the local
equilibrium distribution satisfies the sum rules

3 (fk - fﬂloc'(p)) = 0, > e <fk - fﬁ’l“'(p)) = 0. (11.15)

k k

These equations uniquely determine fl(()’loc'(p) for each point (x,t) in space-time. Note that

only d dimensional momentum integrals are involved when calculating the densities p in each
time step. Therefore, the numerical effort is significantly decreased compared to calculating the
full 2d dimensional collision integral for each point k on a momentum grid. On the technical
side, the displacement § f¢ = fy — fl(()’loc'(p) is calculated as follows:

(1) For each point in space-time (x,t), the densities of the conserved quantities are calculated
from the full distribution:

n(x,t) = ka(x,t), e(x,t) = Zekfk(x,t). (11.16)
k k

(2) The local equilibrium distribution is of the form

1

0,loc. o
fk (Zuﬁ) - ZeXp(ﬁek)_i_n)

(11.17)

with n =1,—1,0 for fermions, bosons, or classical particles, respectively. To satisfy
the local conservation laws (11.15) we have to solve a set of coupled equations for the
corresponding Lagrange multipliers (z, 3):

n(z,8) = YRGB, ezB) = Y eafy (=), (11.18)
k k

with the local densities n(z, ) = n(x,t), e(z, 8) = e(x,t) calculated in step (1).

(3) The unique solution (z,3) determines flg’loc‘ (z,B) and the desired displacement 0 f2¢ =

fie = F21°% (2, 8).

This construction is a generalization of the linear RTA. There, ¢ f is calculated from a projec-
tion operation to the Fuclidean space spanned by the eigenvectors |m) of the collision matrix
TRTA The projection can only be done close to complete equilibrium where the linearization

of the collision integral is applicable. In contrast, flg’loc'(p) is a nonlinear function of p and

defines a curved equilibrium manifold. 0 f3° = fi — g’loc'(p) gives the distance of an arbitrary
distribution fx to this manifold. The Euclidean space of the linear approximation appears
as the tangent space at the point of complete equilibrium. Indeed, for small displacements
from complete equilibrium f9, we recover the form of linear RTA: An expansion of the general

distance measure in 0 f, = fi, — fp yields,

fe= ) = =Y Taldfa + 0|65 (11.19)
k1
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11.2 Numerical solution of fluctuating flux-conserving equations

with the linear coefficient

0 [fi— 52 )]

T = = Fﬂl afaf““()
1

0 loc.
e (p)

a
f ka F—f0

= [B1 — 0 — @012 -
(11.20)
We used that aafiz =1, % = €x,, see the definition of the densities in (10.1). Applying the
1 1

chain rule,
On _ -1 alog(z)
(ae> = X ( d , (11.21)

once more [similar to (10.64)], shows that the linear coefficient is equivalent to the projection
operator in (11.10), TIS{), = (f)V2PRe (o)~ V2.

Within the above described nonlinear RTA the distribution relaxes to a local equilibrium dis-
tribution at the rate % Therefore, it seems reasonable to consider density-dependent noise
correlations, i.e. fluctuations about the local equilibrium distribution. The correlation ma-
trix is then calculated from the instantaneous densities in each time step. This gives rise to
multiplicative noise in (11.14),

0 loc.
(875 + vy - ax) ofik = fk ( + Z Byw (p) Xk - (11.22)

where we introduced a density-dependent noise coefficient, Bk — By (p), in order to real-

ized density-dependent fluctuations. By (p) is now determined by the instantaneous densities.
When solving a stochastic differential equation, multiplicative noise has to be treated more care-
fully, see our discussion in Sec. 11.2.2.

So far, we did not discuss the meaning of the uniform relaxation time 7. Strictly speaking,
replacing the spectrum of relaxation times 7, by a single value 7 is an uncontrolled approxima-
tion. The choice of 7 is based on phenomenology. For practical applications, 7 is determined
such that a given diffusion constant is reproduced correctly. The value of the defining diffusion
constant is calculated for a given microscopic model, e. g. with perturbative methods [118, 119].
We can also expect that the relaxation time depends on the densities, 7 — 7(p). In high-density
regions, particles scatter more frequently than in low-density regions. The density-dependence
is particularly important in inhomogeneous situations [118]. However, that the collision term is
still linear in the distance from the equilibrium manifold, even with these dependencies added.
Within the scope of our work, we do not refer to a particular microscopic model and we will
regard 7 as a constant. In the following, we will discuss the numerical implementation of the

fRTA.

11.2 Numerical solution of fluctuating flux-conserving equations

Having established the nonlinear fRTA, we turn to its numerical solution. An analytic solution
is not possible due to the nonlinearity introduced by the the reference equilibrium function
0,loc. . . . . .
. (p). We restrict ourselves to the one-dimensional case from now on, i.e. we consider the
equation

Oife +vdafr = Llfl+ ZBkk’ Wi (2,1), (11.23)
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11 The Fluctuating Relaxation-Time Approximation

with the space-time-local collision term I,[f] = —7![fr — f%!°“(p)] and Gaussian white noise

(Wi(z,t)) = 0
(11.24)
(Wi(z, )Wy (2, ) = Opd(x —a")o(t —t').

The noise correlations are determined by the multiplicative term

2\ /2 oz \© 01/2
By (p) = <7> (V2 | Sy — e%ﬁé)lﬂ Crya Eif%)m (p),  (11.25)

which is evaluated for the instantaneous densities p = (n,e), see (11.12),(11.6), and our
discussion of (11.22).

The Boltzmann equation in 1D In the previous chapters, we derived fluctuating equations
for arbitrary spatial dimensions d, including the fRTA. For the numerical solution, we restrict
ourselves to d = 1. Some comments are in order: The one-dimensional case is different from
higher dimensions: Throughout our discussion of the Boltzmann theory, we referred to systems
of identical particles. In one-dimensional systems of identical particles, binary collisions do
not alter the momentum distribution fi since the scattered particles only exchange their mo-
menta. Thus, the number of particles in a given momentum state remains unchanged and the
distribution will not relax to its equilibrium form. As the standard collision integral (10.10)
only considers binary collisions, it cannot describe the relaxation of identical particles in one
dimension. In this case, the collision integral has to be extented to three-particle collisions
since these collisions change the distribution to leading order at low densities [186]. If there
are at least two different species of particles the binary collision between different species are
again sufficient for relaxation. This condition is met after an interaction quench for the bosonic
Hubbard model where two species of quasiparticles are created [102]. The RTA or fRTA do
not specify what kind of collisions are required to relax the distribution. It is only based on
the conservation laws. Therefore, it is also applicable for identical particles in d = 1. We also
note that the Boltzmann theory is not applicable for fermionic systems in one dimension since
the low-energy excitations are not fermionic quasiparticles, but spin- and charge-density waves
which form a Luttinger liquid, see Sec. 2.3 of Part I. The Luttinger liquid belongs to the class
of integrable models which do not relax to a thermal state after a sudden quench [199]. Instead,
a more complicated steady-state emerges which depends on the initial state.

Outline There are two issues to be discussed:

e In order to make the fRTA accessible to the numerical solution on a computer, we have
to discretize (11.23) on a space-time grid. Naive discretization leads to an unstable
integration scheme. The form of the collision term Iy [f] is not relevant in the discussion
of the stability issue.

o (11.23) is a stochastic differential equation. We have to deal with the convergence of the
integration scheme to a continuous stochastic equation in the limit of small time steps.

11.2.1 Numerical stability

Stability issue: artificial diffusion  First, we consider the deterministic (noiseless) equation,

Oifr + o0 fre = Iilf]. (11.26)
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11.2 Numerical solution of fluctuating flux-conserving equations

In order to derive an discretization scheme, we choose an space-time grid (t,,z;) with 1 <
n < Ng+1,1<i< N, and integrate the equation over the finite intervals At = ¢, 11 — t,, and
Ax = x;+1 — x; in space-time, yielding

Fie = Fin

+1
’Zi = f,?’i+At — Uk Az

+ I,’jﬂ-[f] . (11.27)
The naive discretization of the Boltzmann equation is notoriously instable: Numerical errors
propagate with the drift velocity and accumulate during the time evolution. Indeed, the error
grows exponetially as can be proven by the Neumann stability analysis [200]. The rate can only
temporarily be suppressed by choosing a very fine time discretization with % < 1. This
numerically expensive approach was followed in Ref. [119]. Later, we will choose the symmetric
second-order difference in space 0, fr — %ﬁ"lk We note that the symmetric difference
vanishes for a periodic zig-zag pattern. Thus, numerical error will lead to increasing roughness

of the distribution in space.

Artificial diffusion The scheme is stabilized by averaging out the roughness before performing
the next step of the time evolution:

n+l S + Jiiaa

ki = 5 + At[...] : (11.28)

The improved scheme is known as Lax method [200]. The stability analysis shows that the
scheme is stable if At, Az fulfill the Courant condition At < ﬁ. Since all k modes evolve
simultaneously, we have to choose At such that even the fast modes are stable, i.e.

Ax

Umax

At < At, =

(11.29)

where vpax = max (\ka is the largest drift velocity in our simulation. The symmetric aver-
age is a source of numerical dissipation providing a damping mechanism to flatten out the
numerical roughness. It is equivalent to add a term of artificial diffusion —D®*'02f, —

—Dart f’?’i“ifg)}l_%&i to the Lh.s. of (11.26) with the diffusion constant D" = g—gj [200].

At this point, we note that the dissipation D*'* oc 1/At becomes more and more important for
small At The unphysical dissipation term eventually overshadows the drift term. This is also
obvious from (11.28). Therefore, we have to choose At as large as possible in order to achieve
a high fidelity to the actual physical behavior [201]. On the other, we have to comply with the
upper bound for At given by the stability criterion (11.29).

How to choose D properly? For the fastest |k| = kmax mode in our simulation, we have to

max
the stability, see (11.29). For the slower k modes, the drift term takes smaller values and
eventually vanishes for & = 0. When choosing a global diffusion constant D2 | the modes
|k| < kmax would be stabilized, but also overdamped. They would be completely damped out
within a short time. The continuity equation would be strongly violated [201]. For these modes
a smaller diffusion constant is sufficient . We suggest to avoid overdamping by introducing a k

dependent diffusion constant which linearly scales down with the drift velocity |vg],

2
choose DAt = (QAAJ;)C as At. is the largest time step we are allowed to choose without losing

Az? | Ax|vg|
pet = par 1l _ - 11.30
k max |Uk 2Atc |Uk 9 3 ( )

max | max |
In this way, the diffusion constant takes its optimal value (as small as possible, but as large
as necessary) for each k£ mode and does not dominate the solution of the Boltzmann equation.

We will continue to discuss the diffusive equation in its continuous form

Oufr + vi0ufi — D02 fr = Iilf], (11.31)
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11 The Fluctuating Relaxation-Time Approximation

that corresponds to the stabilized difference equation

" Sl — fiak Fion T fil, — 25
fk;i‘rl = f’?,l + Atc —vk% =+ Dzrt +1, (Ax1)72 — 4 I’ZL,’L [f] . (1132)

with At. and D as defined in (11.29) and (11.30), respectively. In App. B.5, we perform the
Neumann stability analysis explicitly and show that the integration scheme is indeed stable.

Artificial diffusion noise We bring back a noise term Zj(x,t) to the stabilized equation
(11.31). Before we deal with the problems related to the discretization of a stochastic differential
equation, we consider the continuum version,

Oufr + vi0ufi — D02 fr = I[f] +Ex. (11.33)

=i accounts for fluctuations related to the total dissipative content of the equation. Artifi-

cial diffusion, —D{92 fy., introduces an additional damping mechanism which will alter the
fluctuation-dissipation relation. It is clear that the noise correlation (Z;=j/) will be different
from (11.11) where only the collision term I[f] was present. In order to find the full noise
correlations we resort to the derivation in Sec. 10.3: We first linearize the collision term,

(00 +vkds — DFO2) 3fi = = T3 fi + 2. (11.34)
k/

with the collision matrix Th** as defined below (11.11). In the second step, we transform the

linearized equation to the standard form

1 ’ / —
Odfg = T d Z Likrqq P + Eg (11.35)
(klyq/’o-/)
with
, 10 . 0 -1
ﬁﬁ’,qq’ = <O 1) ( ]5;1; + quZrtékk') Léqq/ + (1 0 ) Vkq 5kk’L6qq/ , (1136)

in the same way as we did in (10.38) and (10.39). In the expression of £, the contribution of the
diffusion term shares the symmetry of the collision term since both terms are dissipative while
the reversible drift term maps to the skew-symmetric contribution as in (10.39). According to
(10.41), the noise correlations are then given as

oo’

(EL &) = {ﬁc +(£C)T} S(t—1t')
kk'.aq’ (11.37)

= (Tae + D"y ) L9687 8(t — 1)

where the equilibrium correlations C' are still of the form in (10.40). The inverse transformation
back to the original variables in (11.34) yields the correlation function?

(Ep(z, t)Zp (2, ) = 2 [Tkkxé(x —a') + D38k 0 0 (1 — x’)] et —t).  (11.38)

The additive form of the noise correlation function shows that Z can be understood as the
sum of two independent stochastic variables.> The spatial derivatives acting on the & function
in (11.38) suggest to parameterize the total noise as = = & + 0,0;. & denotes the collision

2The inverse Fourier transformation yields fq q2ei‘J(’”1*I2) = Oz, 0z, fq ela(@i—z2) _ 02, 02,0(x1 — x2).

3The variance of the sum of two independent stochastic variables X1, X, is additive V(X: + Xo) =
V(X1) + V(X2).
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11.2 Numerical solution of fluctuating flux-conserving equations

noise related to the collision term as before in (11.11). Additionally, the diffusion term gives
rise to current noise 6 as for the fluctuating diffusion equation in (8.23). We conclude that a
fluctuating Boltzmann equation supplemented with artificial noise can be cast into the form

(0 + k0o — DE02) fi = Tl f] + € + Db (11.39)

with two independent fluctuating quantities & and 6. From (11.38) we read off the noise
correlations:

(Ep(z, ) (@ 1)) = 2T ffRd(z —2)8(t — '),
O, 00 (1)) = 2D 805 — ') (¢ — 1), (11.40)

(&r(x, )0 (2, 1)) = 0.

Furthermore, we have that () = (0;) = 0. In the following, we will use the representations

&l,t) = Y BwWe(z,t), O(z,t) = ) BiiVi(z,t), (11.41)
k k

with Bt = (2Dt ff9)1/25,,, and By as defined in (11.12). The independent stochastic
variables Wy, Vj, generate Gaussian white noise,

<Wk($> t)Wk/ (.%'I, t’)) = <Vk(1‘, t)Vk/ (3;‘/, t/)> = 6kk’6(l’ _ x')é(t o t/) ’
(11.42)
(Wi(z, t)Viw (2/,t)) = 0.

The noise terms &, 0 do not interfere since we derived them from the linearized equa-
tion. The current noise preserves the local conservation laws, e.g. the continuity equation
of the particle density, dn + 0.j, = 0. However, the current density is now defined as
Jn = Yp(vkf — DO, fi, — 0)). It is complemented by a dissipative, diffusion-type current
— D9, fr, and the corresponding fluctuating current 6y.

11.2.2 Numerical integration of stochastic equations

So far, we addressed the stability of the integration scheme: We showed that the fluctuating
equation must contain an additional term of current noise if the artificial diffusion is used to
damp out numerical errors. Our derivation of the current noise was based on the continuous
equation. Before we re-discretize the stabilized equation (11.39), we have to point out the
subtleties in the numerical integration of stochastic differential equations. Our comments on
this point run parallel to the discussion in Refs. [137, 202].

For clarity, we start with a Langevin equation of one variable,
Oy = aly)+bly)Wi(t). (11.43)

a(y), b(y) are functions of y and (W ()W (t')) = 6(t — t'). In order to derive an integration
scheme, we integrate again over a small interval At = ¢,,,1 — t,, of the temporal grid. First, we
note that & correlated noise W (t) corresponds to a sequence of § peaks on the time axis placed
at random times. Therefore, it is not possible to evaluate the noise variable at a given time ¢.
The integral ftty:”“ dt W(t) cannot be approximated by W (t,). Instead, we keep the integral,

tn+1
yvtt— oy = Ata(y") + b(y") / dtW(t) = Ata(y™)+by™)AW", (11.44)

tn
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11 The Fluctuating Relaxation-Time Approximation

and define a new stochastic variable on the temporal grid,

tn+1
AW = /dtW(t), (11.45)

in

collecting contributions of all  peaks during the interval [t,, t,,11]. It follows that the discrete
noise is correlated as (AW™AW™) = At ™.

Furthermore, it is not immediately clear how to evaluate the multiplicative term b(y). In
(11.44), we chose to evaluate the function before the arrival of the first & peak as favored by
Ito [203]. A different interpretation is due to Stratonovich [204]: He chose to the mean of b(v)
before and after the noise event,

b(y") + b(y™ )

AN (11.46)

y -y = Ata(y") +

In order to decide which interpretation should be followed, it is important to note that perfect
0 peaks do not occur in our physical situation. The arriving § peaks are broadened on the short
time scale set by the correlation time 7.. Wong and Zakai [205] showed that the Stratonovich
interpretation is recovered in the limit 7. — 0, i.e. if the peaks are very sharp compared to
At. As a side remark, we note that the Stratonovich interpretation leads to the usual rules
of calculus while Ito’s choice implies a different form of calculus [206]. Thus, we will use the
scheme in (11.46).

There is still the problem that 4! is unknown and the r.h.s. of the equation (11.46) cannot
be evaluated directly. The solution to this problem is to use a two-stage Runge-Kutta scheme
[143, 207, 208], also known as Heun scheme. Here, a predictor "*! is calculated in the first

b(y" )+b( "t

stage which is then used to calculate the mean value in the second stage:

?jn—i-l — yn € Ata(yn) 4 b(y”)AW",
a(y™) + a(gn+1) . b(y™) + b(F n+1) (11.47)

AW™.
2 2 W

yn—i-l — y”—l—At

In each time step, AW™ is drawn from a Gaussian probability distribution with variance At.

Note that the same noise realization of AW™ enters in both stages of the Heun step. In the
limit of At — 0, the Heun scheme converges to the unknown exact solution of the stochastic
differential equation in the sense of Stratonovich.

For a multivariate Langevin equation of N stochastic variables y = (y1, ..., yn) and noise terms
AW = (AW71, ..., AWy) the Heun scheme is generalized to

gl =y Atag(y +wa AW,

2

(11.48)

n+l _ . n a;(y" )+ai(5’n+1 Z] +bw( ) n
vy = oyt At 5 +Z AWT.

The multivariate Heun scheme can now be applied to the equation (11.39). However, in
contrast to (11.48), two independent noise terms are involved. We choose a (N;+1) X Ni x N,
grid with the discrete points x; = i Az, 0 < ¢ < N,—1 in real space and a symmetric distribution
of points k, = p Ak, —N’{l <p< % in momentum where Ny is odd. N, - Az = L is the
size of the system. On the time axis, we choose (Ny + 1) points ¢, = n At with 0 < n < N;.
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11.2 Numerical solution of fluctuating flux-conserving equations

N; denotes the number of time steps to be performed between the initial time ¢ty = 0 and the
most advance time ty, = At N;. The first stage of the Heun scheme takes the form

I T Jiivn T Jiioa — 213
ntl noAE | — Jhitl T Jki—1 Dart k,i+1 k,i—1 ki I
f fk71+ Cl Vg 2A (AZU) + kz[f]
Abgiv1 — Ak i1
A n ) )
AL T 2Ax

(11.49)
n 1 |vk|
= frit Atk Z<_2AmM()+2A )fk]+Ikz[fz]
j

At At v
o/ cszp 1AW, + c| k Z (1) LDV AV

In the first line of (11.49), we used the definition

Agg) _ 1 [ i (&l t)

In the second line of (11.49), we factored out all discretization factors from the derivative and
the noise terms. The realizations of the independent Ny x N X N, stochastic variables AW};Z-,

V7', are drawn from a standard normal distribution. The matrices Mi(jl) = ;441 — 0;;—1 and

Mi(jg) = 0j41+8;ji—1 — 20;; encode the spatial derivatives. We chose the symmetric difference
to calculate the first-order derivatives. The matrix elements have to be adjusted depending
on the boundary conditions. Note that the time increment is fixed by the Courant condition
At. = Az /vy, The quantities with arguments “[f;]” are calculated from the local densities
at point x;. The full Heun scheme reads as

Rl =l Atears(£) + Y [bip s (FVAW + by (E) AV, |
P.J

n a ifn +a zfn 1 n m n
g g, Bl )2 ki )+22[(bkp7ij(f )+ bipig (7)) AW, (1151)
2

+ (b )+ b, E) vy, |
with

1/2
Atc 2w
b (%) =\ K, Brolfil 83 <Ak> (11.52)
1/2
ar n At ’Uk’ 1 27
bk’p%ij(f ) = (Acx)g Mi(j) (ﬁlg[fj])l/Q Okp (Ak) .

" is a container variable for all values fi'; on the phase-space grid. We restored the factors
(2m/ Ak)'/? by dimensional analysis. At this point, we have to emphasize that the phase-space
grid is not related to the size of phase-space cells which we introduced to describe the coarse-
graining procedure in Sec. 10.1. The discretization is a tool to make a continuous differential
equation accessible to numerics. The scales on which we discretize the Boltzmann equation are
much larger than the scales of the coarse-graining.
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11 The Fluctuating Relaxation-Time Approximation

11.3 Numerical evidence of long-time tails

11.3.1 Obijective

The fluctuating Boltzmann equation presented in Ch. 10, describes the relaxation dynamics
at intermediate and at late times. It captures the physics of hydrodynamic long-time tails
consistently, a feature that goes beyond the standard Boltzmann theory. The equations of
fluctuating hydrodynamics can be derived consistently as we demonstrated in Sec. 10.5. The
same also holds true for the newly proposed fRTA based on a conserving RTA by supplementing
a suitably correlated noise term, see Sec. 11.1. However, we also showed that the numerical
integration has a few subtleties: It requires an unphysical diffusion term in order to stabilize
the integration scheme. The diffusion term, in turn, comes along with a further noise term.
In view of the increased complexity, our prime objective is to check whether this method
actually delivers the expected long-time tails (3p?(z,t)) o< t~%2 as predicted by fluctuating
hydrodynamics. The density-density correlations inherit their asymptotic behavior from the
correlations of the distribution function. Therefore, we also expect to find Boltzmann long-time
tails with the same exponent (8 f2(z,t)) oc t~%2. Furthermore, we want to relate the numerical
results to the analytic prediction of the prefactor in Sec. 8.2 and Sec. 10.4, respectively. We
restrict ourselves to the numerical solution in d = 1 dimensions.

11.3.2 General conditions

We solve the fRTA for a gas of classical particles of mass m = 1 with quadratic dispersion

k2 k
€ = —, Vp = O = —. (11.53)
2m m

The equilibrium distribution is given by the Maxwell-Boltzmann distribution,

eﬂek

=8 = : (11.54)

z

The quadratic dispersion is not be understood that we want to allow for momentum conser-
vation. We assume that only the particle number and energy are conserved since we derived
the fRTA for these two conservation laws.

Initial conditions We initialize the systems in a homogeneous uncorrelated state with
(6 fx6frr) lt=0 = 0 and fx(z,t = 0) = f2(20, Bo). In this situation the system is in equilibrium
on average, but the equilibrium fluctuations take a wrong value. To observe the long-time tails
of the autocorrelation functions, we track the buildup of the equilibrium fluctuations in the
homogeneous system. We choose a equilibrium distribution at the inverse temperature 5y = 1
and use the fugacity zg to tune the value of the mean densities. Here, we note the following;:
Consider the fluctuations AN of the particle number N in the volume cell Az. For classical
particles and in equilibrium the fluctuations are determined by the mean number of particles,
((AN)?) = N = Axn with the mean density n. The relative size of the fluctuations scales
as ((AN)2)1/2 /N = (mAx)~L. In general, fluctuations of all quantities on the discrete spatial
grid scale with (Az)~'. Thus, the fluctuations are large for small mean densities and small
volume cells Az. Large fluctuations are not compatible with the Gaussian distribution of the
fluctuating quantities, e.g. unphysical negative densities could occur. As we use a Gaussian
noise distribution to imprint the equilibrium fluctuations, we have to take care that the relative
size of the fluctuations is small. Given that we want to choose a rather fine discretization Ax,
we are forced to initialize the system with high densities. We choose zp = e~ 78350 ~ 0.0004
which corresponds to the mean densities 7 ~ 1000 and € = 500.

160



11.3 Numerical evidence of long-time tails

Discretization parameters Our numerical solution is based on the Heun scheme (11.51),
(11.52): We choose a phase-space grid with Ny = 99, N, = 1000, and Az = Ak = 0.3. The
violation of the conservation laws due to discretization errors is negligible. The time increment
is fixed by the Courant condition to At. = UA"” = 0.027. The system size N, - Az = 300

max

is large compared to the mean free-path of the particles (NzAz)/(vk,,, 7) = 0.049. This
condition is important to observe diffusive behavior and, thus, long-time tails. We record the
time-evolution for N; = 10,000 time steps. The largest time reached is still smaller than the
diffusion time [see Sec. 8.2.2] tqig/At = 560,000 of the slowest diffusive eigenmode.

Collision term In each time step and at each position of the spatial grid, the collision term
Llfl = =77 fr— f,g’loc'(p)] is evaluated according to the recipe in Sec. 11.1.2, p. 152. In order
to calculate the local equilibrium distribution f,g’loc‘(p), the densities n(z, ), e(z, 5) have to
be inverted. For classical particles with quadratic dispersion, the analytic result is

m\ 2 L (11.55)
n,e) = ——, z(n,e) = |[— _ .
o) 00 = (5) gy

in d dimensions. For arbitrary dispersions and equilibrium distributions, a coupled set of
equations needs to be solved involving a numerical root search. However, the root search can
also be avoided by interpolation: The densities (n,e) are calculated on a grid of (z, 8) values.
The obtained values are then interpolated as a function of (n,e).

Simulation of equilibrium noise The noise terms &, 6 are simulated by pseudo random
numbers. We implement equilibrium noise and do not perform updates of the noise correlation
function with respect to the instantaneous densities. This is reasonable since the fluctuations
of the densities are small by the choice of parameters as we argued before. We calculate the
prefactors by ;; and bzl,;t%j in (11.52) from the initial Lagrange parameters (zp, o) since they
determine the equilibrium fluctuations of the homogeneous system.

Boundary conditions We implemented different boundary conditions:
e periodic boundary conditions, defined by fi'y 1 = fiy and f' 1 = filn,,

¢ open boundary conditions, fi!; — %(f,zl—i-ffk’l), fen, — %(f,?’Nz + /" n,) (The currents
are set to zero at the edges by symmetrizing the distribution after each Heun step.) and,

o fixed boundary conditions, fi!; = fi'y, = f2(20,80) (The distribution at the edges is
fixed at the homogeneous initial value.).

We observe that the integration scheme develops an instability for periodic and open boundary
conditions for long times of the order of the drift time ~ L/ (vg). We attribute this behavior
to the fact that numerical errors are not completely damped out by the artificial diffusion
term. These errors accumulate for periodic or open boundary conditions when they traverse
the system again and again. The instability occurs before the hydrodynamic stage is reached.
Therefore, we were not able to observe the emergence of long-time tails. For fixed boundary
conditions the instability does not occur since the the propagating errors eventually are ab-
sorbed at the edges. Using fixed boundary conditions resembles a one dimensional wire coupled
to leads with fixed chemical potential and temperature at pug = —7plog(zo), To = % The fluc-
tuating currents at the edges exchange particles and energy between the wire and the leads.
Therefore, the total conservation laws are violated. The total particle number and the total
energy are only conserved on average and fluctuate around this average. As a consequence, the
value of the equilibrium fluctuations is altered compared to the isolated system. The numerical
results presented here are obtained for fixed boundary conditions.
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11 The Fluctuating Relaxation-Time Approximation

Observables The time evolution of the full distribution [fi; is recorded. The values of den-
sities on the space-time grid are calculated from f; by summations over the discrete k values.
The buildup of the equilibrium correlations is tracked by the correlation function of the par-
ticle density (6n2)", energy density (6e?)”, and momentum density (5p?)" for each time step
t,. Furthermore, the correlations of the distribution itself (3f2)" are calculated. We execute
a number of Ngg = 1000 instances of the program with different seeds for the random number
generator. Thereby, we create statistically independent noise realizations and fluctuating dy-
namics for each instance. The remaining initial conditions are identical. In order to extract
the correlation functions from the noisy data we perform averages (...) on two levels: In a first
step, we calculate the correlation functions for each instance separately by averaging over the
spatial grid. In the second step, we gather the results from all instances and calculate the final
correlation functions by averaging over the intermediate results of the independent instances.

Computational resources We implemented the integration scheme in the program language
C++11. The random numbers were generated by the 64bit-Mersenne-Twister generator of the
numeric standard library random. Furthermore, we used templates for matrix operations and
special functions provided by the libraries Eigen and Boost. The C++-based program was
compiled and executed on the high-performance computer CHEOPS at RRZK, University of
Cologne. The functional scope of Mathematica [176] was used for the generation of input data
for the main program (e.g. the initial distribution) as well as for analysis and visualization of
the output data.

11.3.3 Detailed program flow

(A) Generating input data (Mathematica)
(1) Define phase-space grid (Ng, N,), (Ak, Az).
(2) Choose initial distribution and evaluate on phase-space grid.

(3) Define temporal grid Ny (number of time steps performed) and fix At. by Courant
condition.

(4) Generate Ngq seeds for all runs.
(5) Choose boundary conditions (periodic, open, or fixed).

(6) In case of fixed boundary conditions: Define left and right boundary distributions
on the momentum grid.

(7) Choose equilibrium distribution. (Only the classical distribution was considered.)

(8) Switch noise terms on/off, and switch local updates of noise correlations on/off.
(Local updates were not considered.)

(9) Write input data to binary file.

(B) Time-evolution and spatial averages for a single run (C++)

(1) Read in initial distribution and other input parameters and initialize the random
number generator with seed s from seed list.

(2) If local noise updates are switched off: calculate the decomposed correlation matrices

bk i, DS ;; (11.52) from the total conserved quantities (total energy and particle

number computed from the initial distribution).

(3) Truncate the matrices Mi(jl), Mi(f) (11.52) according to the chosen boundary condi-
tions.

(4) Perform Heun step t, — tpi1:

(4.1) Compute the conserved densities (n}', e}') from fﬁi on the spatial grid z;.
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(4.2) Compute the local Lagrange multipliers (2], 8*) for each x; [local inversion of
the functions n(z, §), e(z, 8)].

(4.3) Compute the local equilibrium function | ,S”;OC']" for each x; as well as the colli-

sion term I ;[fi] = 771 [ fri — [£21°9]"]. In case of noise updates: Compute the
matrices bers i (£"), by ;5 (£™) (11.52).

(4.4) Draw 2 x Nj x N random numbers AW, AVp, from a standard normal
distribution.

(4.5) Heun step (first stage): Compute predictor f”Jrl using (11.51), (11.52).

(4.6) Repeat steps (4.1), (4.2), (4.3) for fl?i.

(4.7) Heun step (second stage): Compute final result f”+1 using (11.51), (11.52).
(4.8) In case of open boundary conditions: Replace fia (f,?l + fT_lM), fin, =

2w, + n)-
(5) Repeat step (4) Ny-times and store f,?l in memory.

(6) Compute mean X" = (O™), and variance Y™ = ((O™ — (O™),)?), of observable
O = n,e,p, f, for each time step ¢, by averaging over the spatial grid, (O™), =
ZNZE On
(7) Save the time-evolution of X™, Y™ to binary file.
(C) Averaging over independent runs (C++)
(1) Import means X" and variances Y_" of Ny runs with different seeds s.

(2) Compute final results for mean Xg, and variance Yg, for each time step t,, using that
. N,
Xy = (X")q and Y = (Y7") g + (X" = (X)) gq with (X7) 4 = 5= 2o X2

(3) Save final results X¢, , Y to binary file.

(D) Analysis and visualization (Mathematica)

The expressions of the dispersion €; and the group velocity vy are hard-coded. If the dispersion
is changed, the method of inversion in step (4.2) has to be adjusted.

11.3.4 Analytic prediction

Linear hydrodynamics predicts that the correlations of the conserved densities and the dis-
tribution function approach their equilibrium value o t~*/2 in one dimension, see Sec. 8.2.
The values of the prefactors are essentially determined by the diffusion constant D and the
equilibrium correlations Chyq. Since we start from a noiseless initial state, the dependence on
the initial correlations is removed. In order to calculate the diffusion constants, we resort to
(10.67) in our derivation of hydrodynamic equations in Sec. 10.5 where we insert the collision
matrix TRTA of the linear fRTA:

kK

_ 20 (1 €\ ~—1
= Tkaﬁ”k (Ek 6%> Clya -
%

T
0\1/2 B 1/2

D =% (6%7;()))1/2) up[(T) row ( (L?cﬁg)m) Crya
' (11.56)

We used that TRTA = %Pnc, see (11.4). As the inverse matrix was defined in the subspace
of the non-conserved modes, we can write [TRTA]~! = 7P = 7[1 — P°"]. The contribution
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11 The Fluctuating Relaxation-Time Approximation

of PSP vanishes since the projector is even in k and k’. The hydrodynamic correlations are

calculated from (10.53) and (10.54),

1
Chya = IR (ek 6%) (11.57)
k

Note that ﬁ,? = f,g for classical particles. The homogeneous equilibrium distribution f,g =
f2(20, Bo) entering here is determined by the initial conditions (20, 8y). The prefactors of the
hydrodynamic long-time tails for particle and energy density n, e are given by the diagonal
elements of the matrix expression in (8.41):

(Gpitx. 0opi(. 1)) = (Bpile. opi(ar, ) - = —a® 7112, (11.58)
nyd  [D7Y2Chyalii

with p; = (n,e). The expressions yield a4 = 253 and o4 = 77 for particle and energy
densities. The prefactor of the Boltzmann long-time tails is obtained from (10.52) in Sec. 10.5.
Using the representation of the eigenvectors |1),, |2), in (10.55), (10.56), we find:

(87k(e, 00 fua.1)) — (3fe(@)file)) = —aPi!/2, (11.60)
with
i m),, (m|
F wor &, o

(11.61)

02 5 1 .,
- W (e (5 Teare(l)

Only the diagonal elements of the symmetrized diffusion matrix D = [Chya]™*/2D[Chya]
enter.

1/2

11.3.5 Numerical results

We compare the analytic expectation with the results obtained from the numerical solution
of the fRTA. Here, we have to take into account that we use fixed boundary conditions: The
final values of the correlations deviate from the equilibrium values of the isolated system,
i.e. (6p2) . # (5p3) eq- To correct the equilibrium values, we plot the time-dependent corre-
lations (3p?), as functions of t~1/2 and perform linear fits for times ¢t > 107. The corrected
values are then obtain by extrapolation of the fitting function to t~1/2 = 0. We estimate that

(0n?) o, = 0.999 (9n?) ., (5€*), = 0.99 (5¢?) -

eq’

Conserved densities In Fig. 11.1, p. 167, we show the buildup of the equilibrium correla-
tions of the particle and energy densities. For times ¢ < 27, an exponential growth is observed
which is related to the fast local equilibration of the fluctuations. For larger times the relax-
ation slows down and eventually turn into a power-law behavior: Long-time tails emerge as
expected for the correlations of conserved densities. We plot the data on logarithmic scales
and use linear fit functions to find the prefactors and the exponents of the power-laws. The
exponents take the values —0.48 and —0.53 while the prefactors deviate by —7% and +10%
from the predicted values for particle and energy densities, respectively. The clear deviations
are very likely caused by our inaccurate extrapolation to the final equilibrium values (én?) o5
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(6€?)_. based on the assumption of a power-law decay o t=1/2. We also did not take into
account that the prefactor itself has to be modified by the corrected equilibrium correlations.
Aside from the incomplete analysis, we suspect that statistical errors play a major role.

Statistical errors occur as the observables are calculated from averages over a finite number of
realizations or samples X; of stochastic variables X. We take averages over a finite number spa-
tial grid points IV, and a finite number of independent realizations Ny of the time-evolution.
In the following, we refer to averages over the statistically independent realizations. The av-
eraged quantities (X) = stil Zf\;si‘ X, fluctuate around their theoretical expectation values
E(X) from time step to time step. This statistical noise is clearly visible for large times in
Fig. 11.1. The standard deviation ox) = [E((X)?) — E((X))?]Y/2 indicates the range of the
statistical fluctuations and can be used as a measure of the statistical error. For statistically
independent realizations it decays as o Nsal/ %, We examine the behavior of the statistical error
in the subsequent paragraph.

Non-conserved momentum density and statistical error The linear theory predicts that
long-time tails only show up in observables which exhibit a finite overlap with the conserved
modes |1),, |2),. The momentum density, defined as

ple,t) = Y kfi(z,t), (11.62)
k

is an example of a non-conserved quantity in our set-up. Conservation of momentum requires

a conserved mode [3), ~ k which is odd in k, |3)_, = —|3),. Since we only allow for conserved
modes [1),, |2), ~ (1, €;) which are even in k, the momentum density cannot be conserved. As
a consequence, long-time tails are absent for the correlation function

<6p(ac, t)op(a’, t)>

= SRKEDVUAME Ym0 (6 (0™ (2, )), (11.63)

kK’ m,m’>3

o émm’ e—t/™m

see also our discussion in Sec. 10.4, in particular, (10.51). Instead, an exponentially fast
approach of the equilibrium correlations,

(sp(@)p(a) = SRK (35l

ed Kk

= Y KRS —a) (11.64)
k

= 2m <5e(:1:)6e(x’)> ,
eq

is predicted. We used the equilibrium correlation of the distribution (0 fixd fir)e, in (10.20).
In case of a quadratic dispersion correlations of energy and momentum density are only dis-
tinguished by the factor 2m. On the other hand, nonlinearities in the Boltzmann equation
couple conserved and non-conserved modes. Therefore, we expect that our nonlinear fRTA
will produce long-time tails for the quantity (dp(z,t)dp(a’,t)) as well. We can also argue that
the fluctuations of the momentum density are related to the fluctuations of the current density
via (0p(z,t)0p(x, 1)) = m20,0, (on(z,t)on(z’,t)) |g=e o t=3/2.* Thus, the fluctuations of the
momentum density inherit the long-time tails from the fluctuations of the particle density.
However, these long-time tails are not visible in our numerical results since they are shadowed

4We have that p = Yo kfe=mY ], vk fr = mjn & —mdyn.
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11 The Fluctuating Relaxation-Time Approximation

by statistical errors as we will show in the following.

Fig. 11.2, p. 168, depicts the buildup of the fluctuations. As for the conserved densities we
used the corrected value of the final correlations (5p?)_ = 0.991 <6p2>eq. We observe that
the exponential decay levels off at ~ 7-107%, which is indicated by the horizontal line. This
behavior is the signature of statistical error on a logarithmic 2scalge. This can be rationalized by
plotting a Gaussian probability distribution P(z) = % with mean p and standard
deviation ¢ on a logarithmic z-axis: As long as p > o, the distribution is sharply peaked at
log(z) = log(u). If the mean value of the observable decreases and reaches o, the peak is fixed
at log(z) = log(o) and smeared out towards smaller values log(z) < log(c). For u < o, the
distribution vanishes at log(x) > log(o) and jumps to a constant at log(x) < log(c). Therefore,
o can be estimated by the value where the jump occurs in the density of plotted points for
t > 107 in Fig. 11.2.

We use the correlations ((6p)?), to examine the scaling of the statistical error o as a function of
Ngq. Fig. 11.3, p. 168, collects the estimated values ¢ for an increasing sample size. The agree-
ment with our expectation, o N;ll/ 2, indicates that the pattern of plotted points is caused
by statistical error. The results shown in Fig. 11.1 and Fig. 11.2 are obtained for Ngq = 1000.
If we assume that the relative error of all correlation function is of the same size, it also affects
the fitting of the long-time tails. We conclude that the sample size Ngq has to be increased
further in order to come up with a meaningful comparison. The slow decay of the statistical
error is a drawback of sampling Langevin equations [198].

Distribution function Finally, we turn the correlations of the distribution (5f,?>t It turns
out that the sampled correlation functions are distorted by the statistical error. In particular,
for larger momenta the statistical error exceeds the prefactors o< ( ﬁ,?)Q of the expected long-
time tails by far. The emergence of a long-time tail is best seen for k¥ = 0 when the prefactor
takes its maximal value. The time-evolution of <5f,§:0>t is is plotted in Fig. 11.4, p. 169. The
slowing down of the exponential decay is clearly visible. The predicted long-time tails are
consistent with the sampled data. However, quantitative comparison is not meaningful since
the correlation function is dominated by the statistical error as can be seen from the smeared
distribution of plotted points.

We conclude that the numerical solution of the fRTA is consistent with the analytic predictions
of the long-time tails. However, clear statements about the quantitative agreement cannot be
made so far. The number of averaged samples Ngq has to be increased significantly before
a further analysis is possible. Furthermore, it would be worthwhile to reduce the effect of
the fixed boundary condition by excluding grid points close to the edges from the spatial
average. Periodic boundary conditions are preferable since they allow for a direct comparison
of the predicted and calculated correlations in an isolated system. The instability for periodic
boundary conditions might be suppressed by a finer temporal grid, at the expense of increased
run-time and memory consumption.
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Fig. 11.1: Long-time tails of the density autocorrelation functions The relative devia-
tions from the final values are plotted as a function of time on logarithmic scales.
The linear fits apply to ¢ > 107, marked by the gray-shaded area. We obtain
(n%)  — (n?), = 0.93a¥4¢=0483 and (e2)  — (%), = 1.1av4¢t70532 The predicted
long-time tails (n?)__ — (n?), = al¥4t=1/2 and (e?)  — (e?), = a¥4t1/2 are plotted
for comparison. The intersections with the vertical axis indicate the prefactors of
the long-time tails. The exponential growth for times 7 < t < 27 is extrapolated to
larger times to demonstrate the slowing down of the relaxation.
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Fig. 11.2: Exponential buildup of the fluctuations of the momentum density and sta-
tistical error An exponential growth of fluctuations is observed until the relative
deviation shrinks to the size of the statistical error. The value of the relative statis-
tical error is estimated as 7- 10~ by a constant fit for ¢ > 107.
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Fig. 11.3: Statistical errors extracted from the fluctuations of the momentum density
The estimated relative statistical error is plotted against the size of the ensemble on
a double-logarithmic scale. The power-law fit yields 0.02 NSEOE within the limits of
error.
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Fig. 11.4: Long-time tails of the correlations of the distribution function for £ = 0
The exponential approach eventually turns into a power-law behavior. The pre-
dicted long-time tail O‘E:o t~1/2 with a%:o = 2350 is contrasted with a power-law fit

~ 0.47ap_ot7033 for t > 107. The large deviations between the two are attributed
to the large relative statistical error whichthat overshadows the long-time tail.
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Chapter 12

Outlook

We derived a fluctuating relaxation-time approximation (fRTA) that complements a conserving
relaxation-time approximation with hydrodynamic noise. The fRTA can be used to study the
relaxation dynamics of isolated systems with conservation laws at intermediate and at late times
when hydrodynamic fluctuations are relevant. The numerical effort is decreased compared to
the solution of the full Boltzmann equation. The fRTA was derived from a conserving RTA
by adding a noise term. The noise correlations are determined by the fluctuation-dissipation
relations within the linear-response regime. We suggested to stabilize the numerical integration
scheme by an artificial diffusion term which is accompanied by a further noise term.

The numerical solution exhibits long-time tails in the fluctuations of the conserved densities
and of the distribution function. Within the limits of error, the exponents and prefactors of
the long-time tails are consistent with the prediction of fluctuating hydrodynamics and pertur-
bation theory, respectively. In order to show full quantitative agreement, the statistical error
has to be minimized further. Then, it should also be possible to identify subleading corrections
oc t~1 [88, 152] which arise from the nonlinear fRTA. Our numerical results were obtained for
fixed boundary conditions to suppress further numerical instabilities. Since fixed boundary
conditions alter the equilibrium correlations, a stable integration scheme with periodic bound-
ary conditions is desirable.

The fRTA can be applied to transport problems where conservation laws are important. Special
interest lies in problems where the nonlinearity of the collision term o< (fy — ]8 19¢(p)) couples
the fluctuations and the average distributions (f;). Here, the nonlinear terms are responsible

for the leading order effect. In the following, we highlight two settings.

12.1 Long-time tails after a Fermi-liquid quench

To be more concrete, let us consider an interaction quench in a fermion system. We start
out from a gas of free fermions at 7' = 0. For ¢t < 0, the system is prepared in the ground
state [F'S) of the quadratic Hamiltonian Hy = >y , ekcL »Ck,o- |FS) denotes the filled Fermi
sea, all states are occupied up to the Fermi momentum. At t = 0, we suddenly switch on an
interaction term, Hy — Hg + % 200" 2Kk q CL+q7UcL,_q7J,ck/7glck7g. The low-energy states of
the interacting fermion system are fermionic quasiparticles which form a Fermi liquid. The
non-interacting ground state |FS) is no longer an eigenstate of the interacting Hamiltonian.
Thus, |F'S) maps to superposition of excited quasiparticle states. In this way, the relaxation
process is initialized. Our interest lies in the relaxation of the quasiparticle distribution fy itself.

The relaxation of the distribution function was studied by Moeckel and Kehrein [113, 114]. The
flow equation method [209], as applied by these authors, is limited to the dephasing stage of the
relaxation process when the quasiparticles are formed. The focus of their work was to calculate
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the time-dependent distribution of the physical fermions, but the quasiparticle distribution can
be deduced from their results. Dephasing generates an initial quasiparticle distribution f,i:ni.
The subsequent relaxation of flini upon scattering of the quasiparticles is described by Boltz-
mann theory. We expect that the system reaches a state compatible with the thermodynamic
equilibrium state at late times after the quench. This opens the stage for the fRTA. In contrast
to discussion in the preceding chapters, the object of interest is the noise-averaged distribution
(fi(t)), i. e. the relaxation of the mean values. (fi(0)) = fi™ represents the initial condition for
the Boltzmann description. The fRTA describes the relaxation of (fi(t)) to the Fermi-Dirac
distribution f2 = (ze’% + 1)~! which is the equilibrium distribution in this case.! After a
period of exponential relaxation, we expect to observe hydrodynamic long-time tails in the
approach of the thermal distribution, similar to relaxation of correlation functions.

Within the linearized Boltzmann equation the relaxation of the average distribution is insensi-
tive to the collision noise &y,

@ +vic- ) 0A)Y = 3 Thaw (5fi)Y (12.1)
k

where we used that (§x) = 0. To linear order an exponential relaxation of the displacement
(6 i)V ~ e7/7 is predicted. However, this does not give the full picture: Expanding (fi())
about the final equilibrium distribution for small variations dp; of the conserved densities gives

£
o Opidp;

<fk(t)> — fi <Pi(t)ﬂj(t)> +0(p3), (12.2)

dp=0

where the first order vanishes since (dp;) = 0 in equilibrium. As explained in Ch. 8, the

fluctuations of the densities exhibit long-time tails (5p;(t)dp;(t)) o t~%2. Thus, the same
power law must show up in the relaxation of (fx(¢)). The same result should be obtained if we
expand the nonlinear collision term 771[fx — f(p)] to second order in & fy:

2
@ +vic )i = = Tiaadfis — > T 0fir0fics + Eic - (12.3)
k ki1kso

Close to equilibrium, we can treat the second-order term as a small perturbation. In the
long-wavelength and low-frequency limit, the contribution of the derivative is small compared
to the relaxation rates Tkg,. Thus, the leading-order correction to the exponential decay of

(6 fie())) is given by

G®) = = Y T80 (0fe®ifia®) < 2 oy
ki1koks

where the fluctuations (9§ fi (¢)d fis (t))(l) o t=%? are obtained from the linear Boltzmann equa-
tion to leading order, see Sec. 10.4. As a result, (Jfx(¢)) inherits the long-time tails from the
correlation function as a second-order effect. Interestingly, the nominally less relevant higher-
order correction (& fk(t)>(2) o t~%?2 dominates over the leading order (& fk>(1) o e t/7 for long
times.? It would be interesting to compare the analytic prediction to the numerical solution
of the fRTA and to prove that (12.2) and (12.4) lead to the same prefactors of the long-time tails.

1We expect a final temperature of the order of the interaction strength, T ~ U [113].

2Dominant higher-order terms also appear in different physical contexts: The conductivity of a disordered
antiferromagnetic metal acquires an interaction correction o< —log?(T') in the vicinity of the quantum critical
point which eventually dominates over the leading order correction o< T" at low enough temperatures [210].
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12.2 Long-distance tails in a current-carrying wire

The fluctuating RTA also opens the possibility to revisit transport problems that were studied
only using the standard Boltzmann equation so far. One question that could be addressed re-
lates to the voltage drop in a one-dimensional wire. We saw that sudden 6(¢)-like perturbations,
i.e. sudden quenches, induce long-time tails at late times. Injecting or removing particles at
two different points in space represents an analog &(z)-like perturbation in space. If injection
and removal of particles happens with the same constant rates, the steady-state of a current-
carrying wire emerges. In the scope of linear fluctuating hydrodynamics, the steady-state is
characterized by a linear drop of the particle density. The density profile is not affected by
hydrodynamic fluctuations on average. This changes when we consider the density-dependence
of the diffusion constant D — D(n) which leads to the current density j, = —D(n)d,n— (. In-
serting this form of the current into the continuity equation gives rise to a nonlinear fluctuating
diffusion equation dyn — 9z[D(n)0yn| = 0z¢. In the nonlinear term couples the hydrodynamic
fluctuation to the average density. Similar to long-time tails, one expects to find long-distance
tails in the correction to the density profile. From the scaling of the diffusion equation, 9; ~ 92,
we expect that the long-time tail oc t=1/2 translates into a correction o |z|~! far away from a
d—perturbation at x = 0.

Hydrodynamic long-range correlations in non-equilibrium steady-states are well-known in liter-
ature, see e. g. Refs. [146, 182, 211, 212] and references therein. Marcel Gievers [151] calculated
the fluctuation correction to the density profile perturbatively and indeed found correction
terms oc |z| ™! in the fourth order of perturbation theory. He modeled the connections of the
wire as &-like sinks and sources for particles. Similar, but not fully convincing results were
obtained by Nils Bruch [213] who solved the diffusion equation numerically. An alternative
set-up would be to consider a wire coupled to leads at different voltages or temperatures,
which is closer to the experimental realization. The fRTA is a tool to numerically calculate
the fluctuating correction to the voltage or temperature drop. The fluctuating correction can
be understood as a correction to Ohm’s law caused by hydrodynamic fluctuations. The leads
can be modeled by fixing the equilibrium distribution at the right and left edge of the wire at
given chemical potentials and temperatures. The nonlinear collision term 77 1(f;, — ,S’loc'(p))
will induce the fluctuation corrections. No further modifications are required. However, there
is still an issue: For given boundary conditions, f relaxes only algebraically slowly o< t7/2 to
the final steady-state. Hence, the fluctuating dynamics has to be simulated for long times to
achieve the fluctuations corrections with high accuracy. The convergence to the fully relaxed
steady-state can be measured by the deviation of the current densities from their final homo-
geneous values [213].

It could also be worthwhile to implement a further conservation law: momentum conserva-
tion. With this at hand the problem of the voltage drop in clean 1D quantum wire can be
revisited [186]. The reference equilibrium distribution is then modified and takes the form
f,g = (zeﬂe’“_wC +n)~Y, n=1,-1,0, where u is related to a simple Galilei shift of the distri-
bution. The shift is determined by the local momentum density p(z,t) = [, kfi(z,t). Since
momentum conservation leads to the breakdown of linear hydrodynamics in one dimension, the
exponent of the long-time tails is changed to oc t—2/3 [214, 215]. In absence of hydrodynamic
fluctuations the voltage drop is mainly localized close to one of the contacts. Due to momentum
conservation there is no voltage drop in the bulk of the wire. A momentum conserving fRTA
can show how long-ranged hydrodynamic correlations change this picture.
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Appendix A

Supplement to Part |

A.1 Mean-field theory of the CDW transition
The Hamiltonian matrix in (2.13) has the eigenvalues
El, = a+IAP, (A1)

but we do not know immediately how their sign depends on k. The Hamiltonian matrix
is diagonalized by a unitary transformation or Bogoliubov rotation of left- and right-moving

fermions,
do = > (uNases = 3 ufacs,
B=L,R B=L,R (A 2)
di, = 3 (igeh = 3 ugach,
B=L,R B=L,R

with @ = £. The new d fermions with {da,dL} = 84p — the elementary excitations of the

system (at mean-field level) — are superpositions of left- and right-moving ¢ fermions. In
(A.2), we use the convention that the columns of the unitary transformation matrix @ are the
eigenvectors of the Hamiltonian matrix. The inverse transformation reads as

_ _ « ot
ca = D uapds, b = ) ugsdy. (A.3)
== B=%

The unitary matrix ¢ € C2*? is of the form

N
U = (bk ak). (A.4)

From the condition akaL =1 follows that |ax|? + |bg|> = 1 (i.e. |ax| = cos(6), |bx| = sin(fy))
and Im(ag) = 0). For the angle, we choose the interval ), € [-F, 5]. Therefore, we have

cos(y)  —sin(fy)e 1%

o = (sin(@;g)ei‘i”c cos(6y,) )

Now, we find the rotation matrix by applying 4 to the Hamiltonian matrix. Choosing
o = arg(A), we get

(A.5)

ﬁ’f <—€k A* ) R B ( —e€p COS(29k) + |A| Sin(20k) e—larg(A) (|A| COS(Q@k) + € Sin(29k))
LA 4o ) F etare(2) (|A[ cos(20),) + ek sin(260y)) +ep cos(20;) — |A|sin(20y)
(A.6)
The off-diagonal elements are zero for the rotation angle tan(260;) = —|A|/ex. On the diagonal,

we generate the eigenvalues

—e. + |Al tan(26 )
By, = +_ct|A[tan@) Fsign(k)y/ef + AP (A7)

1+ tan?(26y)
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It is also useful to calculate the product of the components of the eigenvectors, n = +,

) in(20y) .
(uk)z,n(uk)Ry'ﬂ — nCOS(ek) Sin(ek)el¢k — nwelarg(A)
- tan(26y) Gasd) = gign(k) n|Alei re(&) (A8)
24/1 + tan?(26y,) 2\/€; + |AJ?

{an (k) nA

= — S1g1 —_— .
8 2/ e + |A?

Thus, we found that the Hamiltonian takes the form
t A2
H = 3> Enpdy ok — 1 (A.9)

and its ground state is the Fermi sea of d fermions. With this information, together with the
rotation angle, we can write down the self-consistent equation for A:

v
A = j\l;F > (el wern)
e
V *
- %Z Z (k)T 0(uk)Rp <dl’kd5,k)
k o,f=% ———
(k) A :éa,ﬁ f(E'r],k)
Vag s1gn n
= XY F(Ey)
F i a/d v o
_ Vag 3 —sign(k)A [f(E+,k) - f(E—,k)]
M 2/ +1AP

where f(E) =1/(e®F +1), 8 =1/T, is the Fermi-Dirac distribution. As the dispersion is as-
sumed to be particle-hole symmetric, we symmetrized the momentum summation, —A < k < A.
We also used that f(E;) — f(F-) = —tanh(8FE;/2) = sign(k)tanh (B,/e% + |A]2/2>. We

rewrite the self-consistent equation (or gap equation as it is called in BCS theory),

A Ea A tanh (2\/62+ ]A|2>
= —V d
2k Z 6,00(6) 2\/m
~Fa (A.11)

Fa Atanh (§\/€2 + |A\2)
= _VQkF:OF /dE \/m ’

0

with the density of states (per unit length), po(€) = + >_j, 8(¢ — ). For a linearized dispersion
in the energy window —FE) < ¢ < F), we approximate its value at the Fermi energy p(0) = pr.
For T = 0, the value of |A| # 0, is obtained by

Ep/A
1 1

E\
— = de — = dey ——
VaokpPF 0/ e+ |A? / 2 +1

4
) Ey |Al<Ep 2F\ ‘A’Q ‘A|
— T A1 - 1 A1 p— — .
arcsmh<| ) n<| |>—|— 2~|—(9

(A.12)
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A.1 Mean-field theory of the CDW transition

It follows that

1 1
A(T=0) = 2Fpexp|+ = 2Fp exp|——7-—| . A.13
1A ) AP ( V2kaF> AP ( \Vsz|PF> (A.13)

The ground state energy is minimized by the exponentially small but finite gap. Finally, we
calculate the energy density for finite temperature (energy per site). The calculation is similar
to the derivation of the gap equation:

(H)\p 1 < 1 > A7
SME = NN By (d dye ) -
N NG TN
1 A7
= =N N B f(By) -
! A7
= =N B, |f(E_y) - f(—E_p)| -
¥ B =SB = (A14)

1 BE_ |AJ2
= ——=> E_ h U
N <  tan ( 2 ) Vo

E\
By/€? + A2 |AJ?
= — d 2 A|? tanh — .
PF/ ey €2+ |Al? tan ( 5 Vors

,E‘A

For zero temperature and small gap y = % < 1, we find:

Ep
= - deiJe2 1Az - 121
2 pr [ dey/e+1a) T
—Ej
1 2
B2 /d [2 2 _ Y (A.15)
PEEA . TVEEY VokppF

S _ppE2 4+ ppE? v’ +O0(yh).

L o (2)
e [P
2 %y Vakglpr

We used that Vap, < 0 for a finite gap. The first summand —pFEIQX is the contribution of the
free electron gas, i.e. for |[A| = 0. Differentiation of (A.15) with respect to y yields:

o ((H) 2 1
8y< NMF) = 2 [—log (y) +|V2]<;F|,0F] : (A.16)

The zeros of the derivative are y; = 0 (no gap) and yo = 2e~V/V2rplPF) (finite gap). The
ground state energy is minimized by the solution ys # 0:

H
)y ]z[MF = —prE},
|A1=0 (A.17)
) .
I 2 SA
(H)\ip = —ppE3 |1+4+2e Merlor | = + O(5A3).
AR NS REIN En

It follows that the formation of a CDW is energetically favorable. We added a small deviation
O0A from the the equilibrium value in order to derive the mass of the amplitude fluctuations,
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SE = pr(6A)2. From the T dependence of the gap A(T),

E\ 1
tanh (/2 + [A(T)P)
1 = -V / d , A8
e 5 EERINGIE (A1)
we find the critical temperature for A(T = T. +07) = 0*:
E\ 1
tanh ( o7-€
1 = —Vapr /dﬁ 7( . )
0
E\/(2T¢)
tanh (z
0 (A.19)
5 5 Ea/(2T:)
= —Vok.pF [tanh (21/3) In (21[}) - / dx sech?(x) In(x)
(& Cc 0
T.<FE FE Te B
We find the critical temperature:
e’YE 1 e’YE 1
T, =~ 2Ey — exp |+ = 2Ep\— exp| -5 | - A.20
AT O ( VszPF> AT O ( \VQkF|PF> (4.20)

A.2 Local density of states via Green’s function method
(Lehmann representation)

We consider an N-particle fermion system. The T = 0 time-ordered, retarded, and advanced
Green’s function are defined as

Gy (b)) = =i (On| Ty, ()WL, () [On)
GR L, (tt) = =60t —t) (Oy] {We, (8), WE,(#) | l0n) | (A.21)

Gl (1)

10 — ¢) (O] { W, (1), W4, (¢) } 10n) |

respectively [4, 37]. Here, W, (¢), W1 () denote the fermionic field operators in the Heisenberg
representation. |0y) denotes the N-particle ground state (Fermi sea) and T is the time-ordering
operator. In the following, we review the spectral representation of these Green’s function.

We start with the retarded Green’s function. We insert the resolution of unity in Fock space
1 =3 Ny Imn) (my|, with the exact eigenstates of the N-particle Hamiltonian |my):

GR ) = =0t —t)| D (O8] Ve, (t) Imnia) (myga| L, (#) [On)
MN+1

(A.22)

+ > (O] L, () [my—1) (ma—1| Wa, (1) [O)

mN-1
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A.2 Local density of states via Green’s function method (Lehmann representation)

Since W, (t), (¥l (¢)) lower (increase) the number of particles, only states with particle numbers
N —1, (N + 1) contribute. Next, use that the time evolution of the Heisenberg operators for
a time-independent Hamiltonian is given by

T, (t) = eTWe i Wi(t) = Hyle it (A.23)
with \If;(,j) = \1/&“ (0). We can write the N-particle Hamiltonian in its eigenbasis as
= YD (Eny = Np)lmy) (m] (A.24)
N mpy

with the exact eigenenergies EV and the chemical potential u. We obtain:

MN+1

GE (1) = —ioa—t’)(z (On] M, e fmy ) (my s | 00T 7Y J0y)

+ D (O] WL iy ) (| €00, e |0N>>

mN—_1

. (EN+L
= —i0(t —t') (Z <0N|61(E§_N“)t‘l’me (Ern gy = (NH D Imny1)

MN41

( N+1

X (mN+1| e ™MN+1 (N+1)'u)tl\11;rjze_i(Eév—NH)t, |ON>

4 Z <ON|ei(E(JJV*NIL)t/ I(EmN L~ (N=Dp)t |mN—1>

MmN -1

X (| @B (N Dty le—i(EéV—Nu)t|ON>)

MN+1

= i —1) ( > exp [FIENTL — BY = m)(t = )] O] W, [mavia) (mva| 9F, 10x)

+ 37 exp [<i(EY — ENGY, = w)(t = )] (On] W, Ima 1) (mv | s, 0n)
MN-—1
(A.25)
We see that the Green’s function is time translation invariant for time-independent Hamil-
tonians. We identify the two terms as particle and hole excitations, respectively: The energy
needed for adding a particle (for removing a particle) with respect to the N-particle ground
state are given by

egﬁ) = ENTL_EN > u, 657};) = EY -EN-1 < u. (A.26)

The particle (hole) energies ) (67(7}11)) are larger (smaller) than the chemical potential for u

located between the highest occupied and the lowest unoccupied energy level. Thus, we write:

R
(;xlxz

t,t) = GE,  (t—1)

T1T2
— 0t —t) (Zel<€“’) W) (0, N| Wy, Im, N + 1) (m, N + 1] )]0, N)

+ S e (0, N, i, N = 1) s N = 1], [0,)
(A.27)
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Finally, we calculate the Fourier transform:

GR () — +ood 1thR ()
112 T1T2

—o0
+00 d 1 +o0
_ / e / dt
—oo 2m e+ 10T J_oo

. (p)
X (Zel[w—ﬁ (e’ =mlt (0, N| Uy, |m, N + 1) (m,N +1|¥!_]0,N)

m
. (h)
+ Zel[w—€—<€m “WIt0, N| T |m, N — 1) (m, N — 1| ¥, [0, N))
m

/+ood€ A11$2 (6)

o w—e—4i0T

(A.28)
We used that
too de et
—i = —_ . A.29
i6(t) /_oo 2w e+1i0T ( )
In the last line of (A.28) we defined the spectral density as
Ay Z(‘S <e G u)) (0,N| W, |m, N +1) (m, N + 1|} |0, N)
(p)
7A3?1.132( ) (A.go)
+3°8 <e — (el - u)) (0, N| WL |m, N = 1) (m, N — 1| ¥, |0, N) .
=AY, (9
We note that
Aoo(6) = Ak (e) + Al (). (A.31)

Due to e — >0 (e,(jf) —p < 0), we have Ag(fi)m (e<0)=0 (Ag;)m(e > 0) =0). The time-
ordered and the advance Green’s functions can also be written using the spectral density:

+o00 A (6)
R _ _Ani(€)
G‘le?(w) o /_Oo de w—€e—+i0t’
+o0 A (6)
A _ _Azizy(€)
Ghe@) = [ defmmi (A.32)

+o00 A (6)
T — d 122 .
SETACY [m ‘w—etiot sign(e)

By virtue of the Dirac identity Im(z +i0")~! = —ir8(x), we have (Kramers-Kronig relations)
Ap iz, (€) = —WImGCIjle( ) = —|—7TImG?1x2( ) = —msign(e) ImGglxz( ). (A.33)

We can also extract the spectral density from a correlation function, slightly different from the
Green’s functions in (A.21). Let us consider

Geraa(tt) = (On|{ W0, (), W1, ()} [ON) (A.34)
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A.2 Local density of states via Green’s function method (Lehmann representation)

which is similar to the retarded Green’s function, but the step function —if(¢) is absent. Now,
we replace GE . (¢,t') = gu,2,(t, ') and perform the same steps as in (A.22)—(A.25). We obtain:

9z (tv t/) = Yz122 (t - t/)
(p) ’
= (Z o—ilem ) —p)(t—t") (0, N| Wy, Im, N + 1) (m, N + 1] \I’jC2 |0, N) (A.35)
m

+ 3 e i I (0 N| BT [m, N — 1) (m, N — 1] T, |0, N>> .

with e2/") as defined in (A.26). Fourier transformation of (A.35) yields:

+oo '
g$1$2(w) = / dt e g$1$2(t)

—00

+o0 (e®) t
:/ dt Ze (0, N| W, m, N +1) (m, N + 1] W}, |0, N)

+Z (e’ - (0, N| Wl |m,N —1) (m, N — 1| ¥, |0,N))
= 2038 [w— () = w)] (0, N| Wy, [m, N + 1) (m, N + 1], 0, N)

+27r2z‘> [w = (el = W] (0, N| ], [m, N = 1) (m, N = 1] W, [0, N) .

(A.36)
Since —if(t) is absent, gz, 4, (t) is not a retarded function and gx,4,(w) does not posses poles in
the complex plane. Comparison with (A.34) shows that

) = 222 (A7)

We see that we can calculate the LDOS in the following way:

o We calculate the correlation function g, (¢) at equal positions,
ger(t) = (0| {a(t), WL(0)} |On) | (A.38)

e and take the Fourier transform of this quantity:

Ap(e) = %=l L /+Oodteiet On| { . (1), W (0)} Jow) - (A.39)

27 21 S
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A.3 Evaluation of the LDOS of the TLL model

In this appendix, we provide some details of the calculation which we skipped in the main text:

Coherent states The action of e~i®<%:) on the ground state is evaluated in the following

way:
e P {0 })

> 1 ; /
[ (et

me=1
O —1 . / —l
= exp | ——Xem, (—y)e“emelal |+ ——xem, (y)e
mlc_L Nz e;me(—Y) cme T e cme(Y)

—i

dcamc + chmc (_y)e

twemel! G, mc}) {0 1)

iwemet! Ac mc] [{0m.})

2
s 1
_ t
= exp | —z Xeyme (W) Xesme (—Y) 108, s beme
mlll 2(\/7770) eme () Xeme (=Y) [08m ]lcm]
il . . ’
X exXp [mxgmc(—y)e‘wc met! b}: mcl exp [mXc,mc(y)e Womet bwmc} {0m, })

={Omc})

> I

{nme} me=1

o]

Here, we used the identity e4+5

_i/\/ chc,mc(_y)eiwc’mct/di,
herent state representation:

IXe,me
Z 2mc ]

me=1

\/nmc

Me and B = _i/\/ MeXm, (Y)e

(x1bh)™ (x2b})"2

a t
IT b= 01,02, ...)

= eAeBe~AB1/2 (valid for [[A, B] Al =

—iwe mct

nl! 77,2!

m=1

(x1b})™ (xabb)™

>y

Vil Vol

me1
V m

n1=0mn2=0

>

{nm} m=1
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l : =Xeme (= y)eiwc’mt,} mc’{”mc}>-

(A.40)
[[A, B], B]) with A =

Gce,m,.. We also used the co-

. 101,02, ...)

~ |n1ina, ) (A.41)

- {nm}) -



A.3 Evaluation of the LDOS of the TLL model

Time-independent prefactor The time-independent envelope of the correlation function
(4.62) can be found in the following way: As the mixed waves (4.58) are superpositions of
plane waves, it is useful to calculate the sum s(z) = .00_; €l@m22=%m /;my a5 done in Ref. [63].
Here, the small distance cutoff a is important for convergenceto cut off the log divergence:

s(z) = Z 77

- —In (1 - e%mw)

1 P x -
= —5 In [(1 — e_f‘lelfgx) (1 — e_Lae_‘LMﬂ — iarctan

sin (%’rx)
= —In (2 e 2r4 \/Sinh2 (%a) + sin? (236)) + iarctan

eL® — cos (2%37)

=f(z)

(A.42)
We separated real and imaginary part using In(z) = In(z*z)/2 + iarctan(Im z/ Re z). We also
used that
ere/l emma/l _ (eim2e/L 4 o=in2z/Ly  —  9[cosh(ma/L) — cos(m2x/L)]
(A.43)
= 4[sinh*(ra/(2L)) + sin?(rz/L)] .

At the edges, z = 0, x = L, (when the distance from the edge is comparable to a) we encounter
the logarithmic divergence

s(x=0,L) = —In [2 e 2% sinh (ZWLQ)] +if(x=0,L) SN <L> . (A.44)
=0

which is cut off by a. Away from the edges (i. e. the distance from the boundary is larger than
a), we can set a = 0:

sin (%l’)
The crossover between bulk and boundary is described by
s 2 i 2 : 2z
sta< L) = —In (2 \/(QLCL> + (fa,’) ) + iarctan (a) ,
2 AU —
T(L— m)) ) + iarctan <(a$)> .

s(e,L—2x>a) = —In (2

) +if(z). (A.45)

(A.46)

/

s(L-z~a< L) = —ln<2\/(272a)2+
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We can then calculate the time-independent prefactor in the following sequence,

1 ) .
@[ = 5 a3+ 52 = au, (el 4 et | eame

(a2 + B2)s(0) — 20,8, Ref{s()}] .

| =

i Xom(2)*
2m
m=1

Q

e

sin (Wx>
L

. (A.47)
(O‘?/ + ﬁg) In () + 2041/51/ In (2 ) ,
mTa

_0‘12/+ﬁ12/ _avfBy

o
Xv.m (@) <L> T as | (w) 2
exp | — Z | = — 2772 |sin| —x
[ = 2m Ta L

which, finally leads to the expression (4.62). (Anfuso and Eggert [64] use the convention a — 2a
and 8, = —f,.)
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A.3 Evaluation of the LDOS of the TLL model

Local spectral weights Furthermore, the calculation of the LDOS involves the integrals:

dt ‘
Im,y(w) — /%elwt H exp ZXi,kye—lw,,’kt

v=c,s k=1

dt iw — Z,1 iwe & T,y —iwg
/%e t exp ,;( Tt X é,kt) (A.48)

dt .too x,Y — t z,Y — t
= /%e“" kli[lexp [Xc’ke lwe,k + X e s,k ] .

Note that w € R. We integrate over the whole real axis, but w,; only take discrete values.
Therefore the result must be a discrete sum of Dirac-¢’s at these discrete energies. In the
following, we write the Dirac-d’s explicitly and extract the expressions of their (z-dependent)
prefactors. To this end, we expand the outer exponential:

1Y (w) =

IR
3

3

M
£l-

. . "k
@y —iwe gt @y —iwg gt
Xc,ke +Xs’ke ’

. . ni . . n2
XPYemiwe1t 4 X:’feﬂ“’svlt:| [XI’deﬂw”vzt + X:ge*‘wsﬂt}
. :

c,1 c,

ny! no!

|
IS,
vl
Mz

) Jng . ny—jnq
oo nq ng Xﬂ—';ye*““'u,lt Xﬂﬂsye*‘ws,lt
dt c,1 s,1
- Z Z Z iy
T Iny ni!

Jny, ng—Jnyg
oo =) ny n2 ©o x*y x®Y
c,k s,k
D IDIED DI § 1 ¢4y (49
n1=0n2=0 jnq=0jny=0 k=1
oo
d .
X [ —exp [i| w-— (Lk Jng +ws,k - (g Jnk)) t
™
k=1
iny, nE—dng
oo oo ny no oo ){C i o
S IDIED DI B I (65
n1=0n2=0 jn;=0jny=0 k=1
oo
x| w— E (Wc,k “Jng, tws ko (nE *J’nk))
k=1

I"Y(w) is a discrete sum of Dirac-d’s and the weights are labeled with spin and charge quantum
numbers. To see this, we insert summations over the complete set of quantum numbers together
with Kronecker-¢’s:

79w Z Z Z Z H <Jn> (szy)f"k T(ij’g)k g

n1=0n9=0 jnl =0 jn2 =0 k=1
o) [e%S)
X Z Z ) (w — Wem, — wsyms)
me=0ms=0
Dirac (A50)

0o oo
X 0 We,me s § We,k - jnk 5 Ws,mg» E Ws k * (nk - Jnk)

Kronecker
0o

o0
= E mc,ms (w — We,me — Ws,ms> .
c=0m

5=
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We find that the (spatially dependent) weights I7Y =~ are given by

Me,Ms

Xm,é; Ing, Xx,é/ ke —Jng
D O S S Dt H(yn)( ) g,f )
n1=0n2=0 ]n1—0]n2—0 = k (A51)

o o
X0 We,me s Z We,k - Jny, d Ws,mg» Z Ws k- (nk - ]nk>
k=1

This expression does not look particular inviting, but we can transform it back to an integral
expression which is also suitable for further numerical evaluation. We use that

Fat at Tl
/ielw”’mt = T IQWmt/Ty = %GIQFmd) = 5m,0 = 6UmeUJO’ (A'52)
0 0

with the time scale T, = 2L /u, (the time it takes for a spin-(charge-)density wave to travel
back and forth in the wire). Inserting (A.52) into (A.51) yields

T,y j”k .y ”k—jnk
Lim, = Iysyoy y. H (j) (xae) ™ (xa)

ny!
snl 012=0  jn;=0jny=0 k

00 00
X exp |i (Wc,mc - Z Wek * ]nk) t| exp |1 Wsms — Z Wsk * (nk - ]nk)) 13
k=1

k=1

T
— dt MC,mCt/dteiws,mSt
T T
0

g Z Z Z Z H (nk> (Xflge_lwc”“t)jnk (nge—in,kt)"k Jny,

|
Nng:
n1=0n9=0 J”l =0 jn2 =0 ]nk k
T Ts Y A —iwe gt T,Y —iwg gt Tk
dt iw t dt iw t > > |:XC k e © + XS,]{? € >
— —e Teme — 7S Mms H E
Tc TS k=1 \ ny=0 le'
0 0 - k=
Tt >
— H /7elwyymut exp 2 : Xsﬁe—lw,,’kt
- T, ’
v=cs k=1

(A.53)
Note that w,, - 1 = wmn.
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B.1 The Fokker-Planck equation derived from the Langevin
equation

The following derivation of the Fokker-Planck equation can be found in Ref. [11]. Here, we
slightly generalize the derivation: In view of the quench protocol considered in Ch. 9, we
allow for a time-dependent noise strength A(t). For notational clarity, we define a function
a(v) = —yv that returns the linear damping term. We start from the Langevin equation

v = a(v)+¢, (B.1)

with Gaussian white noise

_ 1 £(t)
Ple(t) = :Ziiiﬁjexp<—:/dt2Au)>. (B.2)

We insert (B.1) into the temporal derivative of the probability distribution (7.11) and obtain:

8 P(v,) = _a% <5 [(v . U5(t)] 8tv5(t)> - _a% <5 [(v - vg(t)} (a [vg(t)} + g(t))>
- _a% [P(v, t)a(v)] — % <5 [v - vg(t)] g>

The second term in (B.3) is evaluated using the property &(¢)P[{(t)] = —A(t)mPK(t)] of
the noise distribution (B.2):

<5 [0 = ve(®)] §> = / DIEWPIEDIS [0 - ve®)] €)= —A() / DIEENS [(v — velt)] 51;6[%;5)]
<o ll) = gl i)
—MQP(U, t).
2 ov -

In the last step, we used that the explicit solution of the Langevin equation (7.3) gives

%((:)) = % Putting (B.3) and (B.4) together we arrive at the Fokker-Planck equation,

2
O P(v,t) = 8[@@P@¢ﬂ+¢ﬂ98
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B.2 Local entropy production and entropy fluxes

A slightly different way of deriving the total entropy production rate starts with (8.9) which
implies for the local change that

8,53 Z >\ atpz . (BG)

Using the dyp; = —0x - ji (8.1), we find the continuity equation for the entropy density,
supplemented by the local entropy production rate:

Ohs(x) = —Z)\ ) (0% 3i(x))
= =0 (NEI) + X (Behix)) i) (B.7)

= —Ux- js(x) + HS(X) )

with the local entropy current and the entropy production rate,

00 = YA
I(x) = Z(ax)‘i(x)) Ji(x),

i

(B.8)

respectively. Ox\; is the conjugate force which derives the current j;. Hence, the total change
in entropy (i. e. the total entropy production rate) is

/x me) = Y / (2xi(x)) -Ji() (B.9)

which is equivalent to (8.10) for an isolated system (i.e. in absence of external currents).

B.3 Separating rates of entropy production and entropy flux
using the multivariate Fokker-Planck equation

In the multivariate case, we perform essentially the same steps as for a single mode, see Sec. 9.2:

S = + / (Vi 3(x.0)] 1og [P, )]
X
= - /J(X,t) -V log |P(X,1)]

= _Z/Ji(x,t) 1 9P(X,1) (B.10)
i X

P(X.1) 0X,
- % Z Ji(X,t)P(;ﬁbi_jl(t) [a,(2)P(2,8) = Jj(2. )]

= —O(t) +I0().
We find:
o) = Y [ 0n; (ay().
ij
L) () (B.11)

Ji(X, )b
H(t)zz/ o >
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B.4 Collision integral: Symmetry and sum rules

The full collision integral (10.10) reads as

Ia[f] = Z Wa)\,;w [fufl/faf)\ - fufufafk} ’ (B‘12)
Apv
with o )
Wak,/,w = f ‘Va)\,;w 6(€o¢ +ex—€u— 51/) ) (B.l?))

fa =1—nfa, (n =1,—1,0, for fermions, bosons, or classical particles, respectively) and

Woc)\,w/ = W)xa,uu, Wa)\,uu = W;,U/,Oc)x' (B14)

Sum rules of the full collision integral We can explicitly show that particle number and
energy are conserved in the collisions which is the microscopic basis of continuity equations:

ZIa[.ﬂ = Z Wa)\,,uu [fufufaf)\ - fuf‘l/faf)\}

aiuv
L. B.15
= Z fufufaf)\ [Woc/\,;u/ - Wuu,a/\:| = 0, ( )
aiuv 5
Zﬁala[f] = Z eaWor [fufufafA - fufl/faf)\}
(¢4 aipy
= Z fufufafA [eaWa)\,uu - €uW;w,a)\}
aipy
= Z foVfNafN)\Wa)\,uu [Ea - Eu} (Blﬁ)
arpy
= 1 Z fufl/.faf)\ Wa)\,,uu {fa"i_e)\_ﬁu_fy = 0,
2 aluv —

xd(eater—€eu—er)

where we used (B.13) and (B.14).

Linearized collision integral We expand (B.12) in small deviations from the equilibrium
distribution f9:

Lf] = @0/)+1&1)+0(5f2)- (B.17)
=0

In equilibrium, the collision integral vanishes,

1 = 3 Waagu [FUF0F0 - FARISE] = 0. (B.18)
Apy

We explicitly show that the equilibrium distribution fO = (zef(¢®) 4 1)~1 nullifies the collision
integral as it fulfills a detailed balance condition:

W [£000 0T — FOR0£O1S)]

= Waruw fOL21219

IR LR
BT

x5 ((eat+ ) = (6t ) 22 [eBleater) — oBlauter)

(B.19)

= 0.
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We used that f0/f0 = zefe. Thus, I,[f°] = 0, independently of the details of the interaction.

The first order in J f can be expressed in terms of a collision matrix T,4:

16 = Y Warw [(6fu)f3f2f£+f3 (0£,) OIS = nff0 (5 fa) IS = nfSFOFS (0£3)

Ay

05 fu) FOLLLS +nf0 (51) FO1S — FOF2 (5fa) f3

= 2 Wansw |(0F) FOFOF +n(3fs) F2015]

ABv

3 Was |15 05) FoF +nf2 (6£5) £215]

ApB

= W [R50 05) + LA 12 (585

Buv

= 3 SasWenguw [nF0F2 (3F5) JR + T2 613 18]

BAuv

_ZTaﬂafﬁa
B

with

Taﬁ = 504,8 ZWaA,W(WfoBJFQ =+ fgf:?fg)

Apv

= FOFOLS (810

(B.20)

- Z (2War s FSTOFR + nTLA0R) = Wasau IS ITS + FRFES)

= Sap Z Wornsuw IFLDIS + FURDE) + 3~ Wapaufffa + SRS (B.21)

Apv Ap

“out”
=2 Warus(FLTafS +nfl I f) -

Ap

“in”

T\ is not symmetric. Instead, we have that

3
Tap = GBZWB)\HV nfofyfxfﬁ
Apy B

o /5

+.fﬂfyf)\f
B

)

fz [2% s &z S FOFOFS + fﬁ ST = Wap a0 5 5 + RS I )]
B

g

1
= aﬁzwﬁ)\pyf fof)\fﬁ (f fg)
B

Apv

78 ‘13

(B.22)

1
—%L: QWQAuﬂfﬁfofOfA (f f}%) — Wag, /\uf,\fofofﬁ (fﬁ fg)

_ o) 1
aB 0 f£0°
515

with the symmetric matrix

TS) = Sap > Wanuw FSfSRNFS = 3 [2Wan s 310 I0 TS —

Ay Al
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B.5 Neumann stability analysis of the streaming term: comparison of different discretization
schemes

We used that nf0 + fa = 1. The symmetry of 7! 5) follows from the detailed balance property
and the symmetry properties of Wy . Furthermore, we see that the matrices

(0) 0
0 = tes o Tesllz - _ Tos ‘
af (ﬁao g) (ﬁgﬂg) (ﬁg)s (ﬁg)s 1 (B 24)

s=1/2)

are symmetric for arbitrary s € R. In Sec. 10.3, we used that T'¢ = T is symmetric.

Sum rules of the symmetric collision matrix 7O fulfills the same sum rules as the full
collision integral: We start with the right sum rules:

ST = S W AT = S [2Wan s FA1SFOFS — Wap anf S0 773
B

Apv B

- Z fofof/\fo [ alur T Wan SV 2Wa/\,;w} (B'25)
Ay

= 0,

S TDes = 3 caWarw fL IS =3 €5 [2Warns I IS TS = Wap a1 TS FS]
5

A B
= Z foBfg\)fgWa)\7uV [ea +ex— 261/]
Apv
= ngfgfgfg Wa)\,,uu [Ea—f‘ﬁ)\—eu—ey
)\,LLI/ N——

xd(eater—€eu—er)
= 0.
(B.26)
Due to the symmetry of T the right sum rules are equivalent to the left sum rules,

> = Zea o=, (B.27)

«

which are the same as for the full collision integral (B.15), (B.16). The eigenvectors with zero
eigenvalues follow from the definition of 7(© and T®):

ZT S = ZT(S = 0. (B.28)

For the non-symmetric matrix 7', we distinguish left and right eigenvectors:

T.s = 0, eToy = 0.
> Tup Y €aTos

. . (B.29)
S Topffs = 0, > Topffges = 0.
B B
B.5 Neumann stability analysis of the streaming term:
comparison of different discretization schemes
The eigenmodes of the difference equations are of the form [200]
ur = (ug)"el4Ae] (B.30)

with integer powers of the amplification factor u, € C. The numerical solution is stable if
|ug| <1 for all ¢ modes and unstable otherwise.
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e For thenaive discretization for a single k& mode,

vAt
Wt = - SAr (U?H - u?_1) , (B.31)

we find the amplification factor

2
ugl? = 1+<“AA;> sin(gAz) (B.32)

2
The scheme is unstable since max(|u,|?) =1+ (%) > 1. We need to improve the

scheme.

e The Lax method for a single £ mode is defined by

u

ntl _ Y tuia At (un n). (B.33)
J 2 2Ax

Uiy — Uiy

The amplification factor,

2
lugl? = cos?(qAx) + (ﬁ) sin?(qAz), (B.34)

leads to the Courant condition [200],

At < —. (B.35)

e We have to adjust the method if many k£ modes evolve in time with different velocities
vi. We propose a modified Lax method for coupled k£ modes:

JFATIRE S v At
1 k,j+1 k,j—1 k
5t = (=) [+ ap = . j-1 e (f;?,jﬂ _ fﬁj_l) ' (B.36)

The expression (B.36) is equivalent to (11.32) in absence of the collision term. Here, vy,

_ |
Umazx

diffusion for smaller k¥ modes. We parameterize At = X At. where At. = Uﬁ—fx is the
Courant limit for the fastest modes. The absolute square of the amplification factor

is the drift velocity of the Boltzmann equation and ay suppresses the numerical

reads as
2 v AL 2
|f;,c,q|2 = [(1 —ag) + ag COSQ(qA.T)} + ( kAa: ) sin?(qAx)
_ 1 2 A 2 )\2 2 12 A
= (1= ap) + ax cos2(gAn)|” + 20 sin(gAx) (B.37)

A
= 1—4ag(l — ay)sin? (”) + a2(A\? — 1) sin?(qAx).
N 2
>0

x

for all £k modes if A <1 or At < At..

9 2
We used that (“"Ait) = \2 U’“AAtC> = A?a3. Again, we find that the scheme is stable
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