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Chapter 1

Introduction

1.1 Preface

One of the difficult problems in condensed matter physics is treating systems
with interactions. An interaction in a Hamiltonian is typically represented by
terms that are non-quadratic in quasi-particle creation and annihilation operators.
Standard methods based on solving the eigenvalue equation for a single particle
then do not apply. The problem becomes intrinsically many-body and must be
solved in the full Fock space. The size of the Fock space grows exponentially
with the size of the physical system, and quite quickly the problem becomes
unsolvable via a direct approach. This obstruction represents the main difficulty
in solving many-body physics.

Nevertheless, the development of theoretical physics has produced several
ways to deal with the problem of interactions [1]. One of the most well-known
theories in this regard is the theory of the Landau liquid [2], whose essential idea
is the concept of a quasiparticle. In many materials, the effect of interactions
can be efficiently described as a "dressing" of the electron in a cloud of other
electrons with which it interacts. The cloud changes the characteristics of the
particle, such as its mass or velocity, and gives it a finite lifetime. But ultimately,
the quasiparticle can still be described as a free particle.

As famous as the concept of the Fermi liquid is, equally well-known is the
fact that it breaks down in one spatial dimension. In 1D, physics can no longer
be described with the quasiparticle picture and becomes necessarily strongly
correlated. This is why the 1D theory of interacting electrons requires a special
name. It is known as the Luttinger or Tomonaga—Luttinger liquid [3, 4]. Despite
being truly a many-body problem, the Luttinger liquid is, in the simplest case of
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Figure 1.1. Dispersion of one-dimensional electrons for (a) topologically non-protected
Luttinger liquid, (b) chiral Luttinger liquid, and (c) helical Luttinger liquid. For (b) and
(c) we assume Er = 0 and kr = 0. Filled (empty) circles represent occupied (non-
occupied) electron states.

on-site interactions, fully solvable via the bosonization technique. This technique,
however, has its limits and cannot solve all variations of the problem — for
example, more complicated interactions or the presence of disorder make the
problem analytically unsolvable again. Therefore, one would like to have a
numerical method capable of describing the physics of such systems.

At the same time, numerical methods for solving Luttinger liquid theory are
complicated because of the Nielsen—Ninomiya theorem [5], which prohibits a
straightforward discrete formulation of the problem.

These last two facts — the necessity of a numerical method and the simulta-
neous difficulty of creating one — are the main motivations for the major topic
of this thesis. In the remainder of the introduction, I will formally define the
Luttinger liquid and describe its main characteristics, as well as introduce the
concept of the bosonization technique and briefly describe the lattice formulation
of the problem and the no-go theorem.

1.2 Topologically protected Luttinger liquid

The standard image of a Luttinger liquid dispersion, i.e., the non-interacting part
of the energy, is presented in Figure 1.1. Panel (a) represents a generic band with
finite filling, far from the ends of the band. In one spatial dimension, such a band
has two points where the Fermi energy Er crosses the dispersion. In the vicinity
of these crossings, one may approximate the dispersion as

E(k) ~ 2vp(k £ kp) + Ep. (1.1)
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Calling the correspondlng elgen -wavefunctions Wg and ¥y, and making a
matching transformation k—kxk F, one defines an effective one-dimensional
problem of an electron with a quasi-spin:

HY = EY, H =vpo,k. (1.2)

This Hamiltonian describes a gapless (metallic) system in one dimension. But
the gaplessness in this picture is not protected and results from fine-tuning. Since
both Wg and ¥y, come from the same electronic band, nothing prevents a generic
term in the initial Hamiltonian that would couple the kr and —kr points — for
instance, a random disorder. Coupling of these two points is a backscattering
process that introduces an effective mass term mo, to the Hamiltonian (1.2) and
opens a gap in the spectrum.

To protect the metallic behavior, one needs to rely on topological protection.
In other words, the quasi-spin of the electron must be a symmetry-protected
quantum number. One such system is a chiral fermion with a dispersion shown
in Figure 1.1 (b). In one dimension chiral fermion is defined by its velocity
direction, it is strictly a right- or left-mover. The absence of a counter-propagating
electron makes backscattering impossible and therefore topologically guarantees
gaplessness. A one-dimensional interacting system with a single chiral electron
mode is then called a chiral Luttinger liquid, whose Hamiltonian in the non-
interacting limit is simply

H =vrk. (1.3)

Obviously, adding any number of additional fermions with the same chirality
cannot open a gap either, since backscattering remains impossible. A physical
example of such a system in condensed matter is the edge of a quantum Hall
system [6], schematically represented in Figure 1.2 (a), which is topologically
equivalent to a one-dimensional ring with all electrons being chiral right- or
left-movers.

Moreover, one may also include pairs of different fermions with opposite
chiralities without spoiling the metallic behavior, as long as their chirality is
protected. The minimal example of one right- and one left-mover is shown in
Figure 1.1 (c) and described by the same Hamiltonian as in (1.2), but now with
chirality as a well-defined quantum number fixed by the band. The absence of a
backscattering process is typically guaranteed by time-reversal (TR) symmetry:
the Hamiltonian must be invariant under the transformation (o, k) — (-0, —k).
This model is called a helical Luttinger liquid and is physically realized at the
edge of a quantum spin Hall insulator [7, 8], illustrated in Figure 1.2 (b).
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Figure 1.2. Schematic representation of (a) a Quantum Hall insulator and (b) a Quantum
Spin Hall insulator. Both systems are insulating in the bulk and have conducting edges.
Propagating electrons, represented by dots at the boundaries, are chiral; their velocity,
illustrated by small arrow-vectors, is determined either by (a) the topology of the system
or by (b) their (quasi-)spin depicted by different colors. The edges are quasi-one-
dimensional, conducting, and topologically protected, and therefore represent a physical
realization of a Luttinger liquid system.

Platforms that experimentally realize the physics of chiral or helical Luttinger
liquids include the topological states of matter mentioned above, as well as
composite systems such as Josephson junction chains and cold atoms [9].

1.3 Chiral fermions in QFT and SPT

Although the title of this thesis is "Luttinger liquid on a lattice," and most chapters
focus on the specific example of a helical Luttinger liquid, the key ingredient
in that physical picture is the concept of a one-dimensional chiral fermion, as
discussed in Section 1.2. This concept plays a crucial role both in quantum
field theories in (1+1)D and in symmetry-protected topological (SPT) phases of
matter in 2D. Accordingly, the numerical methods developed in this thesis are
also highly relevant to these broader areas. In this section, I briefly describe how
the concept of chiral fermions arises in QFT and SPT phases.

Fermions in quantum field theory are spinors described by the Dirac equation,

S = f d’xy (iyoc')t +iy'oy + m) W, (1.4)

where ¢ = 7y, and the gamma matrices y° = o, y! = ioy satisfy the Clifford
algebra {y*, y¥} = 2n*” with p#¥ = diag(1, —1). When the fermion is massless
(m = 0), the action simplifies to

S = / iyt (at - ySax) v, (1.5)
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where y° = —y%y! = 0. In this form, the massless Dirac fermion decouples
into two independent chiral components ¢, = %(1 + y°)y. Thus, the original

vector ( — e'®y) and axial (y — eiaystl/) symmetries of the theory become
two independent chiral symmetries: . — e %,

An SPT phase of matter [10] is a type of topological insulator (TI), charac-
terized by a gapped bulk and a gapless, symmetry-protected edge. In this sense,
a quasi-1D edge of a 2D TI provides a natural platform to realize Luttinger liquid
physics. TIs can exhibit either short-range or long-range entanglement. Here,
we focus on short-range entangled TIs, known as SPT phases, which, in contrast
to long-range entangled TIs, do not support intrinsic topological order such as
fractional statistics (as seen, for instance, in the fractional quantum Hall effect).

SPT phases generalize the notion of topological band insulators (TBIs) to
include interactions. Hence, examples like the integer quantum Hall state and the
quantum spin Hall state discussed in the previous section are both fermionic SPT
phases in two dimensions. Further, fermionic SPT phases include many-body
interacting states that cannot be realized within a free-particle picture [11]. The
boundaries of these more exotic phases can often be described by multicomponent
Luttinger liquid theories [12].

1.4 Bosonization

The fundamental features of Luttinger liquid physics can be captured analytically
using the method of bosonization [13]. Here we consider a helical system on
a ring of length L, with the dispersion shown in Fig. 1.1(c), described by the
Hamiltonian

L2

H= [ avuiiveanu -] (ivroou+ s 006 + e (500 + 00 -
L2
(1.6)

where ¥, = % Sie *ci o and py = I,ZIZ-IJIO-. The terms with coefficients g
and g, represent density-density interactions between opposite and same chirality,
respectively. Colons denote normal ordering. In this regime, the model becomes
analytically solvable in the bosonic representation [14]. In this section I briefly

describe how to do it.
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We construct bosonic operators as bilinears of fermionic operators:

i 2n
byo = > Cheg.oChkior 4= TO'nq, ng >0,
V%
1 . .
bor(x) == > — [ bype ™7V 4 (1T] em7/] . (1.7)

ngy V'a

where b is a bosonic annihilation operator and ¢, (x) is the bosonic field. The
ultraviolet regularization parameter a is introduced to control divergences of the
theory.

Now the fermionic fields and densities can now be expressed in terms of
¢+ (x) via the famous bosonization transformation:

1 .
po) = 2Ng + %axm-(x), (1.8)

Y(X)g = ! Fo_e*iazf”(N(r*[1*5b]/2)xe*i¢>:r(x). (1.9)

V2ra

Here, since by the construction the bosonic operators can not measure the total
amount of fermions in the system, we introduced N, as the total number of
electrons counted from the half-filling point. Correspondingly we define the
|No) states as the ground states of the non-interacting Hamiltonian with fixed
amount of electrons. In other words ’NT> is a state with all |(k < —2%, o :T)>
filled and respectively |N l> is a state with all !(k > 2%, o :l)> filled. Obviously
the eigenvalue relation N, |No) = N holds. Additionally, to be able to switch
between different |N) states, and to satisfy the fermionic statistic the Klein
factors F, are being introduced as

FolNo) =Ty INo =1), Ty =(-DM, T3 =1. (1.10)

Substituting the bosonization relation (1.8) into Eq. (1.6), the Hamiltonian
becomes [14]

v 1 1 .
H=" Z(§ +9) EN(Z, + anb;(,bqa
(oa qu

1 - )
+H =) | M, - D ng|blibh, + barby|

g
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where the renormalized velocity v and dimensionless electron-electron interac-
tion parameter g (g = 1 for the free case) are given by

b= VFJ (1 N &)2 g ¢ = \/VF +82/m - g1/(27) (1.12)

nvp) o 4xdvd v+ g2/ +g1/(2m)

In Eq.(1.11) the term with coefficient (é + g) corresponds to the kinematic part

of the initial Hamiltonian, the (é — g) term comes from the interacting part, and
the last term originates from the finite size formulation with 65 = 1 for periodic
boundary conditions and 6 = 0 if it is antiperiodic.

Finally, the beauty of the bosonization idea becomes visible: the interaction
terms, originally quartic in the fermionic formulation, become quadratic in the
bosonic representation. This bosonic Hamiltonian can be diagonalized via a
Bogoliubov transformation:

1 1

1
— - oot
2ny Z Z 5 Z TVF 81 Z 82
H = T anq(Tqu'+ TN(T [N0'+6b] +ZNTN.L+ ng'

o o

(1.13)

Thus, the Luttinger liquid model defined in Eq. (1.6) is solved analytically. With
access to the full eigenspectrum and eigenfunctions, one can compute various
observables such as Green’s functions or spin correlators, which exhibit power-
law behavior characteristic of gapless one-dimensional systems. In Chapter 2,
we calculate these correlators, carefully taking finite-size and finite-temperature
effects into account, to compare the analytical predictions with our numerical
simulations.

1.5 Lattice formulation and no-go theorem

In the previous sections, we described the fundamentals of the helical Luttinger
liquid and showed that, in its simplest form, it is fully analytically solvable.
Bosonization is a powerful tool that provides deep insights into the physics of
chiral fermions in one dimension. Nevertheless, not all scenarios can be solved
analytically. Breaking translational symmetry, via disorder or scalar potentials,
or introducing more complex interactions, such as spatially dependent terms
or higher-order fermionic operators, makes the model analytically intractable.
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Figure 1.3. Dispersion relations of free electrons resulting from different discretization
schemes of the Dirac Hamiltonian in one dimension, shown over two Brillouin zones.
Only the Stacey derivative simultaneously preserves chiral symmetry, avoids doublers,
and supports efficient numerical simulations due to hidden locality.

Therefore, one would like to simulate Luttinger liquid physics in silico, ideally
in a numerically efficient manner. Or, in other words, to put the Luttinger liquid
on a lattice. However, one immediately encounters the nontrivial problem of
discretizing the momentum operator:

k = —idy. (1.14)

This obstacle is known as the fermion-doubling problem, formalized in the no-go
theorem by Nielsen and Ninomiya [5]:

Any hermitian and local in real space Hamiltonian
that preserves the chirality of the Dirac fermions
must have an even number of left- and right-movers in the Brillouin zone.

Here we illustrate this phenomenon (see also Fig. 1.3) with several examples that
implement different discretization schemes of the Dirac Hamiltonian:

Hp = —ivpo,0x = vposk. (1.15)
Sine derivative

The most straightforward discretization of the derivative is the central finite
difference:

Oxf(x) > (2a) (f(x +a) - f(x —a)). (1.16)
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In momentum space, this leads to a sine dispersion:
Hp — Hgp = vp/ao sin(ka). (1.17)

This formulation is local and chiral symmetric (Hgj, o< o), but, consistent with
the no-go theorem, it results in a doubler with opposite chirality at the Brillouin
zone (BZ) edge (see Figure 1.3). As discussed in Section 1.2, the presence of
doublers results in the theory unstable to disorder or generic inter-cone coupling,
making it incapable for simulating Luttinger liquid physics.

Wilson derivative

To resolve the doubling problem in Eq. (1.17), one can add a momentum-
dependent mass term to gap out the unwanted cone:

Hp — Hywitson = vi/a | o, sin(ka) + (1 - cos(/%a)) ax] . (1.18)

This formulation of discretized Dirac Hamiltonian has a name of Wilson fermion.
Certainly it is still local (cos(ka) is a sparce matrix in real space) and eliminates
the doubler. However, it explicitly breaks chirality by introducing a o, mass term
that mixes the chiralities, violating a key assumption of the Nielsen-Ninomiya
theorem. This term needs to be fine-tuned in order to vanish at k = 0 and
therefore it is unstable to disorder. Furthermore, it reintroduces chirality mixing
away from k = 0 (see how at Figure 1.3 dispersions of left- and right-mover
of Wilson discretization smoothly merge at the edge of the BZ), resulting in
backscattering and undermining the chiral nature of the system.

SLAC derivative

From the previous schemes, we see that either explicit chirality breaking (Wilson)
or the presence of doublers (sine) obstructs the topological protection of the chiral
fermion on a lattice. Therefore the only remaining assumption of the no-go
theorem that can be relaxed is the locality of the derivative operator in real space.
One of the formulation exploiting this idea is called SLAC derivative

Oxf(x) = Z:(—l)”(an)_1 (f(x +na) — f(x — na)). (1.19)

n=1

As depicted at the Figure 1.3 it produces a Hamiltonian that is strictly linear in
momentum

Hp — Hspac = vi/(ia)o, Ine'ke. (1.20)
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Ultimately, SLAC lattice formulation produces a strictly chiral fermion with-
out a doubler by the cost of being non-local, making it a reasonable candidate for
simulating chiral physics. However, attempts of reproducing the Luttinger liquid
behavior within SLAC framework seem to fail [15] presumably due to the utter
non-locality of SLAC fermion.

Stacey derivative

An alternative non-local discretization is provided by the Stacey derivative [16]:
0ef (x) = 2(a)™" Y (=)"(f(x + na) = f(x - na)). (1.21)
n=1

This leads to the tangent dispersion (see Figure 1.3) in momentum space:
Hp — Hygn = 2v5 jac, tan(léa/z). (1.22)

This discretization scheme, called the tangent fermion [17], plays a central role in
this thesis and lays in the foundation of the numerical methods developed herein.

Tangent fermion is highly non-local in its’ original formulation. Namely,
Eq. (1.21) contains all-to-all hoppings of the same, not-decaying amplitude.
Remarkably, tangent fermion, as it explained in the Chapter 3, possess hidden
locality, which allows for various efficient local formulations. Furthermore,
it accomplishes the task of reproducing Luttinger liquid physics faithfully, a
success we attribute to its’ unique combination of chirality preservation and
hidden locality.

1.5.1 Domain wall fermion

Finally it is worth to mention here another approach to circumvent the fermion
doubling. It has the name of domain wall fermion and exploits the idea of
reproducing the physics of one-dimensional chiral fermions as the edge state of
a two-dimensional topological system, thereby lifting the dimensionality of the
system from 1D to 2D. While being rigorous, this formulation is consequentially
more demanding numerically since one needs to simulate a system of a greater
dimensionality. Further, it introduces an unavoidable bulk-edge coupling, which
compromises the intrinsic one-dimensional character of the model.
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1.6 This thesis

During my PhD journey I encountered and worked on several different topics in
theory of condensed matter. The physics of strongly correlated chiral fermions
in one dimension became the main focus of my PhD, two chapters of this thesis
represent it. In Chapter 2 we implement the idea of tangent fermions to simulate
the helical Luttinger liquid using quantum Monte Carlo (QMC) approach, and
then we extend the idea further to tensor network methods in Chapter 3. The
remaining two chapters of this thesis focus on two-dimensional single-particle
physics. In Chapter 4 we study the Majorana metal transition as a percolation
of topological edge modes. Finally, Chapter 5 investigates the phenomenon of
Landau quantization in systems with generalized Van Hove singularities. Below,
I summarize the main results of each chapter.

1.6.1 Chapter 2

In this chapter we tackle the significant challenge in simulating strongly correlated
one-dimensional systems for the first time. We choose helical Luttinger liquid as
a test ground, an ideal candidate to do the benchmark of our method due to its
analytical solvability. We introduce a novel approach using tangent fermions on a
space-time lattice. This method possess the hidden locality that makes numerical
simulations feasible, while preserving the chirality of the fermions and removing
the doublers. Namely the approach has a local Euclidean action formulation
which is applicable in Quantum Monte Carlo (QMC) simulations.

T T
repulsive
k=0 0102 03 04

T T
attractive 3
—+=0 0102 03 04 3

10

o
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= Seeses 2,
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8 1 DT P TP
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=] AR E TN
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o107 SR
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Z SRS,
z 1073 Nl
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s v =02 K
{ _ x/L
£ 104 / \

107°

Figure 1.4. Quantum Monte Carlo results (data points) for the spin correlator of a helical
Luttinger liquid on a space-time lattice, showing excellent agreement with analytical
bosonization theory (dashed curves) for both repulsive and attractive interactions. This
validates the tangent fermion approach for simulating correlated systems.
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Crucially, our fermionic auxiliary-field QMC simulations for the helical Lut-
tinger liquid at half-filling are shown to be sign-problem-free, a common chal-
lenge in fermionic simulations. The results from our simulations accurately
reproduce the expected Luttinger liquid continuum physics without needing any
adjustable parameters. We validate our findings by comparing them with analyt-
ical bosonization theory, even deriving finite-size and finite-temperature correc-
tions for precise comparisons. This work represents a significant step as the first
successful lattice simulation of the helical Luttinger liquid.

1.6.2 Chapter 3

Following the successful validation of the tangent fermion approach using QMC
in Chapter 2, this chapter pushes the boundaries further by employing powerful
tensor network methods, specifically the Density Matrix Renormalization Group
(DMRG). While QMC proved the concept, it was limited by the sign problem to
specific conditions like helical systems at half-filling without external potentials.
Tensor networks offer a way to overcome these limitations.

We demonstrate that the hidden locality inherent in the tangent fermion
formulation allows for an efficient representation using tensor networks. This
finding, coupled with the non-locality required by the Nielsen-Ninomiya theorem
to avoid fermion doubling and the necessity of preserving well-defined chirality,
provides strong support for the uniqueness of the tangent fermion approach.

10 £x L— T - 3
sine tangent continuum 3

+ X —

oo 13 20 25
Figure 1.5. Absolute value of the propagator calculated using tensor networks for
the tangent (dots) and sine (plusses) discretizations of the Luttinger Hamiltonian. The
tangent discretization agrees well with the continuum analytical results (curves), while
the sine discretization shows an unphysical gap. This highlights the advantage of the
tangent fermion approach.

Using DMRG, we achieve excellent agreement between our results and
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bosonization theory. We also perform a critical comparison with a straight-
forward sine discretization formulation, which, in contrast, results in a gapped
spectrum, highlighting the instability of lattice formulations burdened by fermion
doublers. This work establishes tensor networks as a viable and versatile tool
for simulating strongly correlated chiral fermions on a lattice using the tangent
fermion framework.

1.6.3 Chapter 4

This chapter delves into the behavior of disordered chiral p-wave superconductors,
atype of topological material classified by the Chern number. While conventional
superconductors are typically thermal insulators, disorder can transform these
topological superconductors into a thermal metal phase, where heat is transported
by Majorana fermions. The transition to this Majorana metal phase has been
observed in computer simulations but not yet experimentally.

0 N) 1 0 thermal conductance G/Gy 1|
BT e

(=)

= o/t

0 \
-3 -2 -1 0 1 2 3-3 -2 -1 0 1 2 3
B/t n/t

Figure 1.6. Left panel shows the average number of percolating domain walls as a func-
tion of disorder parameters, clearly distinguishing the region where the Majorana metal
phase emerges. Right panel shows the corresponding thermal conductance, confirming
the transition. This demonstrates that the thermal metal-insulator transition is driven by
the percolation of topological domain walls.

Our research provides compelling numerical evidence that this thermal metal
— insulator transition occurs via the percolation of boundaries separating regions
with different topological properties (specifically, different Chern numbers). In
a clean system, the Chern number is uniform, making the bulk insulating. How-
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ever, disorder creates a "topological landscape" of domains with varying Chern
numbers.

To study this process in real space, we employ the innovative concept of the
spectral localizer, which acts as a "topological landscape function" capable of
determining local Chern numbers. This allows us to visualize the formation of
a network of domain walls between these topologically distinct domains. As
disorder increases, these domains grow and eventually connect, forming a perco-
lating cluster that spans the system, providing a channel for Majorana fermions
and enabling thermal conduction. By analyzing this percolation transition, we
successfully determine the thermal metal—insulator phase diagram.

1.6.4 Chapter 5

This chapter explores the phenomenon of magnetic breakdown in 2D materials,
particularly focusing on regions with generalized Van Hove singularities (vHs).
Magnetic breakdown occurs when electron trajectories in a magnetic field come
close together, allowing quantum tunneling. While well-studied at usual vHs,
newer 2D materials feature "high-order" vHs with flatter dispersions, leading to
richer magnetic breakdown behavior and new challenges.

0.2
% ©)
-0.8 0.1
-0.9
% % 0.0
-1.0
-0.1
-1.1
-0.2
—0.05 0.00 005 0 35 70 —0.05 0.00 005 0 50 100
qxa Gle?/h] gxa Gle?/h]

Figure 1.7. Longitudinal conductance (right panels, blue lines) calculated for finite
systems with (b) square lattice and Az saddle point and (c) triangular lattice and Monkey
saddle point, compared with the spectral structure of Landau minibands (left panels,
orange solid lines (tight-binding simulations) and blue dashed lines (analytically via
our approach)) arising from coherent orbit networks connected via magnetic breakdown
at different types of Van Hove singularities. The conductance peaks correspond to the
minibands, demonstrating the possibility of bulk conduction mediated by these networks.

We develop a general method to calculate the precise magnetic breakdown
scattering matrix (s-matrix) for any type of saddle point, including these high-
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order cases. Our approach maps the problem onto a 1D scattering problem in a
quantum chain derived from the Landau level basis.

A key consequence of magnetic breakdown, especially when saddle points
are at the edge of the Brillouin zone, is the formation of coherent orbit networks.
These networks delocalize the Landau level states, forming dispersive Landau
mini-bands that can support bulk electrical conduction in the presence of a
magnetic field. We calculate the longitudinal bulk conductance in a quantum
Hall bar geometry and show that this conduction, enabled by the orbit networks,
can strongly exceed the standard edge conductance. The energy-dependent width
of these mini-bands (and thus the conductance peaks) is uniquely tied to the
type of vHs, offering a potential experimental signature to distinguish between
different types of saddle points through conductance measurements.
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Chapter 2

Helical Luttinger liquid on a
space-time lattice

2.1 Introduction

A quantum spin Hall insulator [7] supports a one-dimensional (1D) helical edge
mode of counterpropagating massless electrons (Dirac fermions, see Fig. 2.1),
with a linear dispersion £ = +hvpk. The crossing at momentum k& = 0 (the
Dirac point) is protected from gap-opening [8] — provided that there is only a
single species of low-energy excitations and provided that fundamental symme-
tries (time-reversal symmetry, chiral symmetry) are preserved. This topologi-
cal protection is broken on a lattice by fermion doubling [18]: Any local and
symmetry-preserving discretization of the momentum operator k = —ihd/dx
must introduce a spurious second Dirac point [5, 19].

Fermion doubling is problematic if one wishes to study interaction effects of
1D massless electrons (a Luttinger liquid [3, 20, 13, 21]) by means of a lattice
fermion method such as quantum Monte Carlo [22, 23, 24, 25, 26]. A way to
preserve the time-reversal and chiral symmetries on a lattice is to increase the

quantum spin-Hall insulator

%_l;elic(il*edge mode

Figure 2.1. Helical edge mode, consisting of counter-propagating spin-up and spin-down
electrons on the 1D boundary of a 2D quantum spin Hall insulator.
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dimensionality of the system [27, 28]. One can simulate a 2D system in a ribbon
geometry, so that the two fermion species are spatially separated on opposite
edges [29, 30, 31, 32, 33]. The 2D simulation is computationally more expensive
than a fully 1D simulation, but more fundamentally, the presence of states in
the bulk may obscure the intrinsically 1D physics of a Luttinger liquid [34]. A
1D simulation using a nonlocal spatial discretization [35] that avoids fermion
doubling was studied recently [15], without success: The nonlocality gaps the
Dirac point [15, 36].

Here we show that it can be done: A 1D helical Luttinger liquid can be
simulated on a lattice if both space and time are discretized in a way that preserves
the locality of the Lagrangian. The time discretization (in units of 7) pushes the
second Dirac point up to energies of order 4/t, where it does not affect the
low-energy physics — as we demonstrate by comparing quantum Monte Carlo
simulations with results from bosonization [20, 13, 21, 14].

The lattice fermion approach which we will now describe refers specifically
to the massless Dirac fermions that appear in topological insulators. Other
approaches exist that exploit the boson-fermion correspondence. One can first
bosonize the fermion formulation of the problem [37] and then put it on a lattice
[38]. Luttinger liquid physics may also govern the low-energy properties of
bosonic systems such as spin chains [39], where fermion doubling does not apply
and a lattice formulation poses no difficulties [40, 41].

2.2 Locally discretized Lagrangian

We construct the space-time lattice using the tangent fermion discretization ap-
proach [16, 42, 43, 44, 45, 17]. We first outline that approach for the noninter-
acting case, in a Lagrangian formulation that is a suitable starting point for the
interacting problem.
Consider a 1D free massless fermion field - (x, r) with Lagrangian density
given by
Leontinuum = Zo"r//j)'(iat +Ii0VEOX)Y - (2.1)

The spin degree of freedom o, equal to T] or 1, distinguishes right-movers from
left-movers, both propagating with velocity vy along the x-axis. We set h = 1
and denote partial derivatives by dy, d;. The chemical potential is set to to zero
(the Dirac point, corresponding to a half-filled band).

We discretize space x and time ¢, in units of a and 7, respectively. The naive
discretization of space replaces dy > (2a) ' (e%% — ¢=%9x), which amounts to
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Figure 2.2. Dispersion relation of a massless fermion on a 1+1-dimensional space-
time lattice. The two panels compare the sine and tangent discretization schemes, for
v = vpt/a equal to 1 (dashed curves) or 0.9 (solid curves). The sawtooth discretization
has the y-independent dispersion w = +vg7 in the Brillouin zone |wt|, |ka| < 7. Only
the tangent discretization gives a local Lagrangian with a single Dirac point at w = 0.

Oxf(x) = (2a) '[f(x+a) - f(x —a)]. Similarly, 9, — (27) 7' (e™% — ¢ 7%),
producing a Lagrangian with a sine kernel,

Line = (aT)_lzcrij(sin OT — oy sin I%a)w(r. 2.2)

We defined the frequency and momentum operators & = id; and k = —idy and
denote y = vpr/a. The discretized ¢’s are dimensionless.

The naive discretization is a local discretization, in the sense that the La-
grangian only couples nearby sites on the space-time lattice. However, it suffers
from fermion doubling: The dispersion relation sin wt = oy sin ka has branches
of right-movers and left-movers which intersect at a Dirac point (see Fig. 2.2, left
panel). Kramers degeneracy protects the crossings at time-reversally invariant
points w7, ka = 0 modulo 7. In the Brillouin zone |ka|, |wt| < & there are 4
inequivalent Dirac points, two of which are at w = 0: one at k = 0, the other
at |k| = m. Low-energy scattering processes can couple these two Dirac points
and open a gap without violating Kramers degeneracy. To avoid this we need to
ensure that there is only a single Dirac point at w = 0.

One way to remove the spurious second species of low-energy excitations
goes by the name of sLac fermions in the particle physics context [35], or
Floquet fermions in the context of periodically driven atomic lattices [46, 47]. In
that approach one truncates the continuum linear dispersion at the Brillouin zone
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boundaries, and then repeats sawtooth-wise! with 27r-periodicity:

Lsawtooth = —i(aT)_IZalﬁjr(ln eloT — oyln eilza)wo" (2.3)

The sawtooth dispersion relation Ine!“? = oylIne'*® is strictly linear in the
Brillouin zone, with a single Dirac point at w = 0, however the Lagrangian is

nonlocal:

(ne®) f(x) = Y (=) [f(x =na) - f(x +na)], (24

n=1

so distant points on the space-time lattice are coupled.
To obtain a local Lagrangian with a single Dirac point at w = 0 we take two
steps: First we replace the sine in L. by a tangent with the same 27 periodicity:

2 )
Lungent = —= T ol [tan(@7/2) = 7y tan(ka/Z)](,//U. (2.5)

The resulting tangent dispersion tan(wt/2) = oy tan(ka/2) removes the spuri-
ous Dirac point (see Fig. 2.2, right panel), but it creates a non-local coupling.
The locality is restored by the substitution

Vo = Doy, D=1(1+e*)(1+617), 2.6)
which produces the Lagrangian

-Etangent = %(ClT)_lzoﬂﬁz— [(1 + coS l%a) sin OT

—oy(1 +cos &7) sinka| ¢ . 2.7

Product terms cos ka x sin @t and cos &t X sin ka couple ¢ (x,t) to ¢ (x £
a,t + 1), so the coupling is off-diagonal on the space-time lattice but local.

This recovery of a local Lagrangian from a nonlocal Hamiltonian can be
understood intuitively [17]: While the tangent discretization of the differential
operator is nonlocal, its functional inverse, which is the trapezoidal integration
rule, is local — allowing for a local path integral formulation of the quantum
dynamics.

The next step is to introduce the on-site Hubbard interaction (strength U,
repulsive for U > 0, attractive for U < 0) by adding to Lngent the term

Lhubbard = —(U/a)l’lT (X, l‘)l’ll (.X, t)9 ng = 3'7”2-'71’0-3 (2.8)

ika

'We set the branch cut of the logarithm along the negative real axis, so In e?*¢ is a sawtooth

that jumps at ka = 7 + 2nm.
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The density n, is normal ordered (Fermi sea expectation value is subtracted).
Substitution of Eq. (2.6) expresses the density n, at point (x,?) in terms of the
average of the field ¢, over the four corners of the adjacent space-time unit cell.

This completes the lattice formulation of the Luttinger liquid. We characterize
it by the functions

CO-(X) = <wj-)—(x9 0)¢a(0’ 0)>’ ‘p = (lﬁT, ¢¢)9 (29)
Ri(x) = (px(x)px(0)), px(x) = 39" (x,0)0 (x,0).

Here (---) = Z ! Tre BH ... indicates the thermal average at inverse tempera-
ture 8 = 1/kgT (with Z = Tre PH the partition function). We first focus on the
propagator C.

2.3 Discretized Euclidean action

The propagator can be rewritten as a fermionic path integral [48, 1] over anti-
commuting fields ¥ = {¥,,¥_} and ¥ = {¥,, ¥_},

Co(x)=2"" / Z)‘i‘/ DY e SIFIg (1, 0)¥,,(0,0), (2.10)
with S the Euclidean action. For free fermions one has

B L _
S = / dt / dx Z‘I’G(x, 1)(6; — iovEdy) P o (x, 7). 2.11)
0 0 po=

The Lagrangian (2.1) is integrated along the interval 0 < it < i on the imaginary
time axis, with antiperiodic boundary conditions: ¥ (x,8) = =¥+ (x,0). On
the real space axis the integral runs from O to L with periodic boundary conditions,
Y, (0,1) = Yo (L,1).

The tangent fermion discretization replaces id; +— (2/7)tan(®7/2) and
i0x — —(2/a) tan(l%a / 2), resulting in the discretized Euclidean action

Stangent = 22,(,,,0-@0— (X, t) (—i tan(cfn-/Z)
+yo tan(l?a/Z))‘Pa(x, ) (2.12a)
=33 o®@o(x,1)(=i(1 + coska) sindr
+y0 (1 +cos OT) sin ka) @, (x,1). (2.12b)
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In the second equality we substituted the locally coupled fields, ¥ = D®,
¥ = ®D7, cf. Eq. (2.6). The Hubbard interaction is then included by adding to
Stangent the action

SHubbard = UTZx,ZlP+ (x7 I)T+(x’ t)lil— (x7 t)lP— (xy t)' (213)

We choose discretization units 7, a so that both /7 and L/a are integer. The
space-time lattice consists of the points it, = int,n =0,1,2...8/7t — 1, on the
imaginary time axis and x,, = na, n = 0,1,2...L/a — 1 on the real space axis.
Upon Fourier transformation the sum over #,, becomes a sum over the Matsubara
frequencies w, = (2n + 1)7/B, while the sum over x,, becomes a sum over the
momenta k, = 2nm/L. These are odd versus even multiples of the discretization
unit, to ensure the antiperiodic versus periodic boundary conditions in ¢ and x,
respectively. In order to avoid the pole in the tangent dispersion we choose 3/t
even and L/a odd.

2.4 Free-fermion propagator

Without the interaction term the propagator (2.10) is given by a Gaussian path
integral [48, 1], which evaluates to

e—lkx

-
Co(x) = BL ,;U 2itan(wt/2) = 2yo tan(ka/2)’

(2.14)

A simple closed-form answer follows for the Fourier transform C, (k) in the
zero-temperature (8 — oo) limit,

/T d 1
Cotiy = [ 52
—x/7 2m 2itan(wT/2) - 2yo tan(ka/2)
-1
= — . (2.15)
2sign(o tan(ka/2)) + 2yo tan(ka/2)
For the sine dispersion we have instead
o ik
Cor(k) = sign(o sin ka) ’ (2.16)
1 +4y2sin’ ka
while the sawtooth dispersion gives
1 by
Co(k)=—— arctan( ) , |ka|l <m. (2.17)
by yoka
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Figure 2.3. Free-fermion propagator in momentum space at zero temperature, calculated
for three different discretization schemes. The plots follow from Egs. (2.15), (2.16), and
(2.17), for y = 1, o = +1. Only the tangent fermion discretization is continuous at the
Brillouin zone boundary ka = +m.

Each dispersion has the expected continuum limit> C, (k) — —% sign(ok)
for |ka| < 1, up to a factor of two for the sine dispersion due to fermion doubling.
The difference appears near the boundary |ka| = 7 /a of the Brillouin zone. As
shown in Fig. 2.3, only the tangent dispersion gives a propagator that is continuous
across the Brillouin zone boundary. In real space, the discontinuity shows up as
an oscillation of C (x) for separations x that are even or odd multiples of a, see
Fig. 2.4. This is a known artefact of a finite band width [49] which is avoided by
tangent fermions: their C (x) is close to the continuum result i /27x for x larger
than a few lattice spacings.

It is essential that the spatial discretization is accompanied by a discretization
of (imaginary) time: If we would only discretize space, taking the limit 7 — 0 at
fixed a, then y — 0 and the propagator tends to the wrong limit,

n/a . - 2

. . . iosin“(mx/2a

lim C,(x) = %IO' sin kx dk = #, (2.18)
7—0 0 X

2The continuum limit C, (k) = —% sign(o k) differs from the zero-temperature Fermi function

0(—ok) by a 1/2 offset. This offset corresponds to a delta function §(x — x”) contribution to the
propagator (2.9), which is lost in the discretization.
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Figure 2.4. Same as Fig. 2.3, but now in real space. The continuum result at zero
temperature is C(x) = i/2nx (solid curve), close to the tangent fermion discretization
(black dots). The dashed lines are guides to the eye, to highlight the oscillatory behavior
of the sawtooth and sine discretizations.

irrespective of how space is discretized. This deficiency of the sawtooth (sLAc)
approach was noted in Ref. [15].

Luttinger liquid correlators — We now include the Hubbard interaction (2.13)
in the discretized Euclidean action (2.12), and evaluate the path integral (2.10)
numerically by the quantum Monte Carlo method [50]. In a Luttinger liquid the
zero-temperature correlators decay as a power law [13],

C% o x K-VK R, ocx72K, (2.19a)

K=+({1-x)/(1+k), K=2Ua

e (-1,1). (2.19b)
TTVE
For repulsive interactions, U > 0 = K < 1, the transverse spin-density correlator
R, decays more slowly than the 1/x? decay expected from a Fermi liquid.
Results for the interaction dependent decay are shown in Fig. 2.5. The
data from the quantum Monte Carlo calculation of R, (x) is compared with the
predictions from bosonization theory [14]. The power law decay (2.19) applies
to an infinite 1D system. For a more reliable comparison with the numerics we
include finite size effects in the bosonization calculations [50].
The finite band width 1/7 on the lattice requires that the dimensionless
interaction strength « is small compared to unity. As we see in Fig. 2.5 the
agreement with the continuum results (dashed curves) remains quite satisfactory
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Figure 2.5. Main panels: The data points show the quantum Monte Carlo results for the
correlator Ry (x) = %((//+ (x)o ¥ ()P (0)orxp (0)) of the helical Luttinger liquid, on the
space-time lattice with parameters 8/t = 34, L/a = 71, v = a/7. The different colors
refer to different Hubbard interaction strengths « = Ua/2nvE, repulsive on the left panel
and attractive on the right panel. In the latter case the correlator R, changes sign, the
plot shows the absolute value on a log-linear scale. The x-dependence at x and L — x is
the same, because of the periodic boundary conditions, so only the range 0 < x < L/2 is
plotted. The numerical data on the lattice is compared with the analytical bosonization
theory in the continuum (dashed curves [50]). Note that the lattice calculation slightly
overestimates the interaction strength, for both the repulsive and attractive cases. The
inset in the left panel combines data for both repulsive and attractive interactions on a
log-log scale, to compare with the power law decay (2.19) (dashed lines).

for |k| up to about 0.4. We stress that this comparison does not involve any
adjustable parameter.

2.5 Conclusion

We have shown that it is possible to faithfully represent an interacting Luttinger
liquid on a lattice, without compromising the fundamental symmetries of mass-
less fermions. The key step is a space-time discretization of the Lagrangian
which is local but does not introduce a spurious second species of low-energy
excitations. We have tested the validity of this “tangent fermion” approach in the
simplest setting where we can compare with the known bosonization results in
the continuum.

We anticipate that tangent fermions can become a powerful tool for the study
of topological states of matter, where it is essential to maintain the topological
protection of an unpaired Dirac cone. An application to the fermionic Casimir
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effect was published in Ref. [51]. We have shown that the technique can be applied
to quantum Monte Carlo calculations, but we expect it to be more generally
applicable to fermionic lattices. Indeed, a second quantized formulation has very
recently been used to avoid fermion doubling in the context of tensor networks
[52].

Appendices

2.A Derivation of the Euclidean action in the tangent
discretization

In this appendix, we explain how to arrive at the Euclidean action given in Eqs.
(2.12) and (2.13). In particular, we show that the shift in chemical potential,
originating from the normal ordering of the density operator in the Hubbard-
interaction Lagrangian (2.8), is absent in the Euclidean action. We start from the
continuum Hamiltonian H = Hy + Hyyubbard, With

Ho= )" ovek 1y (o (k):

o,k
= > ek [yl (wo (k) = 1+6(ck)], (2.20)
o,k
Hitins = U [ dvn,(n_ (). @21)
no(x) = o (X) Yo (0): (2.22)
1 i (k—k")x ’
= = DT () g () + (0(ak) = Doge],
L
k#k’
where the normal ordering : --- : brings to the right operators ¥ (k) with

ok > 0, and wl(k) with ok < 0. Here 6 is the unit step function, defined by
0(ck) =1for ok >0,and (k) =0 for ok < 0.

We introduce fermionic coherent states |¥), which satisfy

Vo ()W) = Vo (K)W), (Plul (k) = (PP (k). (2.23)

Then, with T = 8/N and |¥(0)) = —|¥(N)), where N is a positive integer, the
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partition function is
N —
Z=Tre P = lim / [ [D¥0D¥@e OO @ @)le ™ (1 - 1)),
—00 z:1
(2.24)
where ¥(0) = -W(N).

We perform a Hubbard-Stratonovich transformation,

W (x, 1)

e—THHubbard:/DW(I)_@W*(I)CXP{‘/CJX_ U]

+ W (x, H)ns(x) — sign(U)W* (x, t)n_(x)} , (2.25)

which yields

2
) / LA

N
z= lim / (El[z)\p(z)z)w)z)vv(z)z)w*(z) T

-P[P(@H)-P(r-1)] -7 Z ovek [Py (k, )Py (k,t — 1) = 1 + 0(ck)]
o,k

+1/de(x,t)Zei<k—k’>X[@+(k',t)w+(k,z—1)+(9(k>-1)5kk,]
L k,k’

I sign(U)/ dx W*(x, 1) Zei<’<—k’>X[\P_(k',z)\P_(k,t—1)+(—1+9(—k))5kk,]]}.
L kk’
(2.26)

We make the variable change

Yo (k,t) — %[‘P(,-(k,t) + %, (k,t+1)], (2.27)
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under which the partition function becomes

- TP
U]

N
z= lim / (];[ Z)‘P(t)Z)‘P(t)DW(t)DW*(t))exp{z

t

- % D Grre + TG (K K)) P (K, 1) [P (ks 1+ 1) = P (k1 = 1)]
o k,k’

—TZZO'VFk (‘i‘a(k,t)q‘”(k’t_ 1) + 2%, (k,t) + P (k,t+ 1) —1+9(ak))
ok

4

+1/de(x,t)Ze“k‘k’”((e(k)—1)5kkf

L k,k’

W, (k,t+1)+ 2%, (k,t) + ¥, (k,t - 1))

+li‘+(k/’t) 4

~ L sign(U) / dxw*(x,z)ze"<’<—’<’>X((9(—k)—1)5kk,
L k,k’
‘~P_(k,t+1)+2‘~P_(k,t)+‘P_(k,t—1))]}, 228)

+W_(k',1) 1

where

k 1 o
Ao—(k, k’) = _O—V2F Siw + i / dX[W(X, t)el(k—k )x60—+

— sign(U)W* (x,0)e’ *=K)%s . ] (2.29)
We next make the substitution

Vo (k') > D [Spkr = TAG (K K] Wor (). (2.30)
k//

Ignoring the subleading terms, the Jacobian of the variable change is

r o _ 1
det(8ppr — A (K, k")) = exp{ - Tzk: ( — ovgk + Z/ dx[W(x,1)

—sign(U)W*(x, t)])} . (23D
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The change of measure of Grassmann variables produces the inverse of the
Jacobian, which cancels the shift in chemical potential [the term 6(o k) — 1] from
normal ordering. This yields the action

2
) / PRLAE)]

N
z= lim / (g@wu)@w)z)womw*(z) i

exp{ 5

t

_ % Z;(\i!a(k,t)[\}’o.(k,t +1) = ¥o (k,r = 1)]

Yolk,t —1)+2¥,(k,t) + ¥, (k,t+1)
4
4
W (xr+ 1)+ 2% (x, 1) + ¥_(x,1 — 1)]}
1 .

-7 Z ovekWs (k. 1)
o,k

+ T/ dx W (x, )W (x, 1)

—Tsign(U)/de*(x,t)‘i’_(x,t)
(2.32)

Finally we can integrate out the Hubbard-Stratonovich field, substitute ¥, +—
2(1 4 cos ®7) "W, and apply the tangent discretization k — 2a~! tan(ak/2),
which results in

exp {—Z [2 Z P, (k)(—itan(&7/2) P, (k)
o,k

N
z= lim / (1:[ DY (1) DP(1) :
+ rovetan(k/2))¥, (k,t) + TU Z W, (x, )P (x, )P (x, ) P_(x, t)]} .
’ (2.33)

For finite NV, this is the partition function corresponding to the tangent-discretized
action given in Eqgs. (2.12) and (2.13) in the main text.

2.B Quantum Monte Carlo calculation

2.B.1 Hubbard-Stratonovich transformation of the Euclidean action

To evaluate the fermionic path integral representation of the partition function,

Z= / DY / DY ¢~ SI¥-¥I (2.34)
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we follow the usual auxiliary field approach [22, 23, 24, 25, 26], by which the two-
body Hubbard interaction is transformed into a sum of one-body terms coupled
to a fluctuating Ising field s(x,7) € {+1,—1}. In a Hamiltonian formulation
this is accomplished by the discrete Hubbard-Stratonovich transformation of Ref.
[23]. We cannot follow that route, because the tangent fermion Hamiltonian is
nonlocal, instead we need to work with the Lagrangian formulation — which is
local.

Starting from the discretized Euclidean action in Eqgs. (2.12) and (2.13) we
factor out the two-body term,

€_S — e—Stangent 1—[ e_UTqJ+(x’t)lY+(x’t)‘P‘(X’t)ly_<x’t), (235)

xX,t

This is allowed because all bilinears W% of the anticommuting Grassmann fields
commute. (The approximate Trotter splitting [25, 26] from the Hamiltonian
formulation does not appear here.)

Focusing on one factor, we have the sequence of identities (using ¥> = ¥? =
0)

A A A AR
L1+ sVIUTI(P, W, = sign(Un) P 9.) - Urs” P, 9,0 W]

=3 Z exp[sVIUT|(W, ¥y — sign(Un)P_W_)]. (2.36)

Collecting all factors we thus arrive at the desired Hubbard-Stratonovich trans-
formation of the Euclidean action,

1
-8 —_ _Slzmrnl
e " =e et — E exp
27a s(x,t)==%1

\UT|'2 Z s(x, 1) (\h (x, ), (x, 1)

x,t

—sign(Un)P_(x,1)¥_(x, t))] , (2.37)

In the tangent fermion discretization the charge density P is rewritten in
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terms of the locally coupled fields @, D, cf. Eq. (2.6),
P, (x, )P (x,1) = D D |x, 1) (x, 1| DD,

B, (1 + e k) (1 4 71O [y, 1) (x, 1| (1 + k) (1 + €D,

D, (x,1) +Dy(x —a,t) +D(x,t+7) + Dy (x —a,t+‘r)]

L

16

=&

X [@s(x,8) +De(x —a,t) + De(x,24+7) + DPi(x —a,t +T)].
(2.38)

The Jacobian J = det DT D of the transformation is independent of the Ising field.
For any given Ising field configuration s(x, f) the action is now quadratic in
the Grassmann fields @, @,

S[®, D, 5] = Z Oy (X', YM o (x, X 1, 1) [5] P (x, 1), (2.39)
o,x,x’,t,t’
with a local kernel
My (x,x",t,t")[s] = %(—i(l + cos ka) sindt + oy(1 + cos &7) sin IEa)

o if U>0,
1 if U<O.
(2.40)

+ 6x’x,6t’,,|UT|l/2s(x, 1D |x, 1) (x, t|D x {

The Gaussian path integral over the fields ®, ® produces a weight functional
P[s] = / DP / DO e~ SI®Ps] = det M, [s]M_[s] (2.41)

for the average over the Ising field. This final average is carried out by means of
the Monte Carlo importance sampling algorithm.

2.B.2 Absence of a sign problem

For the Monte Carlo averaging we need to ascertain the absence of a sign problem:
The weight functional P[s] should be non-negative for any Ising field configu-
ration. This is indeed the case: From Eq. (2.40) one sees that for the attractive
interaction (U < 0)

M*[s] = M.[s] = P[s] = | det M, [s]|>. (2.42)

(Note that k = —id, and & = id; changes sign upon complex conjugation.) For
the repulsive interaction (U > 0)

M [s] = —-M,[s] = P[s] = (-D)PL/79 det M, [s]|* = | det M, [s]|*, (2.43)

because SL/7a is an even integer.



32 CHAPTER 2. HELICAL LUTTINGER LIQUID ON A SPACE-TIME LATTICE

2.B.3 Correlators

We apply the quantum Monte Carlo calculation to equal-time correlators of the
form

W e (2 ()0 (50)) = (D) (1) (D) (2) (D) (1) (D (32))
= [ D8 [ D0 (S99 (8, D)) (D) 12) (B D) (x2) (DO (50
= % Z P[S] (AU'(xz’xl)[S]A(T’(x4ax3)[s]_éo'(T'AAO'(XAL,xl)[S]AO—(XQ,X_O,)[S] .

s(x,t)==%1

(2.44)

In the final equality we defined A, [s] = DM o [s]DT and we have used the
integration formula (Wick’s theorem)

[ 26 [ D0 000,8,8, = detd) (M )n (3 D= i (M ).
(2.45)
We consider the spin correlator

Re(x) = 3" () oy (g (0o (0))
— 1 (W@ O] (MY (0) + W] (v (0 (01 (x))). (2.46)

In the second equality we used spin conservation symmetry,
WY YO (0)) =0, W] ()1 ()] (Or(0) =0.  (2.47)
We substitute Eq. (2.44) into to Eq. (2.46),

Re(x) = —3(A7(0,x)[s]A | (x,0)[s] + A (0,x)[s]A7(x,0)[s]),.  (248)

Using the symmetries (2.42) and (2.43) of the M-matrix we simplify it to

R.(x) = {%(!Ar(x, 0lsIf* +[4; 0.0 [sI]), ifU >0,

X . ] (2.49)
-3 Re<{AT(x, 0)[s]AT(O, x)[s]})Y if U <0,

with {- - - } the anticommutator.

The average in Eq. (2.49) is over the Ising field s. To improve the statistics we
make use of translational invariance in space and imaginary time, by additionally
averaging the correlator over the initial position (replacing (x,0) — (x + y,y)
withO <y < L),as well asover 0 <t < .
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2.B.4 Monte Carlo averaging

For the Monte Carlo averaging we perform local updates of the auxiliary Ising
field, one spin-flip at the time. An operator average is then sampled at each
Monte Carlo iteration, which includes SL/7a local spin-flip steps.

We have tried out three alternative numerical methods:

1. The first method is a simple dense matrix calculation, where we recalculate
P[s] after each spin-flip and A4[s] after each Monte Carlo step, using
neither the sparsity of the M-matrix nor the locality of the update. This is
optimal for systems of small sizes (L/a < 11, B/7 < 6).

2. In the second method we use the locality of the update of the Ising field, by
employing the Woodbury formula for the update of P[s] and Aq[s]. This
is favorable for systems of medium sizes (L/a ~ 41, B/t = 20).

3. In the third method we use the sparsity of the M-matrix, with the help of
the SuperLU library.® This gives the best performance for large systems
(L/a Z 61, B/t 2 30).

In Fig. 2.6 we compare results for three system sizes. We fix theratioa /7 = vg
of the discretization units of space and (imaginary) time and for each choice of
a, T we ensure that L/a is an odd integer and B/7 is an even integer (to avoid
the pole in the tangent dispersion). The size dependence is relatively weak for
the repulsive interaction, and more significant for the attractive interaction near
values of x where the correlator changes sign.

2.C Bosonization results

The curves in Fig. 2.5 are the bosonization results for the spin correlator R, (x)
of the helical Luttinger liquid on a ring of length L. We describe that calculation.

3X. S. Li, An overview of SuperLU: Algorithms, implementation, and user interface, ACM
Transactions on Mathematical Software, 31, 302 (2005).
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Figure 2.6. Quantum Monte Carlo results for the correlator Ry (x)

W (x)o W (x)y¥ " (0)o(0)) of the helical Luttinger liquid (interaction strength || =
0.1), on the space-time lattice for three different lattice sizes (at fixed a/v = vg). The
data for the largest system corresponds to Fig. 2.5 from the main text. The dotted line
connecting the data points is a guide to the eye.

2.C.1 Bosonic form of the Hamiltonian

We start directly from the bosonic form of the Luttinger Hamiltonian [14],

_2mvp| t t N ot
H= L [21 " (ququ * bqlbql) X 21 nq(qubql +bgrbgy)
ng= ng=

+INp(Ny + 1) + N (N + 1) + kNN | (2.50)

The bosonic creation and annihilation operators b", b are constructed from the
fermionic operators ¢, ¢ by

” (2.51)
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We impose periodic boundary conditions, quantizing k = 2zan/L, n € Z. The
bosonic wave number g = 2o n, /L is defined such that n, > 0 and the sign of
q is fixed by the spin index.

The normally ordered fermionic number operator

Ng = Z:czack(r: = Z (czack(r - (Olciackaw)) (2.52)
k k

commutes with the bosonic operators. The Fermi sea expectation value <0|CZO_C ko0
is defined such that wave numbers ok < O contribute, so all states with energy

E < 0, including the spin-up and spin-down states at k = 0. For later use we
note that this implies that

(Ng)=1/2-1=-1/2 (2.53)

at zero temperature in a half-filled band (the state at k = O only contributes 1/2
per spin direction to the ground state).
The Hamiltonian can be diagonalised by a Bogoliubov transformation [14],

_n-3/2 -1/2 1/2 — -3/2 -1/2 1/2 7o 1
Bye = 2732(K72 + K'Y (byr ¥ b)) £ 2732(K /—K/)(qu+bql),

(2.54)
with K = V1 — k/V1 + «, resulting in
2TVE -
H= ="V~ > ng(Bj.Bys +B}_By)
ng=1
+ AN (Ny + 1) + SN[ (N + 1) + kNyN| | (2.55)

2.C.2 Spin correlator in terms of the bosonic fields
We wish to compute the (equal-time) spin correlator
Re(x) = 10" (0)op )y (0) - (0)) = 5 Re (Wl (x)yr (0| (O (x)).
(2.56)

In the second equality we used spin conservation symmetry (2.47) and transla-
tional symmetry,

Wi WL )] (01 (0)) = WO (O] (=7 (~x))
= W0 (0] (XY (x)". (2.57)



36 CHAPTER 2. HELICAL LUTTINGER LIQUID ON A SPACE-TIME LATTICE

The correlator diverges when x — 0, we regularize this ultraviolet divergence
with cutoff length ay.
The fermion field is related to the bosonic operators by the “refermionization”

relation [14]
1

\/27ra0

where F is a Klein factor and

Fge_i(anN(,x/Le—i%(X), (2.58)

lpo’(x) =

(9]

1

$o(x) = —nq:1 \/T_q

e/l (o7i4 o 4 DY) (2.59)

The correlator then takes the form

1 . . . . . .
— _1 ipr(x) ,i2aNyx/L it —-i¢1(0) i) (0) - i2AN|x/L ,~i$)(x)
Ry (x) 5 Re (Grao)? (e e FTFTe e FlFle e )
- IRe L 2R RILy 101 (1) =i61(0) 4i61(0) =i (x)y
(27ag)?

(2.60)

where we used the identity F 2 F_, =640 . Inthe second equality the expectation
value has been factored into a product of two expectation values, which is allowed
because every state can be completely and uniquely described by the number of
fermions N, and bosonic excitations bg(,bq(,, implying the independence of
their expectation values.

The next step is to transform to the eigenbasis of the B-operators,

3] 1 . .
O, (x) = - o~ Tnqao/L (e—thqu_ + equBj](r) i (2.61)

ng=1 Viq
by means of the relations

¢1= =27 (K2 + K[ @4 (x) + ()]

— 272KV K[, (—x) - D_ ()], (2.62a)
¢ = —27(K 2+ KV [D_(x) - D4 ()]

+ 2—3/2(K—1/2 _ K1/2) [@®_(—x) + P, (x)]. (2.62b)
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We thus evaluate the expectation value

<ei¢r(x)e*itﬁr(o)ei%(o)e*im(x))
_ <€—i\/§<d>+<x>+<1>+<—x>—2<1>+<0>>><e—ix/§<d>_<x>—d>_<—x>>>

x [ ®+ ()24 (0)] = [@4 (1), @4 (X)) = F [- (%), - (=) (2.63)
where we used the Baker-Campbell-Hausdorff formula and the fact that the

commutator [®(x), D, (y)] is a c-number.
Because of inversion symmetry,

[®(x), D1 (=x)] = [@_(—x), P_(x)] = =[P (x), P_(-x)], (2.64)

the last two exponentials in Eq. (2.63) cancel each other. The identity for the
thermal average (e8) = B2 of an operator B that is linear in free bosonic
operators then gives

(e7IVE @401 (-2)=204(0))) = o= 5 (60O +{@4(x). 0 (-2)}=4{&+(). 22 (O)])
(2.65a)
<e—i\/§<¢_<x>—¢_<—x)>> = o F 22200 (x).0-(-1)}) (2.65b)

where we also used the translational symmetry (@, (0)®, (x)) = (@, (—x)D.(0)).
We need one more identity,

O () O (-1 D)= (@2 (). P2 (-0)}) _ | (2.66)

again because of inversion symmetry, to finally arrive at

Ry(x) = _% Re <ei27er1x/L>eK({(D+(x),<D+(O)}—2<I)i(0))e[<I>+(x),CD+(O)]’

(2map)?
2.67)

with Ntot = NT + Nl

2.C.3 Evaluation of the thermal averages

It remains to thermally average the bosonic field correlators and the exponential
of the fermionic number operators. We do the latter average first.

The number operators Ny, N commute with each other and with the bosonic
fields, so the average is a classical ensemble average with the Gibbs measure at
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inverse temperature § and chemical potential g,

Zﬁ N ei27TNmtx/Le—ﬁE+ﬁllNlol
— /2 Nwex /Ly _ TV =7
Gr(x) = (e TSR e PR (268
2MVE
E = - INy(Np+ 1) + 3N (N + 1) + kN3N |. (2.68b)

The chemical potential ¢ = 0 without interactions, corresponding to a half-
filled band at zero temperature. To keep the half-filled band also for nonzero «
we adjust

1 2nmvg
H=—3K I
Then limg_,o(Ns) = —1/2 independent of the interaction strength x € (-1, 1),
as required by Eq. (2.53).
We next turn to the average of the bosonic field correlators:

(2.69)

- 1 > S
(@ ()P (0)) = Z ——e 2"/l ((e7 4By +¢' B) ;) (By o +B), )
ng,ng=1 VigTg
21 . .
— Z n_e—Znnquo/L<e—ququ_BZO_ +equB(‘So_qu_>
ng=1 q
—io2rngx/L eia’Zﬂnqx/L

— Z ie—27rnqa0/L € +
n 1= e—nq27rv,B/L enq27rv/3'/L -1

ng=1 q

— i ie—nq(Zn/L)(aoﬂ'o'x) + i ie—Zﬂnan/chos(ZHHQX/L)

ng ng enq27rv,B/L -1

ng=1 ng=1

[

- _1n(1 _e—(Zﬂ/L)(aoﬂ'O'X)) - 1 2o 2€08(22ng /L)

. it 1 @70

ng=1
We subtract (@2 (0)) and expand to first order in the cutoff length ay,
(P (1) (0) - D2(0)) = G (x) + In(2map/L) + O(ap),

o 4 sin®(mngx/L) (2.71)

_ _ —io2ax/L
Gs(x) = ln(l e )+ g Bl |’

ng=

With the help of two further identities,
{ @+ (x), @1(0)} = 203 (0)) = 2Re(D (x) @ (0) — D3(0)), (2.72a)
[@, (x), @, (0)] = 2i Im(D, (x)D, (0) — D2 (0)) = 27i(x/L —1/2), (2.72b)
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we conclude that

2K ReGL(x) Re [e"Z”x/LGN(x)]
2L%(2mag/L)*2K

Re(x) = (2.73)

The two functions Gy (x) and G, (x) can be computed efficiently from Egs.
(2.68) and (2.71). For the comparison with the lattice theory we identify the
cutoff length ag with the lattice constant a.

2.C4 Propagator

For reference we also give the finite-size bosonization result for the propagator:

Car) = (W (1,00 (0.0)) = (eI (el (000 0)

) (1/2)(K+1/K)
__v nao <ei0'7r(2N(,+l)x/L>e(l/2)(K+1/K)ReGU(x)
2miag \ L '

(2.74)
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Chapter 3

Luttinger liquid tensor network:
sine versus tangent dispersion of
massless Dirac fermions

3.1 Introduction

The linear energy-momentum relation, £ = +hvk, of massless Dirac fermions
remains gapless in the presence of disorder, provided that a pair of fundamental
symmetries, chiral symmetry and time reversal symmetry, are not both broken
[54]. To preserve this so-called topological protection on a lattice one needs to
work around the fermion doubling obstruction [5]: if the Brillouin zone contains
multiple Dirac cones they can hybridize and open a gap at £ = 0. The nearest-
neighbor finite difference discretization suffers from this problem: The resulting
sine dispersion, E = (hv/a) sin ak, has a spurious second Dirac cone at the edge
k = m/a of the Brillouin zone.

It was shown recently [45, 17] that an alternative discretization of the differ-
ential operator, introduced in the 1980’s by Stacey [16], preserves a gapless Dirac
cone in a disordered system. The dispersionis atangent, E = (2iv/a) tan(ak/2),
with a pole rather than a zero at the Brillouin zone edge. No other discretiza-
tion scheme (staggered fermions, Wilson fermions, sLac fermions [18]) has this
topological protection. One fundamental consequence is that the Casimir effect
for lattice fermions requires the tangent discretization [51].

All of this is for non-interacting particles. Interacting models of massless
Dirac fermions need a lattice formulation for numerical studies [55, 56, 57, 58],
which use methods such as quantum Monte Carlo or DMRG (density matrix renor-
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malization group). The Luttinger liquid with Hubbard interaction, a paradig-
matic non-Fermi liquid [13, 21], can be solved analytically in the continuum via
bosonization [3, 20], providing a testing ground for lattice calculations. Such a
test was reported for quantum Monte Carlo in Ref. [59]. Here we consider the
DMRG implementation.

The two techniques require a different approach, each with its own challenges.
For quantum Monte Carlo the discretization is at the level of the Lagrangian, and
the challenge is to ensure a positive action determinant (avoiding the so-called
sign problem). For DMRG the discretization involves the representation of the
second quantized Hamiltonian by a tensor network [60, 61]: a product of matrices
of operators acting locally on each site. The challenge is to ensure that the rank
of each matrix (the bond dimension) is small and does not grow with the number
of sites.

Tangent fermions have a hidden locality originating from the fact that —
although the tangent discretization produces a Hamiltonian with a highly non-
local, non-decaying, coupling of distant sites [16] — the ground state can be
obtained from a local generalized eigenproblem [44]. Our key finding is that this
allows for an exact matrix-product-operator (MPO) representation of low bond
dimension. In an independent study [52], Haegeman et al. reached the same
conclusion.

In what follows we will compare the sine and tangent discretizations of the
Luttinger Hamiltonian, and test the correlators against the continuum results. We
first construct the MPO explicitly in Sec. 3.2. The correlators are calculated via
the DMRG approach and compared with bosonization in Sec. 3.3. We conclude
in Sec. 3.4. Appendix 3.A contains the connection between a local generalized
eigenproblem and a scale-independent MPO.

3.2 Matrix product operator

The starting point of a tensor network DMRG calculation [57] is the representation
of the Hamiltonian by a matrix product operator (MPO), to ensure that the
variational ground state energy can be computed efficiently for a matrix product
state.

In this section we construct the MPO representation of the one-dimensional
(1D) Dirac Hamiltonian

(3.1)

H=—ihv(a/ax 0 )

0 -0 /0x
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discretized on alattice. (The matrix structure refers to the spin degree of freedom.)
Once we have done that we will compute the correlators via DMRG in the presence
of a Hubbard interaction (Luttinger model).

3.2.1 Free fermions

Consider noninteracting, spinless chiral fermions on a chain of N sites (unit
spacing), with hopping matrix elements #,,, (n > m > 1). (We will include the
spin degree of freedom and the electron-electron interaction later on.) For an
infinite translationally invariant lattice, ¢,,,,, = t(n — m) is a Fourier coefficient of
the dispersion relation,

E(k) = 2Re Z t(n)e'™ . (3.2)
n=1
The second quantized Hamiltonian
N
H= Z (LamChCm + tomChc) (3.3)
n>m=1

can be rewritten as a product of matrices M) that act only on site n, but the
dimension of each matrix (the bond dimension) will typically grow linearly with
N.

An exact MPO representation with scale-independent bond dimension is
possible in two cases [62, 63, 64, 65]: for a short-range hopping (¢,,, = 0 for
n —m > r) and for a long-range hopping with a polynomial-times-exponential
distance dependence:

tnm = 2t0e'® (n — m)P P BeC, peN, (3.4)
and linear combinations of this functional form. While the exponent 8 = ] +if3»
can be an arbitrary complex number, the power p must be a non-negative integer

[65]. A decaying t,,,,, «< 1/(n —m)? does not qualify.
The sine dispersion corresponds to a short-range, nearest-neighbor hopping,

tam = (t0/20)0p-m1 < E(k) = tosink. (3.5)
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The MPO Hamiltonian has bond dimension 4,

Hgine = 3ito[MW M) .. MN] 4, (3.6a)
1 ¢y C,T1 0
0 0 0

MM = n 3.6b
0 0 0 ¢, ( )
0O 0 0 1

A no-go theorem [5] forbids short-range hopping if one wishes to avoid
fermion doubling and preserve chiral symmetry. If we also require a scale-
independent bond dimension we need the hopping (3.4). In the simplest case
p = 0 of a purely exponential distance dependence!, one has the dispersion

ePrcos —cos(Br + k + ¢)
cos(Br + k) — cosh 34

E (k) = 219 (3.7

This should be a continuous function in the interval (-, ), crossing E = 0
at k = 0 but not at any other point in this interval. The only parameter choice
consistent with these requirements is ¢ = 7/2, 81 = 0, B> = 7, when

tam = 2itg(=1)""" o E(k) = 2t tan(k/2). (3.8)

This is Stacey’s tangent dispersion? [16].
The corresponding MPO Hamiltonian is

Htangent = 2itg [M(l)M(Z) e M(N)] 1,45 (3.9a)
1 ¢, cIl 0
0 -1 0 cf

M n 3.9b
0 0 -1 ¢4 ( )
0 0 0 1

again with bond dimension 4, differing from the sine MPO (3.6) by the —1’s on
the diagonal.

IThe tangent discretization (3.8) corresponds to Eq. (3.4) with p = 0 (purely exponential
distance dependence). More generally, one can take p = 1,2, ... (polynomial-times-exponential
distance dependence), in which case the dispersion contains terms o tan(k/2)(1 + cosk)™”.
The MPO representation of the discretized Hamiltonian remains scale independent, but the bond
dimension is larger than for p = 0.

2The Fourier series tan(k/2) = -2 Yoy (=1)"sinnk implied by the identification
(3.8) should be understood in the sense of a distribution: fon tan(k/2) f(k)dk =
=23 (=" _/07r f(k)sinnk dk, with f(k) a test function that vanishes at 7.
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3.2.2 Helical Luttinger liquid

We next include the spin degree of freedom and consider helical instead of chiral
fermions,

N N
H= 3" |twnlcle,n—clie, ) +He]|+ D U0 (310)
n=1

n>m=1

(H.c. denotes the Hermitian conjugate.) We have added an on-site Hubbard
interaction,

Ui = Ulnip = 5) (i = 3), nio = ¢l e, 3.11)
The MPO representation for the tangent discretization (3.8) is
Htangent = 2it0[M(1)M(2) : "M(N)]l,6, (3.128.)
1 cpp CLT Cnl lei (2itg)"'U,
0 -1 0 0 0 !
nl
M = 0o 0 -1 0 0 chT ’ (3.12b)
0 0 0O -1 0 —Col
0 0 0 0 -1 —Cn)
0 0 0 0 0 1

with bond dimension 6. For the sine discretization the —1’s on the diagonal are
replaced by O’s,

Hne = Sito[MDMP . MM, g, (3.13a)
1 cup CILT Cnl cll (%ito)’lUn
00 0 0 0 cir
00 0 0 0 —cl
00 0 0 0 —cny
00 0 0 0 1

To deal with fermionic statistics, we apply the Jordan-Wigner transformation
to the MPOs (see App. 3.B).

The MPOs written down so far refer to an open chain of N sites. To minimize
finite-size effects periodic boundary conditions are preferrable: the chain is
wrapped around a circle, and sites n and n + N are identified. A translationally
invariant hopping, t,,,, = t(n — m), then requires

t(N-n)=t(n)*, 1<n<N-1. (3.14)
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For N odd the Hamiltonian in the tangent discretization (3.8) satisfies this
condition without further modification: because of the all-to-all hopping a closing
of the chain on a circle makes no difference. (For N even one would have
antiperiodic boundary conditions®.) We can therefore still use the MPO (3.12).

The sine discretization (3.5) requires an additional hopping term between
sites 1 and N. We construct this MPO explicitly in App. 3.C.

3.3 Correlators

3.3.1 Free fermions

The propagator

Co(x,x") = (] (D)o (x)), oe{l]} e {1,-1}, (3.15)

of a non-interacting 1D Dirac fermion with dispersion E(k) = +hvk can be
readily evaluated:

© Ik eik(x—x’)

w 27 | + ePE(K)
ohy

= 2iBsinh[x(/B) (x —x)]’

1 .
Co(x,x") = ZTre_BHcIo.(x)cU(x') = /

(3.16)

for x # x’, with Z = Tre #H the partition function at inverse temperature
B = 1/kgT. This reduces to

a

2mi(x — x’)

Blim Co(x,x") = (3.17)
in the zero-temperature limit.

On a lattice (x/a = n € Z, co(x = na) = cy(n)) the integration range of
k is restricted to the interval (—x/a,n/a). In the zero-temperature limit, with
oE(k) <0for—n/a < k <0, one then finds

0 2¢ : :
Cg-(l’l I’I’L) — O'/ %eika(n—m) — 27ria(1)1——m) if n—m is odd, (318)
’ —x/a 2T 0 if n—m iseven,

3 As a consistency check, we note that in real space the fact that an odd (even) number N of lattice
sites corresponds to periodic (antiperiodic) boundary conditions, ensures in momentum space that
the discrete wave numbers avoid the pole of the tangent dispersion relation at the Brillouin zone
boundary.
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irrespective of the functional form of the dispersion relation E (k). The continuum
result (3.17) is only recovered if one averages over even and odd lattice sites.
The even-odd oscillation also appears in the transverse spin correlator,

R(x,x") = He'(x)ore(x) ¢ (x)ore(x)), (3.19)
defined in terms of the spinor ¢ = (cy, ¢|) and Pauli matrix o.
For free fermions Wick’s theorem gives
R(x,x") = —i Cr(x,x")C (x",x) + Cl(x,x')CT(x’,x)), (3.20)
which at zero temperature results in
R(x,x") = % [27(x = x")] 2, (3.21)

in the continuum and

R(n,m) =

_ _2 . _ .
{2[27ra(n m)] if n—m isodd, (3.22)

if n—m iseven.

The even-odd oscillation [15] can be removed in a path integral formulation,
by discretizing the Lagrangian in both space and (imaginary) time [59], but in
the Hamiltonian formulation considered here it is unavoidable. In what follows
we will consider smoothed lattice correlators, defined by averaging the fermionic
operators ¢ (n) over nearby lattice sites. The precise form of the smoothing
profile will not matter in the continuum limit a — 0, we take the simple form

= 1 1
Cno = 3Cno T 3Cn+lo (3.23)

so an equal-weight average over adjacent sites. The smoothed correlators are
then defined by

Co(n,m) = (€} Cmo s (3.24a)

R(n,m) = H&lowén &l,0cEm). (3.24b)

3.3.2 DMRG calculation with Hubbard interaction

We represent the ground state wave function ' of the Luttinger liquid Hamiltonian
(3.10) by a matrix product state (MPS) and carry out the tensor network DMRG
algorithm [57] to variationally minimize (¥|H|¥)/{¥|¥). (We used the TeNPy
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Library [66] for these calculations.) We compare the results for tangent and
sine discretization. The MPOs for both are exact with small bond dimension
(given explicitly in App. 3.B and App. 3.C). The bond dimension y of the MPS
is increased until convergence is reached (see App. 3.D).

The Luttinger liquid is simulated at zero temperature (8 — oo0) and at fixed
particle number N' = N} + N| (canonical ensemble). We take N = 51 an
odd integer, with periodic boundary conditions for the MPO. The periodicity of
the MPS is not prescribed a priori, to simplify the DMRG code. By setting
N; = (N +1)/2and N| = (N — 1)/2 we model a half-filled band.

The bosonization theory of an infinite Luttinger liquid gives a power law
decay of the zero-temperature, zero-chemical-potential correlators [13],

Co(x,x") o |x = x|~/ EF/K) (3.25a)
R(x,x") o |x — x'| 2K, (3.25b)
U
K=vO-0/(1+%), k= —— € (-1,1). (3.25¢)
21t

For repulsive interactions, U > 0 = K < 1, the transverse spin correlator R
decays more slowly than the 1/x? decay expected from a Fermi liquid.

The numerical results are shown in Figs. 3.1 and 3.2 (data points). The curves
are the continuum bosonization formulas (including finite-size corrections, see
App. 3.E). The lattice calculations with the tangent dispersion (crosses) agree
nicely with the continuum formulas, without any adjustable parameter. The sine
dispersion (plusses), in contrast, only agrees for free fermions. With interactions
the sine dispersion gives an exponential decay of the propagator, indicative of the
opening of an excitation gap.

3.4 Conclusion

We have constructed a Hamiltonian-based tensor network formulation of a Lut-
tinger liquid on a 1D lattice, complementing the Lagrangian-based path integral
formulation of Ref. [59]. The key step is the Hermitian discretization of the mo-
mentum operator —ifid/dx in a way that preserves the fundamental symmetries
(chiral symmetry and time reversal symmetry) of massless Dirac fermions. We
have compared two discretizations, both allowing for a tensor network of low,
scale-independent bond dimension. In this concluding section we also discuss a
third.
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Figure 3.1. Data points: absolute value of the propagator C, (n,m), defined in Eq.
(3.24a) for o =7, n = x/a and m = 0, calculated in the tensor network of L/a = 51
sites and bond dimension y = 4096 of the matrix-product state. Results are shown for
the tangent and sine discretization of the Luttinger Hamiltonian, for free fermions and
for a repulsive Hubbard interaction of strength k = U/2ntg = 0.3. The curves are the
analytical results in the continuum.

The three discretizations of the differential operator on a 1D lattice (unit
lattice constant a) are the following:

a
dx

af
dx

%[f(x +1)— f(x=1)] (sine dispersion), (3.26a)

23 (=D [f(x = n) = f(x +n)]
n=1

(tangent dispersion), (3.26b)

s 2—1)”%[}%« —n) = fCrm)

(sawtooth dispersion). (3.26¢)

The corresponding dispersion relations are shown in Fig. 3.3. The energy-
momentum relation is a sine for the nearest-neighbor difference and a tangent for
the long-range Stacey derivative [16]. The third dispersion is a (piecewise linear)
sawtooth, produced by a nonlocal discretization known as the sLac derivative in
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Figure 3.2. Same as Fig. 3.1, but now for the transverse spin correlator R (#n, m) defined
in Eq. (3.24b).

the particle physics literature [35].

The sine dispersion suffers from fermion doubling [ 18] — a second species of
low-energy excitations appears at the Brillouin zone boundary. The tangent and
sawtooth dispersion describe an unpaired chiral fermion, they rely on nonlocality
to work around the theorem [5] that requires chiral fermions to come in pairs in
any local theory on a lattice.

Both the Stacey derivative and the sLac derivative couple arbitarily distant
sites n, m, the former oc (—1)*~" and the latter o< (=1)"""*x (n—m)~!. From the
perspective of a tensor network there is an essential difference between the two:
Because the MPO condition (3.4) allows for an exponential distance dependence
but excludes a coupling that decays as a power law with distance, only the
tangent dispersion has an exact MPO representation with scale-independent bond
dimension — the sawtooth dispersion does not. Tangent fermions have a hidden
locality, their spectrum is governed by a local generalized eigenproblem [44],
which is at the origin of the efficient tensor network (see App. 3.A).

The method we developed here enables simulations of systems with various
filling factors and scalar potentials, including those with disorder. By focusing
on the impurity-free Luttinger liquid we could in this work test the numerical
approach against analytical formulas. The close agreement gives us confidence
that tangent fermion DMRG is a reliable method, which at least in 1D is highly
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Figure 3.3. The three ways to discretize the derivative operator in Eq. (3.26) produce
three different dispersion relations: sine (blue), tangent (red), and sawtooth (black). The
energy-momentum relation of a chiral fermion is obtained from the discretized derivative
by substituting f(x + na) = ¢"*% f(x) and equating —ihvdf /dx = E f. The tangent and
sawtooth dispersions are discontinuous at the Brillouin zone boundaries (k = +x/a),
where the sine dispersion has a second root (fermion doubling). The three dispersion
relations coincide near k = 0, so the corresponding discretized derivatives are equivalent
if applied to functions that vary smoothly on the scale of the lattice spacing.

efficient.

The next step is to apply it to problems where no analytics exists, condensed
matter and particle physics provide a variety of such problems. One class of
applications is the stability of gapless chiral modes to the combination of disorder
and interactions. Existing DMRG studies [67] work around the fermion doubling
obstruction by studying a strip geometry with two edges — tangent fermions
would allow for a single-edge implementation.

For such applications it would of interest to proceed from 1D to 2D. Itis known
that in two spatial dimensions the tangent discretization of oy df /dx + o df | dy
still allows for a reformulation of Hy = Ey as a generalized eigenvalue problem
[44]:

QY =EPYy, P = ‘]—l(l +cosky)(1+cosky), (3.27)

Q = 1o (1 + cosky) sinky + S0y (1 + cos ky) sin ky.

Therefore, we expect that an efficient 2D tensor network representation of the 2D
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tangent Hamiltonian in the form of Projected Entangled Pair Operators (PEPO)
[58] can be constructed similarly to the 1D MPO approach.

Appendices

3.A Local generalized eigenproblem allows for a scale-
independent MPO

The DMRG approach described in the main text works because the tangent
fermion Hamiltonian, while having a highly nonlocal long-range coupling, can
still be described by an MPO with a low and scale-independent bond dimension.
Ref. [44] attributes the “hidden locality” of tangent fermions to the fact that their
spectrum is obtained from a local generalized eigenproblem. Here we make the
connection to the scale-independent MPO explicit.

Consider 1D lattice fermions with a dispersion relation E(k) = P(k)/Q (k)

such that both P(k) and Q(k) are polynomials of finite degree in e’¥,
Np No
P(k) = pne™, Q(k) = gne™. (3.28)
n=0 n=0

For example, the tangent dispersion E (k) = 2tan(k/2) corresponds to P(k) =
2i(1 — e'*), Q(k) = 1 + . In real space the operators P and Q couple sites
separated by at most Np or N lattice spacings. The generalized eigenproblem
PY = EQVY is therefore local.
Consider first the case that
No
0(k) = | J(an—e™) (3.29)

n=1

has distinct roots a;,. The partial fraction decomposition is

No
P(k) Bn
0] —D(k)+;an_eik (3.30)

with D(k) a polynomial of degree Np — N (vanishing if Np < Ngp). The
sum over n corresponds in real space to a sum over coupling terms #;; with
an exponential spacing dependence o« (1/a,)'™/ for i > j. So in this case
of distinct roots we are guaranteed to have an exact MPO representation with
scale-independent bond dimension.
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The situation is slightly more complicated if Q (k) has repeated roots,

L L
0(k) = [ [(an €™, >t = No. (3.31)
n=1 n=1

The partial fraction decomposition now reads

Pk)
o =W+ Z Z (a/n—e‘k)m (3.32)

n=1 m=1

A term 1/(a, — €)™ corresponds in real space to a coupling #;; o (1/a,)™/ x
Z(i — j) that is an exponential times a polynomial Z in the spacing of degree
m — 1. This is still of the form (3.4) that allows for a scale-independent MPO
[65].

3.B Jordan-Wigner transformation

To enable the DMRG calculation, we need to convert the fermionic operators
Cno 1nto bosonic operators a, o (hard-core bosons, excluding double occupancy
of a state). This is achieved by the Jordan-Wigner transformation,

cny = FiFy- - Fpoyap,

(3.33)
Cn| = F1F2"'Fn—ananls
with fermion parity operator
Fi = (1 -2n;7)(1 =2n;)) = (=1)M1+mL, (3.34)

The transformation does not increase the bond dimension of the MPO, instead
of Eq. (3.12) one now has

Htangent = 2il‘O [M(I)M(z) o M(N)] 1,65 (335&)
1 anFy aLTFn an, a | i)',
0O -F, 0 0 0 ars

M = 0 0 -F, 0 0 anT (3.35b)
0 0 0 -F, 0 —Fpa' "
0 0 0 0 -F, —Fpap
0 0 0 0 0 1
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This is for the tangent discretization. For the sine discretization the —F}, on the
diagonal are replaced by 0,

Hgne = Sito[MDMP . M N ¢, (3.36a)
I anF, aleF" an| all (%lto):lUn
0 0 0 0 o0 a,’1T

M® = 0 0 0 0 0 ant . (3.36b)
0 0 0 0 0 —Fna,’1l
0 0 0 0 o0 —Fuay
0 0 0 0 0 1

3.C Periodic boundary condition for MPO with sine dis-
cretization

The sine discretization (3.5) requires an additional hopping term between sites 1
and N. The modified MPO has bond dimension 10,

Hsine = %itO [M(I)M(Z) e M(N)]l,(), (3373)
- M) S5, W
(n): n,l
M= W™ (1= 8,1 = 60 )W (3-37b)
with M) as in Eq. (3.36) and
annk aJerFl ai| ah
0 0 0 0
0 0 0 0
w = 0 0 o ol (3.37¢)
0 0 0 0
0 0 0 0
F, 0 0 0
W(1<n<N): 8 }E)n FO 8 . (3.37d)
n
0 0 0 F,
T
00000 ay
00000 a
W) = M 3.37
0000 0 —Fyal, (3.37e)
00 0O00O0 —FNaNl
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Figure 3.4. Log-linear plot of the Schmidt coefficients A, of the ground state wave
function of the Luttinger liquid Hamiltonian (3.10) (U = ty, N = 11 partitioned into
N1 = 5and N, = 6), for the sine and tangent dispersions (3.5) and (3.8). The exponential
decay allows for an MPS with bond dimension y < 4V/2.

3.D Convergence of the DMRG calculations

The tensor network formulation of the Luttinger liquid on an N-site chain is based
on two matrix-product representations: of the operator H (MPO) and of the state
Y (MPS). The MPO is exact, in terms of an N-fold product of 6 X 6 matrices of
creation and annihilation operators.

The MPS is approximate: defined on N sites with physical dimensional d,
it is an N-fold product of y X y X d tensors that introduces an error of order
N Zn>){ /lfl, with1 > A1 > 42 > -+ > A v > 0 the coefficients in the Schmidt
decomposition of ¥ € H| ® H, (describing the entanglement between the first
and second half of the chain, with Hilbert spaces | and ) [68].

The MPS is efficient at bond dimension y < d™/? if the Schmidt coefficients
An decrease exponentially with n. In Fig. 3.4 we check this for both the sine
and tangent dispersions. In Fig. 3.5 we show the convergence of the DMRG
calculation with increasing y. We conclude that y = 4% < 4% (in our case
d = 4) is sufficient for the results to converge to the expected behavior.
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Figure 3.5. Dependence of the propagator on the bond dimension y of the MPS in
the tangent fermion Luttinger liquid (L/a = 51, « = 0.3). The data in Fig. 3.1 (black
crosses) corresponds to y = 4096.

3.E Bosonization results with finite-size effects

The power law correlators (3.25) follow from bosonization of the helical Luttinger
liquid in the limit of an infinite system [13]. To reliably compare with the
numerical results on a lattice of length L we need to include finite size effects [14].
In Ref. [59] such a calculation was reported for the grand canonical ensemble
(fixed chemical potential) at finite temperature, appropriate for quantum Monte
Carlo. For the DMRG calculations we need the results at zero temperature in the
canonical ensemble (fixed particle number N' = N7 + N)).

The Hamiltonian of a helical Luttinger liquid with Hubbard interaction on a
ring of length L (periodic boundary conditions) is given by

L2

H= / dx(vﬂ(x)pxw(x)—ij(x>pxm<x>+Uam<x>pl<x>. (338)

-L)2

The density ps =: I,l/j,-l//o_ : is normal ordered — the Fermi sea of a half-filled
band (N particles) is subtracted.
The bosonization results in the canonical ensemble at zero temperature are
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[59]
O.eiﬂ(ZN(,—N)x/L
Co(x,0) = 2nia.|(L/ra,) sin(mx/L)|(1/2D) (K+1/K)* (3-3%)
_ cos(2n(N = N)x/L)
R0 = S 2ran I L mar) sin(mx /D) PE (3-395)
K=+0-x)/(1+«k), K:LE(—I,I). (3.39¢)

21ty

The hopping energy is #p and a.. is a short-distance (UV) regularization constant.
For the comparison with a lattice calculation we identify 79 = Av/a and take
L/a = N an odd integer. The half-filled band corresponds to N, = (N + o) /2.
To relate the lattice constant a to the continuum regularization constant a. we
argue as follows.

In the continuum theory [14] large momentum transfers g are cut-off by the
substitution

f ~qa./2 .t
Co-,q/ZC—q/Z —e Ca-,q/zc_q/z' (3.40)

On the lattice the averaging (3.23) takes care of the UV regularization,

i S 2 _ i
c.a/2-q/2 €o.q2C0.—q2 T f(Q)CU,qﬂCU,—q/T (3.41)
flq) = 51 +e7 %) | f(g)| = cos*(qa/4).

We fix the ratio a/a. by equating the integrated weight factors,

C

2nt/a 2n/a
/ o412 dg = / |f(g)|dg = ala. ~ 2. (3.42)
0 0

The resulting correlators are plotted in Figs. 3.1 and 3.2.

3.F Alternative tensor network representation of Ref.
[52]
An alternative tensor network representation of the problem has been developed
in Ref. [52], starting from the transformations
a=D'c, b=D""¢, Dy =3Gnm+0nm1) (3.43)

of the free fermion operators c,. These are not canonical transformations, as a
consequence the commutation relations of the a- and b-operators are nontrivial:

{an,a},} = (D'D)ym, {bn,b},} = (D'D),,

; . e (3.44)
{Cn, Cm} = Onm> {bn, am} = Onm.
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The corresponding N-fermion bases in Fock space are

.....

ni=0.1 (3.45)

1y s inYa = (@) (@)™,

with @ € {a, b, c}. Only the c-basis is orthonormal, the two other bases produce
non-diagonal norm matrices N,

almi, ..omylng, ...,nN)q = N::fl,fﬁ.';hn;N’
S—1\my,...,
b{mi, ..omylng, .,nn)p = (N7l i,
C<m17 LRRS ] lenlv LRRS ] nN>C = 6m1n1 e 6m1\/VLN‘ (346)

The a and b bases are bi-orthogonal,

a{mi, ..omy|ng, ...;nN)b = Omyn; - Ompnn - (3.47)

The motivation for these transformations is that the tangent fermion Hamil-
tonian becomes local in terms of the b-operators,

N
Hiangent = 2ito Z (=D)""(chen —chen) (3.48a)
n>m=1
to N
— i T
=5 ;(bmbn = bib,,)- (3.48b)

Matrix elements of Hyangen, in the a-basis, orthogonal to the b-basis, can therefore
be evaluated efficiently.

The key step of Ref. [52] is to derive a scale-independent MPO representation
of the norm matrix N in the a-basis. We have followed a different route, we stay
with the orthonormal c-basis and a nonlocal Hamiltonian, but we have found that
it does not stand in the way of a scale-independent MPO representation.



Chapter 4

Majorana-metal transition in a
disordered superconductor:
percolation in a landscape of
topological domain walls

4.1 Introduction

While a superconductor is a perfect conductor of electricity, it generally conducts
heat poorly. Adding disorder is not expected to improve this, but in a two-
dimensional (2D) superconductor with chiral p-wave pairing [69] the unexpected
happens: If sufficiently many defects are added the thermal insulator becomes
a thermal metal [70, 71, 72]. This unusual state is known as a Majorana metal,
because the quasiparticles that conduct the heat are Majorana fermions (equal-
weight superpositions of electrons and holes). Although the transition from a
thermal insulator to a thermal metal has not yet been observed in experiments, it
has been demonstrated in computer simulations [73, 74, 75, 76, 77,78, 79, 80].

The Majorana-metal transition is well understood if the defects consist of the
Abrikosov vortices that appear when a perpendicular magnetic field is applied to a
type-1I superconductor. A vortex can bind sub-gap quasiparticles [81], but bound
states in nearby vortices will not typically be aligned in energy, making them
inefficient for heat transport. A special property of a chiral p-wave superconductor
is that its vortices have a bound state exactly in the middle of the gap (E = 0, the
Fermi level), a socalled Majorana zero-mode [82, 83, 84, 85, 86]. The energetic
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alignment of Majorana zero-modes allows for resonant heat conduction when the
density of Abrikosov vortices crosses a critical threshold [73, 74].

Electrostatic disorder in zero magnetic field can also produce a thermal metal
phase [75]. The phase transition falls in the same universality class D as for vortex
disorder [80], and one would expect the mechanism to be related in the same way
to the appearance of Majorana zero-modes — even without any vortices to bind
them. Can we demonstrate that in a computer simulation?

To address this question we use the spectral localizer approach pioneered by
Loring and Schulz-Baldes [87, 88, 89, 90, 91, 92, 93, 94]. The spectral localizer
embeds the Hamiltonian +H on the diagonal of a 2 X 2 matrix, with the position
operator x + iy on the off-diagonal. Its spectrum quantifies whether Hamiltonian
and position can be made commuting by a deformation that does not close the
excitation gap [95, 96].

In a class D system the matrix signature of the spectral localizer (number of
positive minus number of negative eigenvalues) identifies domains of different
Chern number [90, 94]. As discussed by Volovik [97], the domain walls support
low-lying states at energy E =~ Avg/{ for a domain of linear dimension £. These
states become Majorana zero-modes in the limit £ — oo of a percolating domain
wall. By identifying the metal-insulator transition with the percolation transition
of the domain walls we construct the phase diagram in a closed system, and
compare with calculations based on the thermal conduction in an open system
[75, 80].

4.2 Topological landscape function

4.2.1 Lattice Hamiltonian

The Bogoliubov-De Gennes Hamiltonian for a chiral p-wave superconductor is

p?/2m —Er  va(px —ipy)

. . 4.1
va(px +ipy) Er—p*/2m 1)

Hpag = (
It acts on a two-component wave function ¥ = (Y, Y1), the pair potential oc vp
couples the electron and hole components (filled states above the Fermi level EF,
respectively, empty states below Eg, with Ep = %mv% in terms of the effective
mass m and Fermi velocity vg). Because this is equal-spin pairing, we can omit
the spin degree of freedom.
The particle-hole symmetry relation,

oxHyy50x = —Hgpda, 4.2)
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Figure 4.1. Panels a) and b) show the topological landscape function [Chern number
C(x, y) and localizer gap & (x, y)] in a disordered chiral p-wave superconductor (Hamilto-
nian (4.3), parameters A = 4¢, i = t, 6 = 4t, L = 32a, periodic boundary conditions).
At these parameters the superconductor is in the thermal metal phase. Panel c) shows
that the network of domain walls leaves no trace in the local density of states (integrated
over the energy interval |E| < 0.21).

places the system in symmetry class D [98]. Here o is a Pauli matrix that acts
on the electron-hole degree of freedom and the complex conjugation operation
is taken in the real-space basis (so the momentum p = hk = —ihd/dr changes
sign).

We discretize the Hamiltonian on a 2D square lattice (lattice constant a),

B Exr— M A(sinaky —isinaky)
~ \A(sinaky +isinaky) JT ’
gx = —t(cosaky + cosaky), 4.3)

with the definitions A = (h/a)va, t = h*/ma®, u = Eg — 2t.

We introduce electrostatic disorder by letting the chemical potential u(x, y)
fluctuate randomly, uniformly distributed in the interval (& — du, & + du). Our
approach requires some degree of smoothness of the fluctuating potential on the
scale of the lattice constant, in what follows we choose the same u on the four
neighboring sites (2n,2m), (2n + 1,2m), (2n,2m + 1), and (2n + 1,2m + 1).
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4.2.2 Spectral localizer: open boundary conditions

The spectral localizer for a two-dimensional class D Hamiltonian with open
boundary conditions is [90]

H 0
L(xo, y0) = (O —H) + kQ(x — X0,y = Yo), (4.42)

_ 0 oo(x —iy)
Q(x,y) = (GO(X i) 0 ) (4.4b)

The Hermitian operators £ and Q are both 4 X 4 matrices, we have introduced
the 2 X 2 unit matrix oy to indicate that Q is diagonal in the electron-hole degree
of freedom. Note also that x and y are operators (which do not commute with
H), while xq and yq are parameters. Our choice k = 2.5 ¢ for the scale parameter
k is explained in App. 4.A.

The operator Q breaks the +E symmetry of the spectrum of £, allowing for a
nonzero matrix signature: Sig £ = number of positive eigenvalues minus number
of negative eigenvalues. This even integer determines a topological invariant, the
Chern number [90],

C(x0, y0) = 3 Sig L(x0,y0), 4.5)

of a domain containing the point (xg, yg). Domain walls, contours across which
C(x9,yo) changes by +1, are contours along which det{L}(xo, yo) vanishes.
These can be visualized by plotting the localizer gap

6(x9, o) = min|4,|, A, eigenvalue of L (xg, yo), 4.6)
n

which vanishes along the domain walls.

4.2.3 Spectral localizer: periodic boundary conditions

Our system is a square of size L X L in the x- and y-directions. To avoid edge
states and focus on bulk properties, we prefer to work with periodic boundary
conditions, rather than open boundary conditions. For that purpose, following
Ref. [94], the term x + iy on the off-diagonal of Q is replaced by the periodic
combination sin(27x /L) +i sin(2wy/L). The eigenvalues of Q(x—xg, y—yo) then
cannot distinguish between points xo and xg + L/2, or between yq and yg + L/2.
To remove this doubling, cosine terms are added on the diagonal of € [94],
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Figure 4.2. Topological landscape function (Chern number on top row, localizer gap
on bottom row) for five different disorder strengths du at fixed g = 1.05¢ (and A = 4«,
L = 24a), to show the appearance of a percolating domain wall when §u 2 3.1¢. These
are results for a single realization of the random potential u(x, y), only the amplitude is
rescaled.

H 0
L(xo, y0) = (0 —H) + kQ(x = x0,y = Yo)s (4.72)

0 _ [oo[cos(2rx/L) + cos(2my /L) — 2] oo[sin(2rx/L) —isin(2ry/L)]
¥) =1 golsin(2rx/L) + isin(ry/L)]  —op[cos(2mx/L) + cos(2my/L) —2]]
(4.7b)

For |x|, |y| < L the localizers (4.4) and (4.7) coincide.

In Fig. 4.1 we show the resulting network of domain walls for a particular
disorder realization (panels a and b). The topological information contained in
the spectral localizer is essential: as shown in panel c, the domain walls do not
show up in the local density of states near £ = 0.

4.3 Phase diagram from percolation transition

4.3.1 Percolating domain walls

The clean system (without disorder, 6u = 0) is a topologically trivial thermal
insulator (C = 0) for |@| > 2t and a topologically nontrivial thermal insulator
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0 q;/a 32

Figure 4.3. Same as Fig. 4.1b), but now the domain walls are highlighted in yellow,
according to the criterion of localizer gap 6(r) < 0.1¢. The location of the average
7 (“center of mass”) for each connected domain wall is indicated by a red dot. The

extension £ of a domain wall is defined by ¢2 = 4|r — 7|2. The red dot marked with a
cross identifies the center of mass of a percolating domain wall (¢ > L).

(C = =1) for |g| < 2¢t. At g = 0 there is an insulator-to-insulator transition
at which C changes sign [80]. Disorder introduces minority domains with a
different Chern number than these clean values Ceiean. See for example Fig. 4.1,
where i =t and Cgjean = +1.

The domain walls that separate regions of different Chern number support
states close to the Fermi level, at energy E ~ hAvg/{ dictated by the requirement
that the kinematic phase upon traveling once around the domain wall cancels
the m Berry phase. When the extension ¢ of the largest domain wall reaches the
system size L thermal conduction becomes possible near the Fermi level and the
thermal insulator becomes a thermal metal. In Fig. 4.2 we show this percolation
transition of topological domain walls for a single disorder realization, upon
increasing the amplitude 6y of the potential fluctuations at fixed average /i.

To identify the percolation transition we need a computationally efficient way
to measure the extension ¢ of a domain wall. We take localizer gap & (xo, yo) <
0.17 as the criterion for a domain wall. All points r = (xg, yo) satisfying this
criterion in a connected region belong to a single domain wall . We then
compute the domain wall extension ¢ from the variance o= of these points,

=20, o =|r-7]> (4.8)
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Figure 4.4. Left panel: Color scale plot of the average number (N) of percolating

domain walls, averaged over 100 disorder realizations in the chiral p-wave superconductor

(parameters A = 4t, L = 24a). The value of the Chern number C in the clean system

(0u = 0) is indicated. Right panel: Dimensionless thermal conductance for the same

system. The uniformly yellow bar at g = 0 indicates G/G¢ > 1.

where f(r) averages a function f(r) over all r € D. The procedure is illustrated
in Fig. 4.3. Our criterion for a percolating domain wall is £ > L.

4.3.2 Phase diagram

The number N of percolating domain walls (with £ > L) for a given disorder
realization is averaged over the disorder. The resulting dependence of (N') on the
parameters (i and ou is shown in Fig. 4.4 (left panel). The region N ~ 1 where
the domain walls percolate is clearly distinguished.

The data in Fig. 4.4 is for a relatively small system (L/a = 24), in Fig. 4.5 we
compare with a larger system. The critical disorder strength for the percolation
transition is approximately scale invariant.
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Figure 4.5. Comparison of the disorder strength dependence of the average number (N)
of percolating domain walls for different system sizes L. The data points are averaged
over 200 disorder realizations (parameters A = 4¢, ji = t).

4.3.3 Comparison with thermal conductance

So far we have considered a closed system. If we connect leads at the two ends
we can study the thermal conductance,

G =Gy Trtt', Go = n*kiT/6h,

4.9)

at temperature 7', with ¢ the transmission matrix at the Fermi level. The result of
such a calculation, using the kwaNT code [99], is also shown in Fig. 4.4 (right
panel).

If we compare with the percolation transition (left panel), we see a good
quantitative agreement on the low-disorder side of the phase boundary. The
high-disorder side misses a feature in the region near g = 0, Sy = 4¢, where the
thermal conductance localizes more quickly than inferred from the percolating
domain walls. We are unsure about the origin of this difference. Apart from this
region the agreement is quite satisfactory, without any adjustable parameters.
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4.4 Conclusion

We have shown that the thermal metal phase in a model of a chiral p-wave super-
conductor with electrostatic disorder has a precursor in the thermally insulating
phase: The disorder produces domain walls that separate topologically distinct
regions (different Chern number). The thermal metal-insulator transition is ac-
companied by a percolation of the domain walls across the system, providing a
transport channel for Majorana fermions (charge-neutral, low-energy excitations).

To reveal the network of domains walls we have used the matrix signature of
the spectral localizer [90, 94]. We turned to this topological invariant after we
were not able to identify localized Majorana fermions using a variation [100, 101]
of the landscape function approach that has been so succesful in the study of
Anderson localization [102, 103, 104, 105]. In a sense, the matrix signature of
the spectral localizer functions as a fopological landscape function, sensitive to
topological electronic properties that remain hidden in the local density of states.

It would be interesting to study the critical exponent v for the percolation tran-
sition of the topological domain walls (the exponent that governs the divergence
of the largest domain size). Classical 2D percolation has v¢jagsical = 4/3. It is
suggestive that a recent numerical study [80] of the divergence of the localization
length at the thermal metal—insulator transition found v = 1.35, but the proximity
t0 Velassical may well be accidental.

Data and code availability

Our computer codes are provided in a Zenodo repository [106].

Appendices

4.A Spectral localizer in a clean system

We have tested the ability of the spectral localizer (4.7) to identify the Chern num-
ber domains in a clean system, with a smoothly varying u, where the boundaries
are known analytically [80]:

0 if u<-21,
Sl if —2%<pu<0,

C-= ! K (4.10)
+1 if 0<u<2t

0 if u> 2t
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Figure 4.6. Top panel: linearly varying u(x) (at constant A = 4¢), producing a central
domain of Chern number C = 0, flanked by domains of C = +1. The domain walls
are at x/a = 6 and x/a = 12. Bottom panels: Chern number domains produced by the
spectral localizer, via Eq. (4.5), for different values of the scale parameter x. We need
k 2, 2t for reliable results.

This test allows us to find a suitable value of the scale parameter «.

Refs. [90, 94] argue that « should be of the order of the norm of the Hamil-
tonian, which in our case is below 1072 ¢. We find a poor performance for such
small «, see Fig. 4.6, we need k = 2 to reliably identify the domain walls. The
results in the main text are for k = 2.51¢.



Chapter 5

Landau quantization near
generalized Van Hove
singularities: Magnetic
breakdown and orbit networks

5.1 Introduction

Magnetic breakdown (MB) in a single Bloch band occurs when two semiclassical
trajectories of quasiparticles come close to each other and quantum tunneling
between them becomes possible. This situation naturally appears near usual
saddle points that give rise to logarithmic van Hove singularities in the density of
states [107]. In novel atomically-thin 2D materials a new family of saddle points
arises, around which the dispersion is flatter than in the usual case. This leads
to power-law divergences in the density of states known as high-order van Hove
singularities [108, 109, 110]. In some cases, more than two trajectories approach
the saddle point, creating a MB structure with a larger s-matrix size proportional
to the number of trajectories. In this chapter, we present a method to calculate
the precise MB s-matrix for any type of saddle point. It is based on rewriting the
effective Hamiltonian in the Landau level basis, mapping the resulting algebraic
problem to the 1D scattering in the quantum chain, and calculating the MB
s-matrix by properly fixing semiclassical modes in the far-away region.

As was found in the 1960s in pioneering works by Pippard [111, 112, 113],
and Chambers [114, 115, 116, 117], and summarized in Ref. [118], MB can
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Figure 5.1. (a): Effective dispersion around Monkey saddle point in momentum space
given by Eq. (5.3) with three trajectories on a single energy level coming close at the
MB region (shown as blue lines). (b): Tight-binding dispersion of triangular lattice with
imaginary hoppings (5.18) in which monkey saddle points connect cyclotron orbits into
network. (c) Planar orbit network for dispersion (b) in rotated coordinate frame with
semiclassical regions labeled by weight coefficients @ [see Eq. (5.14)], and MB regions
with s-matrix (red circles). Reciprocal lattice vectors b; and highly-symmetric lines are
shown.

lead to formation of coherent orbit networks composed of localized Landau
level states (LLs) connected via tunneling between them. For 2D materials, the
orbit network occurs in the vicinity of energy levels where the Bloch band in
momentum space has saddle points located at the boundaries of the Brillouin
zone (BZ). Then, tunneling between orbits in different cells of the extended BZ



5.1 INTRODUCTION 71

scheme forms a network (see Fig.5.1). In the real space, this corresponds to
a network of semiclassical cyclotron orbits, which makes LLs to be extended
[111, 119, 118]. The discovery of novel 2D materials [120, 121, 122, 123]
dramatically increased the number of lattice geometries in which orbit networks
can be formed. Below we calculate the detailed structure of these states as well
as their band dispersion. In addition, we show that such extended LLs allow for
longitudinal bulk conductance in the quantum Hall bar, which strongly exceeds
the standard edge conductance [124].

There are two regimes of transport that orbit networks can govern: coherent
regime with quantum phase that is accumulated along the cyclotron orbits and
defines the exact energy spectrum, and incoherent regime with quantum phase
averaged by the presence of disorder. Below, we describe the coherent regime
and corresponding observable signatures that allow us to distinguish between
different types of MB that happens at saddle points that connect cyclotron orbits.
In addition, we note that the mini band structure appearing due to coherent orbit
networks can be linked with the topological Hall effect of electrons in skyrmion
crystals [128].

Recent studies of coherent orbit networks in 1D geometry predicted a number
of interesting effects such as magic zeros in Landau level spectra [129] and
broadening of the Landau levels by the coupling of Fermi arcs on opposite
surfaces in Kramers-Weyl semimetals [130]. Also, the predicted spectrum by 2D
incoherent orbit network shows relatively good agreement with the Hofstadter
butterfly for twisted bilayer graphene [131]. The scaling of miniband width
appearing from orbit networks with magnetic field was obtained for square lattice
[132, 133] and graphene [134].

The semiclassical equations of motion for the electron in crystal under exter-
nal weak magnetic field are given by the Lorentz force [135, 136]

hok = —c 'e(vi X B). (5.1)

with usual velocity replaced by group velocity found from the dispersion law
Vi = %&cE (k) that depends on wave vector k. Here, we consider 2D crys-
tals placed in perpendicular magnetic field along the z-direction B = (0, 0, B).
Equation (5.1) restricts quasiparticles to move only along the lines of constant

'For the Hamiltonian written in gauge-invariant coordinates H = AII" + BIITITY' = Ak} +
) m 2m
BEKS, (—é%) it is possible to introduce a change of variables g, = k. Ig*"™*, that would
. . . . .y _2mn_ i) m .
convert it to /g = 1 Hamiltonian with additional factor H = [5™*""™* [Aqﬁ + Bq;, (_iﬂ) ] This

factor should be used to obtain energy dependence of S-matrix for any magnetic field value.
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Figure 5.2. (a) The geometry of usual, Monkey and A3 saddle points with equi-energy
contours in k—space. (b): The corresponding 1D chains after mapping. The cut-off
region with plane wave approximation is shown as a set of red sites with equal hopping
parameters. (c) The absolute value of s-matrix elements (reflection - R; and transmission
- 7). (d): The basis-independent scattering phase calculated as arg(det[S]). For the
usual saddle point (top panels in (c), (d)) we also show the comparison with exact analytic
solution [125, 126, 127] marked by dots that perfectly agrees with the results obtained
with our approach. In (c), (d) we set [z = 1 and for any other magnetic field the results
can be obtained by proper rescaling of energy.'
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energy in momentum space. In Fig. 5.1 such lines are shown in the vicinity of the
monkey saddle point and in the dispersion of the tight-binding model introduced
below in Eq.(5.18). Before proceeding to MB, we note that after integration over
time in Eq. (5.1) one finds that the trajectory in real space is rotated by angle /2
compared to the E (k) = const line in k-space and its size is rescaled by squared
magnetic length [136, 137]:

Y=o X — X0 he
X = T = 5 = " ‘2
k B ky == In \/eB (5.2)

B

In what follows, we set h = ¢ = 1. Magnetic field is considered as weak if
magnetic length is much larger than the lattice constant of the crystal, [, > a.

5.2 Magnetic breakdown at generalized Van Hove sin-
gularity

We now focus on the detailed description of tunneling that takes place in the
vicinity saddle point in dispersion due to magnetic breakdown. The saddle points
are defined as points where the gradient of dispersion vanishes, Vx E (k) = 0.
As was shown in Ref. [108], they can be further classified as usual or high-order
depending on the “flatness” of dispersion around that point. More formally, the
usual type corresponds to non-vanishing determinant of Hessian matrix O;; =
Ok, Ok, E (k) for dispersion, while the high-order ones have zero determinant and
optionally zero Hessian itself. They could be further classified into many types
depending on the underlying symmetry point group, see Refs. [109, 110]. Below,
we show that our approach works for all possible saddle points. The magnetic
breakdown happens because several constant energy lines in k-space come close
to each other near the saddle point, see Fig. 5.1(a). Thus, the tunneling probability
between them becomes of order of one, and therefore we have to properly solve
the scattering problem in the corresponding region. The complication arises due
to the fact that typical dispersion around the saddle point has high powers of
polynomials in k, for example

En (k) = —ta’ (k3 — 3kyk}) (5.3)

for the monkey saddle. Here ¢ is a constant with dimension of energy. Generally, it
is not possible to solve a Schrodinger equation for such a Hamiltonian analytically
to match it with plane-wave solutions away from the MB region. The only
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available closed form solution of such kind exists for the usual saddle point
[125, 127], a partial case of Ay,— points,

Eog(k) = ta* (k3 = k3), Ea,,_, (k) = t(a’k3 = (aky)™"), (5.4)

withn = 1, 2, .... But we show that our semi-numerical method efficiently solves
the Schrodinger equation up to any precision and enables us to find the s-matrix.

To introduce our method, we use the cylindrical gauge for vector potential
A= g(— v, x,0) and make use of the oscillator-type basis for Landau levels |n),
with their coordinate representation given by:

" n
Un(x,y) = (i - W—) w"e‘lwlz/‘”%, w=x+Iiy. (5.5)
ow  4l2
B

Using Landau level basis?, the effective Hamiltonian of the saddle point in
magnetic field that is written in terms of canonical momenta I1; = k; + e¢A; can
be expressed in terms of ladder operators by using the replacement:

a+at L _ia-ah)
Vaig T Nag

with standard commutation relation [d, dT] = 1. In the simplest case of the usual
saddle point, we find

ky = I, = (5.6)

2
Hiog = ta152[8% + (a*) 1. (5.7)

Here, we rescaled energy by ¢ and set /p = a = 1, which can be later restored
by rescaling energy dependence of the s-matrix. The more complicated example
of monkey saddle (5.3) with mixed & xki product requires a symmetrization
procedure to make the Hamiltonian Hermitian in terms of ladder operators. In
the general case, different symmetrizations of particular polynomial Hamiltonian
give different results for the lower order terms due to non-trivial commutation
relations. To uniquely fix the symmetrization procedure, we expand the tight-
binding Hamiltonian of the underlying lattice with assumption that momenta
operators do not commute. For the Monkey saddle after simplification this reads
[see Appx.5.A]

37-3
ta’ly

S (d+dT)3+3(&—dT)(a+aT)(a-a*)]. (5.8)

2We note that we take Landau basis with m, = 0. For the problems in empty space different
m, states are trivially degenerate. The problem at hand does not mix different m, states.

Hy =
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We note that in more general case of higher polynomial Hamiltonians one might
find different symmetrization results depending on the lattice. If the tight-binding
Hamiltonian is not known exactly, all possible symmetrizations that give different
expressions in terms of ladder operators should be analyzed.

Next, we explain how to obtain the scattering matrix that describes magnetic
breakdown around a saddle point. We start by noting that the exact solution of the
Schodinger equation HY = EW¥ with ¥ = 3 | ¢,,|n) yields a set of recursive
equations. For a usual van Hove singularity, we find

Ego—V2¢, =0, E¢;—V6¢3 =0,
E¢n - Vn(n - l)¢n—2 Y, (n + 1)(” + 2)¢n+2 =0. (59)

Recursive equations for other saddle points are derived in the Appendix 5.A. We
note that a set of recursive equations can be mapped onto a 1D tight-binding
problem: the term multiplying ¢, corresponds to an on-site potential for the
site with index n, while the terms involving ¢,, with m # n represent the tight-
binding hopping parameters that connect the n-th site to the m-th site. By
imposing truncation at large index n = N, and replacing all remaining equation
with those where n = N., we obtain a natural mapping to N.-site 1D chain
of atoms connected to a translationally invariant semi-infinite lead, shown in
Fig.5.2(b). Then, we obtain the s-matrix using the propagating modes of the lead
at energy E, with the number of scattering states corresponding to the number of
semiclassical orbits coming close at the MB region.

However, the obtained s-matrix is in the LL basis. To transform the s-matrix
into basis of modes with a definite angle in momentum space, we use the creation
ladder operator

a' ~ ky +iky = ke'%*, (5.10)

where ¢y is the angle in momentum space. Hence, performing a basis transfor-
mation on the propagating modes in semi-infinite leads to a basis where a' is
diagonal converts the obtained s-matrix into a physical one. The technical details
of this procedure for the usual and Monkey saddle are discussed in the Appendix
5.A. The chirality and consequent absence of backscattering of the states with
definite angle, that are spatially separated, ensures the unique definition of the
physical s-matrix.

For some saddle points the asymptotic modes at large momenta are indistin-
guishable by their angle in momentum space. In this case, we cannot apply our
procedure of transforming the s-matrix into a physical basis. An example of such
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a saddle point is A, described by Eq. (5.4). For this saddle point, the angle
of trajectory in momentum space with respect to the x-axis tends to zero as the
wave number tends to infinity, see the bottom panel of Fig.5.2(a). We resolve
this by introducing angle-fixing regularization, achieved through the inclusion of
sufficient amount of sub-leading terms in the effective Hamiltonian

E,, (k)=t (azki - a (k3 —,Bki")) , n>2, 5.11)

where we use the 8 > 0 constant as a regularization parameter and this parameter
defines angles far away from the scattering region, not playing a role in the vicinity
of the saddle point. We choose the truncation number N, such that the leading
terms strongly dominate in effective 1D tight-binding equations and the mode
separation into the angle basis can be done with good precision: t%ffl >FE, ...
Physically, this corresponds to taking the region where the scattering between
modes with different angles is absent.

To demonstrate our method, we numerically solve for the scattering matrix
using Kwant code [99, 138]. We show our results for the absolute values of
the transmission and reflection elements of the s-matrix and scattering phases in
panels (c) and (d) of Fig.5.2. All these elements are gauge-invariant and inde-
pendent of incoming and outgoing basis modes selection. In the case of usual
van Hove singularity, it demonstrates perfect agreement with analytic expressions
[see [127], Appx. 5.B]. For the Az saddle point, we find a nontrivial behavior
of transmission coefficients shown in bottom row in Fig.5.2(c). The presence of
zeros in the transmission coefficient signifies the complete reflection of a quasi-
particle moving along a cyclotron trajectory at that specific energy. Consequently,
this phenomenon results in the effective reduction of orbit network to a single
cell. The manifestation of this effect is demonstrated below by the narrowing
of the mini-band width in the spectrum and the corresponding reduction in bulk
conductance.

5.3 Coherent orbit network

With the complete description of MB at hand, we now propose a transport setup
which would probe the features of the high-order saddle points. Since our goal is
to distinguish energy dependence of both scattering amplitude and phase of MB
at different saddle points, we use the coherent orbit networks that appear when
the saddle points are placed at the edge of the BZ. Such coherent orbit networks
were widely discussed in literature in the late 1960s [111, 119, 118], but the
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Figure 5.3. Comparison of Landau mini-band spectrum with longitudinal conductance in
the quantum Hall bar for three systems: (a), (b) square lattice with usual (hopping #, = 0
in Eq. (5.16)) and A3 (t; = t/4) saddle points, and (c) triangular lattice with imaginary
hoppings that contain Monkey saddles. LL mini-bands (orange solid lines) obtained from
tight-binding simulations are compared with solutions of spectral equations (5.17),(5.19)
for a set of gya (blue dashed lines). The flux value per unit cell was taken equal to
@ = 1/40 ®( and the width of the Hall bar was W = 320a. For the spectrum calculation
a periodic boundary condition was imposed. A single period of Landau mini-band
oscillation is shown and corresponds to \/@®/® part of BZ. The width of conductance
peaks measures the Landau mini-band broadening. In panel (b) the miniband around
E =~ —0.8¢ is wider than the one at E ~ —0.9¢ due to the first zero of transmission
coefficient at the A3 saddle point (see Fig. 5.2(c)).
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absence of experiments with 2D atomically-thin crystals limited discussion to
the simplest geometries, such as weak perturbative potential with square lattice
geometry. Here, we use the same approach of magnetic translation symmetry
groups and describe the orbit networks that are connected via usual as well
as high-order saddle points. As it is clear from the constant energy curves in
the spectrum in the extended BZ scheme (see Fig. 5.1(b)), the orbits networks
in k space have perfect periodicity and thus should be periodic in r space.
However, in the presence of external magnetic field, the translation operators of
the lattice TRi = exp{V,R;}, with R; being a basis vector, should be replaced
by magnetic translation operators [118], which up to phase factor are equal to
f"}{f =exp{(V, +ie(A(R;) + R; X B)) R;}. The corresponding operators define
a magnetic unit cell. To obtain a closed set of equations for the orbit network,
we should restrict the value of magnetic flux per unit cell of the lattice to be a
rational number
2n)° g h

¢—B|R1XR2| —Bm = ;(D(), D) = z (5.12)
Here, b; are the basis vectors of reciprocal lattice. In the further calculations,
we restrict ourselves to the case of ¢ = 1. This relation is equivalent to setting
magnetic unit cell to the integer number p of lattice unit cells. Now we are ready
to proceed with defining a basis of semi-classical wave functions on the links of
networks. These are Zilberman-Fischbeck (ZF) wave functions [139, 118, 127],
written using the WKB-type approximation far from scattering region. The ZF
functions are expressed in a gauge-invariant coordinate space with replacement
Iy — ky and I, — —il;zakx. Since the scope of this chapter is limited by the
linear effects in magnetic field, we use the first order expansion of ZF functions
with a?/13 < 1:

_1
2
exp

OE (k) o [ E
m —llB /x ky (kx) dkx] (513)

kx,0

Yzr(ky) = ‘

Here kf (k) stands for the solution of constant energy contour equation E (k ., kf (ky)) =
E. The full wave function of the orbit network state is composed as a weighted
superposition of the Wz wave functions in different unit cells:

> 2 .
‘P(kx) = Z ellé[kxlbz,y_%blxbly] Z aj(.l’k)\PéF (kx _ kbl,x _ le,x) .
k.l 7
(5.14)
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In this expression, each weight coefficient ") contains two cell indices / , k as

well as a unique index j corresponding to the different parts of the orbit between
scattering points inside single cell of the network. The example of this notation is
shown in Fig. 5.1. Due to periodicity of the network, the solutions have the form
of Bloch waves a](.l’k) =a jei(pkk+p’ 1) The magnetic translation group restricts
the allowed values of p; x to particular dependence on translation operator TAIZ{I{
eigenvalues q: p; = —I% (gxb2,y — qyb2x), pr = 15qyK1 x [see Appx. 5.B].
Next, we use the S-matrices obtained above to couple the ZF solutions in the
neighboring cells. By noting that ZF functions from Eq. (5.13) correspond to
the modes with proper angles, we can straightforwardly insert parameters of the
s-matrix into the system of equations, and write it in the form of a Ho-Chalker
operator [140]:

Suc(E,q)a = 0. (5.15)

While substituting the s-matrix, we subtracted the difference in dynamical phases
of modes with defined angles and ZF functions (5.13) at given energy. Such a
difference appears due to the fact that in geometry of the scattering problem one
assumes semiclassical ZF solutions with the phase fixed at infinity, while in the
orbit network ZF function phase is fixed at particular point inside the network
unit cell.

5.4 Landau minibands

The nonlinear eigenvalue problem for the Ho-Chalker operator (5.15) can be
rewritten in the form of spectral equation det Sus(E,q) = 0 for a given lattice
model [see Appx. 5.B]. Below we demonstrate this for square and triangular
lattice, and show that the MB s-matrix calculated above plays a key role in
definition of the properties of coherent orbit network. In the case of square
lattice with only first and third NN hoppings taken into account,

Hyy (k) = -2 Z (t cos k;a + t3 cos 2k;a) , (5.16)

=X,y

the spectral equation is:

(l%ﬂ(E)
COoS T -

sosc) = TR [Cos (zgqlbz,y) + cos (zngbl,x)] ALY
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Here, A(E) is the area enclosed by the constant energy curve in momentum
space. The elements of the s-matrix, denoted as R-reflection, 7 -transmission and
@sc = arg(det S) is the scattering phase, are shown in Fig. 5.2. For such a lattice
Hamiltonian, the connection of orbits happens via usual van Hove singularity at
the X-point of BZ for 73 = 0 or via high-order van Hove singularity of A3 type
for 3 = t/4. In the case of the triangular lattice with imaginary hoppings, the
dispersion is

ky — V3ky e \/§kya) 518)

H; (k) =2t (sin kya — sin Ta —si 5

The monkey saddle (see Fig. 5.1) connects orbits from different cells into a
network. The corresponding spectral equation is

) =7 [cos (1129 la1b2.y + g2 (b1x = bax)] - 2)

2

(l%;ﬂ(E) ~ Psc
Cos| ————— >

T T
+ cos (lngbl,x - 71’) + cos (zg [q1ba.y — qabax| - 7”)] . (5.19)

The left-hand side of each spectral equation, as defined in (5.17) and (5.19),
yields the conventional flat Landau levels when equated to zero. On the other
hand, the nonzero right-hand side converts Landau levels into minibands. The
width of these minibands is determined by the van Hove singularity, the s-
matrix transmission coefficient, and the lattice-specific dispersion. To explore this
behavior, we numerically solve [138] the spectral equations for different values
of g and for a small set of g,. The resulting miniband structures are depicted by
the blue dashed lines in Fig. 5.3, showing both the width and internal structure of
analytic spectrum of a mini-bands. The spectrum obtained from a tight-binding
simulations [138, 99] is shown as orange lines filling the corresponding regions
and demonstrates excellent agreement with the semi-classical predictions. For
our analysis, we utilized a narrow Hall bar geometry with periodic boundary
conditions, having a width several times larger than the magnetic unit cell. That
width is already enough to have many bulk conducting states inside the orbit
network.

5.5 Conclusion

The appearance of oscillating dispersion and broadening of Landau levels due
to orbit networks is expected to be manifested in the transport experiments such
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as Shubnikov-de-Haas oscillations or high-frequency magnetic breakdown os-
cillations [141, 142, 143, 144, 145, 130]. As the most pronounced signature,
we present a calculation of longitudinal conductance in two-terminal Hall bar
geometry. Typically, such conductance is governed by edge states [124] and is
strongly suppressed. As it is shown in the right part of each panel in Fig. 5.3, the
dispersive Landau mini-bands induce bulk conductance that is much larger than
background edge conductance. We compared the spectrum for the lattices with
periodic boundary condition with the conductance shape in finite size systems
for the same values of magnetic field. The width of the peaks in the conductance
agrees with the broadening of Landau mini-bands, thus providing a tool for es-
timation of the tunneling probabilities 7~ for MB s-matrix at the saddle point.
In addition, we note that the specific property of the A3 saddle point with zero
transmission coefficient [see Fig.5.2(c)] leads to a much smaller conductance
peak at corresponding chemical potential comparing to other peaks, shown in
Fig.5.3(b).

To give an estimate of magnetic field required for the experiment, we use an
estimate of magnetic length /g ~ 26 nm/+/B[T] with typical experimental values
of magnetic field B ~ 107 [146], which gives /[p ~ 10nm. The broadening
of Landau miniband becomes significant compared to the hopping parameter
(see Fig. 5.3) and larger than disorder broadening for magnetic fluxes around
® = 1072®y per lattice unit cell. Thus, it requires lattice constant to be of the
order of a ~ Ig\27® /Dy ~ 2.5nm. Such an estimate shows that one requires
extremely high magnetic field to measure such effects in conventional systems,
such as highly doped monolayer graphene [147]. But, such lattice constants
are typical for the modern artificial lattices [148] as well as for Moiré materials
such as twisted bilayer graphene [149, 150, 151]. In addition, we point out
that the method of solving the MB problem developed above can be applied
for the systems with spin-orbit coupling such as Moiré bilayer transition-metal
dichalcogenides [152]. The structure of the orbit network might be visualized by
injecting the current at proper chemical potential level into the system via narrow
lead. The picture of current density distribution is expected to follow the pattern
of orbit network shown in Fig. 5.1 and might be probed by STM-type microscopy
techniques [153, 154].



82 CHAPTER 5. LANDAU QUANTIZATION NEAR VAN HOVE SINGULARITIES

Appendices

5.A Magnetic breakdown near usual and high-order
saddle points

In this section, we describe in detail the way how we obtain the scattering matrix
for the quasiclassical wave functions of WKB type that approach the saddle point
of any topology in 2D dispersion. After introducing the key notation of Landau
level basis in axial gauge and oscillator basis, we describe the full algorithm
on example of usual saddle point that leads to logarithmic van Hove singularity
(vHs). For such vHs the analytic S-matrix is known from exact solution of
Schrodinger equation [125, 126, 127] and can be compared with the results of
our calculation. Next, we extend this algorithm to a number of high-order saddle
points that were discussed in classifications in Refs. [109, 110]. In addition
to comparing technical subtleties of realizations and related physical effects, we
also compare the results with the simplest quasiclassical calculations of tunneling
probability.

5.A.1 Oscillator basis of Landau levels and formulation of problem
in terms of ladder operators

We use the axial gauge for vector potential A = %(—y,x, 0) and insert this into
the effective model of quasiparticle with dispersion £(k, k), which is expressed
in terms of canonical momenta with standard commutation relation

H=¢g(l,,I0,), I=k+eA;, [I,1II,]=—ilz" (5.20)

Next, we introduce the ladder operators,

a+d'), Hyzﬁll (a-a'), laal=1 621
B

with [ = \/eZB being the magnetic length. These operators are analogous to the
ladder operators for the quantum harmonic oscillator. The basis of corresponding
number operator a'a|n) = n|n) with integer Landau level index n > 0 can be
used to represent any polynomial Hamiltonian H = (I, I1,) as a matrix. The
eigenstates |n) in the coordinate basis are given by

0 w*

n) = ¥n(x,y) = (—(9 - —412 ) w”e‘|w|2/41123, w=x+1iy, (5.22)
w
B
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and the matrix elements of ladder operators are
(nlalmy = Nmpm-1, (nla"|m) = Vm + 16, 1. (5.23)

Next, we use this notation to obtain matrix representation of the effective Hamil-
tonians near different saddle points.

5.A.2 Magnetic breakdown S-matrix for the usual saddle point

The effective Hamiltonian in the vicinity of the usual saddle point in k-space of
2D band is given by

Hyog = ak} — BK3. (5.24)

Below, we set @ = § = 1 for simplicity. Using the notation of ladder operators
and oscillator basis, we rewrite this Hamiltonian in magnetic field as follows

2 2 52 512
Hyog = é (d + &T) + (d - d%) ] — %. (5.25)
In the oscillator basis, this Hamiltonian is represented by the following matrix:
0 0 v2 0 0 0 0
0 0 0 V6 0 0 0
V2 0 0 0 2vV3 0 0
g - Ll 0 V6 0 0 0 2V5 0
TR0 0 23 0 0 0 V30 ...
0 0 0 25 0 0 0 NN+1)
0 0 0 0 30 0 0

JN(N +1)

(5.26)

As a result, we transformed the problem into an eigenvalue equation, where the
eigenstates are superpositions of oscillator basis states:

HY =E¥Y, ¥= Z Bnln). (5.27)
n=0
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Figure 5.4. Effective 1D tight-binding model that represents the system of equations
(5.28) with asymptotic truncation after Landau level index n > N,.

We then reformulate this eigenvalue equation as a coupled set of recursive alge-
braic equations:

E¢o—V2¢, =0
E¢r - V643 =0
E¢y = V2o — 2V3¢4 = 0
E¢s — V64, —2V5¢5 = 0

—Vn(n=1D¢n2 =N+ 1)(n+2)¢n2 =0

The exact iterative solution of (5.28) quickly becomes very cumbersome because
of the complexity of coefficients in the recursive relation. Thus, to solve this sys-
tem of equations and those that shall appear for more complicated saddle points,
we introduce a truncation scheme. After the large value of index n > N, we
replace the index n by N, in the coefficients of recursive relation. This procedure
can be schematically illustrated by Fig. 5.4, where we represent solution coeffi-
cients ¢, as sites, coefficients of Hamiltonian that appear in recursive relations
as hopping terms and onsite potentials, respectively. This correspondence allow
us to solve the system of equations as an effective 1D tight-binding model of a
chain. The introduced cut-off at large N, separates the scattering region from the
translationally-invariant region with simplified coefficients. We note that there
are two disconnected sets of equations, and this fact manifests the presence of
two linearly-independent solutions in the original problem.

(5.28)

After setting up the correspondence between effective Hamiltonian in the
saddle point and 1D tight-binding model with two decoupled chains, we proceed
with finding the S-matrix of magnetic breakdown. The procedure of truncation
described above allows us to match the asymptotic solutions at high Landau level
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indices n > N, with exact solution at lower indices n < N.. We solve the scatter-
ing problem numerically using the Kwant package for tight-binding simulations
[99]. However, the scattering modes, matched solutions and S-matrix obtained
from numerical simulation are given in the oscillator basis. Thus, we perform an
additonal procedure to link them with quasiclassical wave functions of cyclotron
trajectories and corresponding magnetic breakdown S-matrix. To establish this
link, we solve the problem analytically in the translationally-invariant region with
n> Ng.

The eigenmodes of the infinite lead composed of two identical chains are
given by two Bloch wave functions with identical degenerate band dispersions.
These eigenmodes and their eigenenergies are given by the following expressions
in the basis of two atoms per unit cells:

(o) (5]

1 : 1 .
Vi) =00 3, e, W) =0 Y e,

n=N.+1 n=N,+1

8172(1) =-F+ 2t]\/C cos2/. (5.29)

Here, the length of the unit cell is 2 because the coupling is between second
neighbor oscillator basis states only. The normalization constant M can be
omitted in next calculations as it does not alter the final result. We note that
the modes defined above are in the basis of oscillator states, with corresponding
indices depicted as sites, and the momentum !/ is defined in the corresponding
reciprocal space. To obtain the S-matrix of physical modes, we have to establish
connection between these modes and asymptotic modes far from the saddle point
in k-space in the quasiclassical region (see Fig. 2(a) in the main text). To establish
this connection, we notice that the modes in quasiclassical region are classified
by their corresponding angle in momentum space: incoming modes correspond
to angles /4 and 57/4 for energies E > 0, while outgoin modes are at 37/4
and 77 /4 angles. We find the modes in angle basis by diagonalizing the creation
ladder operator by noting that

s

V2

The limit of zero magnetic field is used only to point out that the ladder operator
a™ allows one to classify propagating modes in lead according to the asymptotic
angles of scattering modes in MB region that follow constant energy curves in
saddle point dispersion. In other words, in the basis of eigenmodes of a' operator,
the phase of eigenvalue of a' gives the angle of direction of propagation for

"= (M +illy) — ky+iky = ke'?. (5.30)
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incoming wave. Using the modes for the infinite lead defined in Eq. (5.29) as a
basis and taking into account that action of a' on oscillator state shifts this state
(see Eq. (5.23)), we obtain another form of the operator at:

0 elil
ay ., = (1 0 ) (5.31)

This form of creation operator can be checked by direct action on basis states:

. VN1 .
AW == ) VRN + 1) ~ W (0),
N=N.+1
VN1 © . .
atw, (1) = T Z e 2N DN +2) ~ kg, (]). (5.32)
N=N.+1

The eigenvalues and eigenvectors of aTP operator are given by

. 1 1 1 [—e
dip==xel, yi = 5 (e_,.,), Y2 = @( ) ) (5.33)

Notably, for momenta [ of the propagating modes close to Brillouin zone edge
[ = +7/4, we uncover the correspondence with asymptotic angles of the constant
energy curves at large momenta that correspond to directions of incoming and
outgoing modes in MB region. Now we have to convert the Sy-matrix from the
basis of the modes (5.29) to the modes with definite angle. The S-matrix itself
has the form

ezm 0
Sy :( . ei"z) (5.34)

with two phases calculated numerically by matching using Kwant code. The

transformation is performed via rotation defined by eigenvectors in Eq. (5.33),

while taking into account that outgoing modes have opposite momenta —/ and
i i al t _

the sign of momenta changes in Ay s For example, Ay, oD = Ay, (=) in

this system because of dispersion relation (5.29). Then, the rotation to new basis

of the S-matrix gives:

1 (1 - 1 (1 =e
S UoutS‘PUln’ Uout = @ (eil 1 ) ) Uin = @ (e—il 1 ) 5
(5.35)
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which results in
1 eial + ei(12—2il ei(al+l) _ e—i(l—(zz) } 1 E
7\ eitaitt) _ p-iti-az) ol 4 pilai+2) ) ) arccos 2%

(5.36)

S =

This is the final form of S-matrix, which describes the magnetic breakdown
near usual saddle point. By making the cut-off parameter N, large enough, we
calculate the S-matrix with arbitrary precision. The results of the calculation in
comparison with exact expression as a function of energy are presented in Fig.2
of the main text. The figure demonstrates excellent agreement between exact
analytic expression given by and numerical calculations with N. = 2000.

5.A.3 Monkey saddle point

In this section, we extend the algorithm described above to the more complicated
case of Monkey saddle point. The main complication arises due to the fact that
the Hamiltonian is now third-order and we have to define 3 X 3 S-matrix between
3 incoming and 3 outgoing trajectories. Typically, the effective Hamiltonian in
the vicinity of Monkey saddle point has the form [109, 110]:

Hy = (K} - 3kk2), (5.37)

where we omit constants for simplicity. To obtain this operator in terms in ladder
operators for a system under magnetic field, we perform symmetrization of the
second term that makes the Hamiltonian Hermitian. The direct calculation shows
that possible choices I1,II,II, and % (HXH§ + Hng) give the same result. In

other words, we find in terms of ladder operators that the following expressions
are identical:

T a\T,ZaA + a\'l',3

(we use commutation relation [d,4'] = 1 and find
26 —aa"? = —2a'aa")
at, (5.38)

+ Hﬁnx) =a’-aa'a-a‘aa +a"’. (5.39)

However, the ambiguity of choice of symmetrization should be formally resolved
to apply the procedure for more complicated saddle point Hamiltonians. We do
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this by starting from the tight-binding Hamiltonian, that has such saddle point,
and introducing canonical momenta there. Using Eq.(18) from the main text, we
find the following third-order term in expansion

M, - V30, . T+ V3,

sin Il a — sin Ta —sin——qa

H;p(K) =21 2

t
~-3 (13 - LI, = T, LT, - T, T ) @+ 0(a). (5.40)

Using above-written two relations, we simplified the symmetrized expression
to Eq.(8) in the main text. However, in the general case one should keep full
expression of symmetrized Hamiltonian for a particular lattice. Converting into
matrix form, we find for Monkey saddle:

1 3
— oy at sV (a+0) (a=at
Hy = 2\/5[(a+a) +3(a a)(a+a)(a a)]
0 0 0 4Ve 0 0
0 0 0 0 8V6 0
0 0 0 0 0 8V15
1
=-—|4v6 o0 0 0 0 0
221 o 86 0 o 0 0 4fnn+)(n+2)
0 0 8VI5 0 0 0

dynn+1)(n+2)

(5.41)

Searching the solution in the form (5.27) of decomposition of wave function in
oscillator basis states, we find the following system of coupled equations:

2V2E ¢ — 4V6¢3 = 0,

2V2E¢, — 8V6¢4 = 0,

2V2E ¢, — 8V15¢5 = 0,

2V2E ¢3 — 4V6¢0 — 8V30¢6 = 0,

2V2E¢, —4yn(n— 1)(n—2)¢nu_z — 4 (n+ D)(n +2)(n + 3)dps3 = 0.
(5.42)

Following the procedure of mapping on 1D tight-binding model, we find that this
system in turn converts into three decoupled chains with only nearest neighbor
hoppings in each (see Fig. 5.5 and Fig. 2 from the main text).
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Figure 5.5. Effective 1D tight-binding model that represents the system of equations
(5.42) for Monkey saddle with asymptotic truncation after Landau level index n > N_.

Next steps require the introduction of the cut-off parameter N, and classifica-
tion of the modes appearing for higher indices n > N,. In the case of the model
with three decoupled chains the Bloch eigenstates are

1 <« :
¥i(l) = > e Bn+i),e;(1) = ~E + 2y, cos3l, j=0,1,2.
n=N¢+1

(5.43)

In this case, the size of the unit cell is 3/. Acting with the creation operator 47,
we find the following expression for the matrix in the basis of these states:

0 0 e3il
al, ., =1 0 0 | (5.44)
01 O

Comparing to the matrix representation of a\Ty,m for usual van Hove singularity
(5.31), we see that it has similar structure with shift of nodes by one index in
the unit cell until the period reached. The eigenvalues and eigenvectors of this
matrix are

1
/11’2,3 — ell, elli2m/3’ Y1 = % e—ll ,
=2il
e
eil+27ri/3 eZil+27ri/3
1 1 . .
Y2 = — 1 Y3 = — ell—2ﬂ'l/3) (545)

3 pu—
V3 \ j-it-2xif3 V3 1

In the limit of £ < 2¢p_, we find that momenta of the modes are approximately
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Figure 5.6. Effective 1D tight-binding model that represents the system of equations
(5.51) for Az saddle with asymptotic truncation after Landau level index n > N.. Note
that now next nearest neighbor hoppings are added in each chain.

at the effective Brillouin zone edge,

1 E
[ = 3 arccos E ~ % (5.46)

and the phases of eigenvalues 4 » 3 correspond to the angles at which scattering
states come from the quasiclassical regions for a Monkey saddle (see Fig. 2(a) in
the main text).

The eigenvectors in Eq. (5.45) define the rotation to the basis with definite
angles. Combining these eigenvectors into unitary transformation matrix, we
then apply the basis transformation to the diagonal scattering matrix obtained
from the numerical calculation,

Sy = diag(e'®, ' ®, '), (5.47)

The diagonal structure of this matrix is a result of chain decoupling in the effective
tight-binding model. We present the result of numerical calculation in Fig. 2 of
the main text.

5.A.4 High-order saddle points with different powers in effective
dispersion: A3 saddle point and regularization

Finally, we discuss the case of A3 saddle point, which has two trajectories coming
close in the magnetic breakdown region, but the effective Hamiltonian has dif-
ferent powers in leading order for k, and k. The analysis of this point requires
several additional steps, that can be used together with algorithm from previous
section to analyze every other saddle point. There are two complications that
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appear for such system comparing to usual saddle point discussed in Sec. 5.A.2.
The effective Hamiltonian of the model is given by

Hy, = akia® - kja®. (5.48)

As we see, larger the deviation of momenta is from the center of saddle point,
kx = ky = 0, the closer trajectory angles are to zero. In other words, the constant
energy curve solution k (k, E) behaves asymptotically as vk, and never reaches
the k.-independent derivative. This introduces a problem of classification of
modes by angle of incoming quasiclassical particle, the central ingredient used in
previous cases. In fact, such problem may lead to unexpected numerical artifacts
appearing in the final scattering matrix. We resolve this problem by introducing
sub-leading terms into the Hamiltonian to make the highest polynomial powers
for k. and ky identical. In our case this would lead to the following modification
of original Hamiltonian:

Hy, = akla® + Bkya* — kja®, B>0. (5.49)

Here, the condition S > 0 enforces the trajectories to have different asymp-
totic angles, that are found from the equation tan* ¢, = S, and are equal to
+arctan 8'/4, 7 + arctan 8'/*. The ladder operator version of this Hamiltonian
is

Ay, = a(d+a*)2+ﬁ(a+af)4— (d—af)4. (5.50)

The main difference comparing to the previously discussed cases is that this
Hamiltonian contains both second and fourth order terms, which implies the
existence of two kinds of hopping terms. The system of recursive equations in
this case is

E¢o — (¢o(a + 3B = 3) + V2¢s(a + 6 +6) + 2V6(8 — 1)¢s) =0,
Edi — Bdi(a +58—-75) + Vops(a + 108 + 10) + 2V30(8 - 1)¢s) = 0,

E¢u— (VOr=Dnn-2(a + 28+ 1)(2n - 1))
+¢,Ran+a+3(B-1)2n(n+1)+1))
N+ D0+ 2)gnia(B+2(8 + 1) (20 +3)

3 4
+ B[ [0r= Dn-s+ B= D[] |2+ Dnsa| =0 (5.51)
j=0 j=1
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After mapping we obtain the system with two decoupled chains, see Fig. 5.6. Now
each of these chains contains both nearest neighbor #; and next nearest neighbor
t; hopping terms as well as index-dependent on-site terms &,. In the case of
more general saddle points one might obtain even more far-distanced next-next-
...-nearest hoppings according to polynomial powers in the Hamiltonian. The
basis of plane waves in the truncated region is built in the same way as before,
thus rotation to the basis with proper angles is done via the same procedure of
diagonalization of ladder operator 4 acting on propagating modes. However, the
dispersion relation of plane wave modes is more complicated, in this particular
case it has the form:

e12(l) =—E + En_ + 2tn_cos2] + ZI;VC cos4l. (5.52)

Expressing momentum from this equation for (/) = 0 condition, we obtain
proper angles of the modes from aji, operator given by Eq. (5.33).

As aresult of the regularization procedure, we have to introduce an additional
parameter S into the lowest-order effective Hamiltonian. We check this by taking
this parameter small enough the convergence of results is reachable. We compare
the results for absolute value of the scattering matrix elements fixing A = 1 and
taking different 8 < 1 in Eq. (5.49) The values of scattering matrix elements are
shown in Fig. 5.7. For small enough £ the results converge rapidly.

S.B Magnetic translation operators and spectral equa-
tions for coherent networks

In this section of Supplemental material, we present the main technical steps
that are required to describe the problem of two-dimensional Bloch electrons in
presence of magnetic field applied perpendicularly to the system at energies in
the vicinity of van Hove singularity, when a coherent orbit network is formed.
We demonstrate our approach in cases of square and triangular lattices that
exhibit three different types of van Hove singularities. Before proceeding to
the derivation of spectral equations for particular systems, we briefly recall the
translation symmetry group in the presence of magnetic field.

5.B.1 Magnetic translation group

The general aspects of the translation symmetry group theory in the presence of
magnetic field were discussed in Ref. [118]. Here, we recall the key definitions
and properties of Bloch electrons in the presence of magnetic field.
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Figure 5.7. Convergence of absolute values of S-matrix elements (z-transmission, 7-
reflection) for Az saddle point with different values of regularization parameter S in
Eq. (5.49). The coefficients a = 1 and @ = 1 are taken for simplicity. Two panels
demonstrate convergence with different (a) N, cutoff parameters as function of 8, (b) 8
regularizing coefficients as function of N,.

The key operator that commutes with a Hamiltonian and therefore identifies
the eigenstates and corresponding eigenvalues is the magnetic translation operator

fg:am%@+22mﬁRh A(R)=A(R) + R x B, (5.53)

with p being a momenta operator. To find an analytical solution of the problem,
commensurability between lattice and magnetic translation periods is required.
This condition, expressed in terms of the magnetic translation operators, reads
f]{‘]”R‘{’ = W, where N is large integer and R an arbitrary lattice vector. The
periodic condition implies [T]’\‘,”R,T}e",’ ] = 0 and can be equally written as a
rationality condition on magnetic field flux through the elementary unit cell

(27)? q2nhc ¢
== = =@, 5.54
by xXba| p e p 69

® = B|R, xR:| = B

where numbers ¢, p are co-prime integers, p is divisor of N, and @y = zcﬂ is

a flux quantum. Later on we shall concentrate on the case of ¢ = 1 for which
magnetic field values form a dense set for large p and small magnetic fields.
Other values of ¢ can be analyzed in a similar manner.

For the set of magnetic translation operator to form a group, we need to adjust
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its definition by adding a phase factor [118]

A

Trlr‘zl,R — eiﬂ(Zm—jk)/PfIIzVI; R =jR, + kR, (5.55)

where R}, R; are elementary unit vectors. This group has N> p-dimensional irre-
ducible representations, classified by quasimomenta eigenvalues g = ﬁ(n by +
nyby),ni,ny =0,..., % — 1 and corresponding eigenstates W 4 as follows [118]

H“Paqs = Sa(q)lyaqs; T”A;{Rlyaqs = ei(q+%bl)R\Paqs; s=0,..,p-1
(5.56)

This relation defines the translational symmetry of the problem and may be
considered as an analogy of Bloch’s theorem.

5.B.2 The wave function dependence on eigenvalues of the magnetic
translation operator

As described in the main text a general structure of the wave function expressed
in the gauge invariant space reads [139, 118, 127]

> . . 2 .
W(ky) = Z a,jel(Pll"'Pkk)ell,z_zg[kxlbz,y_%bz,xbly]lPJZF(kx — kb — by,
Lk,j
(5.57)

where indices (/, k) enumerate cells in the extended Brillouin zone scheme, j
identifies different branches of the wave function in the single cell, and ‘PgF’ (k)
stands for ZF function, defined in the (0, 0)-cell.

Phase factor ¢! (P1/*Pkk) defines the translational symmetry of the system and
therefore must be expressed in terms of quasimomenta eigenvalues of magnetic
translational operator q. To find the connection between p;, px and g we project
the solution on the representation space of magnetic translation group using a
projection operator P4 [118]:

o) = P (ky), PI=Cq ) eTOXbeimpkinilhogay o,
k', I’=—co
b= k,bl + l,bz
(5.58)

where C, is a normalization constant and A = (0,0, 1123) is a vector oriented
along magnetic field . It is convenient to choose a system of coordinates where
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by = (b1,x,0,0)and by = (b2 x, b2y, 0) where the projection operator expressed
in the gauge invariant space kx = (p + £A)., —leakx =(p + £A)y reads
B

b
i3l (ba,y kx+ille’:6kx)

Pi=C, Z o~ iU (@ibry=a2b2x) , PHEK @2b1,x p=K' b1 <Ok

kU
(5.59)
First, we calculate the projection part depending on k’
b 2
oilBk @2b1.x ,=k'b1 <Ok Z ajei(p,upkk)eilg[kxlbz,,—%hz,xbz,y]
Lk,j
x‘I”ZF(kx —kbix—1byx)
i 2
_ eugk’qzbl,x Z a,jei(p,npkk)eilg[(kx—k'bl,x)lbz,y—%bz’xbz,y]
Lk,j
><‘PJZF(I<)C —(k+ k)b x—1byy)
[ee]
2
— eik’[l%;qﬂ’l,x_Pk] Z aiei(pll+pkk)eilé[kxle,y_%bZ,be,y]
Lk,j
x‘I”ZF(kx —kbix —1byx), (5.60)

where in the second line we used e“%x f (k) = f(kx +a) and in the last line we
) .12 .
renamed k — k + k’ and used e'/BP1xb2y = (ilglbixba| — o270 — | Now, we
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calculate the second part of projection depending on [’

b
_ i1 (by, gk +i 5% 0y,
e—llzBl,((IIbZ,y_QZbZ,x)e B (Z,y * 1129 kX)

(o]
. .0 2 :
x Z Cl’jel(pll+pkk)€llB[kxlb2’y 5 bz,xhz,y]lPJZF(kx _ kbl,x — lb2,x)
Lk,j

. , ” ,
— e_llé(l (q1b2,y_q2b2,x)+%b2,xb2,y_l’b2,ykx)e_l bZ,Xakx

(o)
. .0 2 .
X Z ajel(pll+pkk)ell3[kxle,y > bz,xbz,y]\yéF(kx —kby - lbz,x)
Lk,j

. 2
= ol Wby kx=l (@1boy =2 ) =52 b2, y)

[Se]
: 2 2 .
% Z a et PPk il | (kb2 lboy =5 baxbas ) (ke — Kby = (14 1))
Lk,j
— e—il'[lé(fhbz,y—ﬂhbz,x)—m]

0 . . 2 .
% Z a,jel(mHPkk)etllZg[kxlbz,y—%bz,xbz,y]\pJZF(kx —kbyx —1by)
Lk,j
(5.61)

Finally we see that the projecting results in

¥y (k) = C4 Z e_ill[lé(QIbZ.y_QZbZ,x)"'pl]eik,[llzgchbl,x_l’k]lP(kx)' (5.62)

k', l’=—00

The summation over k’, [’ establishes the connection between pg, p; and g as
Pk = 15q2b1 « and p; = [5(qa2ba x — q1b2,y). Utilizing this relation, we find a
general form of the wave function as a eigenfunction of the magnetic translation
operator

W, (ky) = Z ajeilé([qzhz,x—qlbz,y]l+qzh1,xk)eil§[kxlbz,y—ébz,xbz,y]
Lk.j
XWL o (kx —kbyx —1byy)  (5.63)

To define «; coefficients and allowed energy values, we need to connect pieces
of the wave function in neighbouring cells of the Brillouin zone as well as pieces
corresponding to the different parts of the orbit in the single cell. In the following
sections, we perform this for the cases of square and triangular lattices by solving
a scattering problem near the van Hove singularities.
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ky (a)

Figure 5.8. Panel (a): schematic geometry of the orbit network from Eq.5.68 in the
square lattice. Panel (b): tight binding energy dispersion of the square lattice with
only nearest neighbor hoppings ¢ involved; constant energy contours and schematicly
represented orbits at a particular fixed energy (blue lines) are highlighted. Panel (c):
spectrum of the same square lattice as in (b) but with third nearest neighbor hoppings
t3 = 1/4t taken into account.

5.B.3 Square lattice: derivation of spectral equation for orbit net-
work

In this section, we present the technical details of derivation of the orbit network
spectral equation for the simplest case of square lattice. The Brillouin zone
of the square lattice contains saddle points at the X-points. The tight-binding
Hamiltonian in the case where only nearest neighbor hopping is taken into account
reads

H,, = —2t(cos(kya) + cos(kya)), (5.64)

with a being a lattice constant and ¢ is hopping parameter. This Hamiltonian
exhibits the saddle points at X-points in Brillouin zone

Erjao(k) = =a’t[(kx = n/a)* = k31, Eonja(k) = a’tlks = (ky = x/a)’].
(5.65)
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They result in usual logarithmic van Hove singularities in the density of states.
One can modify Eq. (5.64) by taking hopping #3 to the third nearest neighbor into
account

Hgg o = =2t (cos kya + cos kya) — 213 (cos 2k va + cos 2kya) , (5.66)

and obtain high-order saddle points of cusp type A3z [109] at each X-point for
t3 = 1/4t:

1 5
Ezjao = ——a4tqi - —a4tq§ + 2a2tq§ —t,

4 12
5 1
Eo,xja —Ead'tqi + 2a2tqi - Za“tq;‘, —t. (5.67)

Such saddle points result in high-order van Hove singularities with divergence
exponent 1/4. Recently, a slightly different version of this model with nearest-
neighbor (NN), next NN and third NN hoppings was analyzed in Ref. [155] with
relation to enhanced nematicity effects.

While we keep the hopping parameters isotropic (equal along x- and y-
directions), the qualitative geometry of the coherent orbit network does not
change due to saddle point type. It is schematically shown in Fig. 5.8 together
with tight-binding dispersion plots with highlighted equi-energy contours.

To derive a solution for the orbit network, we note that each unit cell of the
network in Fig. 5.8 can be separated into four quasiclassical regions which can
be described by WKB-type Zilberman-Fischbeck (ZF) wave functions, and four
scattering regions of magnetic breakdown with corresponding scattering matrices
S 1,2-

(o)

qu(kx) = Z ei(pkk'*'pll)el'lzBle,ykx

I,k=—co
kx kx
i [ dkkEP (k) il [ dkeki (k)
arhy (ke + mhy(k)e ,
when kb < ky < (k + 1)b 4,
X ky . " kic ( - 2) " (5'68)
i, [ dkekE (ky) ily [ dkky (ke)
azhs(ky)e 1~ +  aghy(ky)e 1 ,
when (k — %)bl,x < kyx < kb,

_1
where h; (ky) = (|6§—k(f)|) *. We choose zero of ky as point in the middle of

single Brillouin zone. In each cell of reciprocal lattice, we have two solutions for
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kf (k) at constant energy which we call "top" kf’t (kx) and "bottom" kf’b (kx).

The functional dependence kf’l(b) (k) is found directly from exact dispersion

relation at a given energy. For example, in the case of Eq. (5.64), we find

E + 2t cos(kya)

1
KEAP) (ky E) = £ - ,
y (ky, E) aarccos o

(5.69)

while in most other cases the numerical evaluation has to be used.

To build the closed system of equations for coefficients «;, we use the mag-
netic breakdown S-matrix that couples two neighboring cells of the network.
For the case of isotropic square lattice all S-matrices are identical, so the only
difference comes from the geometric arrangement of cyclotron orbits coming to
each magnetic breakdown region. We thus write the corresponding equations as
‘horizontal’ scattering with S; matrix and ‘vertical’ scattering with S referring
to the notation from Fig. 5.8(a). For the ‘horizontal’ MB region we obtain:

(k+ )by« (k+ )by«
i [ dkekD (k) i [ dkekd P (ky)
kb kby,x
aje > aje ,
=S 5.70
(k+ )by« 1 (k+3)by x o )
ipk=i [ dkekEP (ky) ipk=i [ dkekE (ky)
aye Kb1x aze Kb1x

where we used that h; (k) are equal for all i at scattering points. Similarly for
the ‘vertical’ MB region we write:

apetP! _ s
( a3 ) =95 (aqe””) . (5.71)

Note that here, we used the relation l%bl,xbg,y =2np.

Now, taking into account the series decomposition of dispersion around
saddle point in the case of isotropic square lattice (e.g. Eq. (5.65) or Eq. (5.67))
and the geometry of the orbits in Fig. 5.8, we obtain the rotation rules for the
S-matrix (R and 7 are absolute values of reflection and transmission coefficients
along the k, direction for S):

S1 (5.72)

—iRe'Pr T elvr iTel?  Rel¥r
T\ Teier  —iReier ] P2 T |\ Reler  iTeivr)

These relations are obtained by noting that absolute values of transitions between
part of trajectories 1 — 2 and 3 — 4 at point S should be equal to 2 — 3 and
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4 — 1 at point S5. The unitarity of S-matrix implies the following restrictions
on S-matrix:

RE+T2=1, iRTe #r—¢) _iRT e (¢1=¢r) = 2RT sin(¢, — ¢;) = 0.
(5.73)

The second relation implies that either ¢, = ¢; + 0, m, ... or one of r or ¢ is
equal to zero. Indeed, we find that both cases are realized for the A3 saddle
point, which is an example of perfect transmission along the semiclassical orbit.
We note that the relation det(S) = e/¥sc = ¢%%r = ¢%%r also follows from the
unitarity.

Combining (5.70) and (5.71) into system of equations for a'ik 4 parameters,
we find

—iRei¥roi®r  _pi®: T et ¢t ot (Pk=P:1) 0

T i1 oiPb 0 —iRe Pr ol (Pk=Pt)  _pi(pr—®p)
—e'Pt iT e 0 Rel¥rolpi =0, (574)

0 Reier -1 iT e'PrelP

where we used the short-hand notation
(k+3)bix E.b(1)
Dp() = I3 / dkky ™t (ky) . (5.75)
kb x

The condition of existence of nontrivial solution gives the spectral equation:
([Reitﬁr]Z + [Tei%]Z)Zei(q)b—d)z) + ¢ HPp—Dr)
—RelPr T ol Pt (eipz + e Pl 4 ol (Pk=Pp=P1) ,=ip1 e—i(Pk—®b—<1>z)) =0 (5.76)
Using that ([Re’#"]> + [T e'#]%)? = det ST = e*¥#s<, @, = I3b) xbyy — D, =

2pr — @, (see Fig. 5.8) and the area inside the orbit is l%ﬂ(E) =2(D, — D),
and obtain:

2
COS(@

2 sosc) = ¢!#r=IRT (cos (p) + cos (p1))

= xRT (cos (pi) +cos (p;)), (5.77)

where the sign depends on whether ¢, = ¢; or ¢, = ¢; + m. Rewriting this
equation in terms of magnetic translation operators eigenvalues, we find:

cos (@ - QDSC) =+RT (cos(l%qlbz,y) + cos(l%qzbl,x)) . (5.78)
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The cosine on the left defines the standard Lifshitz-Onsager quantization rule
with slightly shifted Landau levels in the vicinity of the energy of van Hove
singularity due to nonzero scattering phase. The right-hand side defines mini-
band broadening and leads to oscillatory behavior.

5.B.4 Triangular lattice with imaginary hoppings: orbit network
connected via Monkey saddle points

In this section, we analyze a case with a more complicated geometry of a trian-
gular lattice with imaginary hopping parameters. The tight-binding Hamiltonian
in the nearest neighbor approximation is given by Eq. (18) in the main text.
Similar structure of dispersion with Monkey saddle might effectively appear
in Moiré materials [152]. We apply a n/2 clockwise rotation of coordinates
ky — kx,kx — =k, to the system in order to have b1 = (b x, 0, 0) as described
in the previous sections. A schematic picture of the orbits that constitute a net-
work is shown in Fig. 5.9. The general structure of a solution is described in the
main text, in the particular case of triangular lattice the wave function has three
different ZF-type terms in each unit cell and for £ > 0 reads:

. _ 2
W, (ky) = Z el(pkk+ml)ellé[kxlbz,y—%bz,xbz,y]

1k
K E3
il / dkxky (ki)
X (I3h3(kx)€ Kby x+iba,x , when kbl,x + lbz’x < kx < (k + l)bl,x + lbz,x
kx
ilgy / dkckl? (ky)

Q’2h2(kx) e kbl,x+(l+1)b2’x ,

.\ when kby , + by < ky < kby x + (I + 1)ba
kx
i / decky ! (k)
a’lhl(kx) e kb|,x+(l+l)b2’X ,

when kb x + (I + 1)bax < kx < (k+1)by x + b

(5.79)

The positions of scattering point are k )(Cl,’sli.)m, =kby x +1by . Thecaseof E <0
can be analyzed in the same way as E > 0 by making use of a symmetry property
of the dispersion (3) that stays the same for E — —FE and k — —k replacement.
Therefore, later on we concentrate on the case of E > 0.

Now, we perform a derivation of spectral equation from the scattering equa-

tions that couple neighboring cells. The scattering equation at point k)(cl”skc)an has
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[N D S,

Figure 5.9. Schematic structure of the orbit network for triangular lattice with imaginary
hoppings. The b; vectors denote the basis in reciprocal space, red S circles label the
positions of scattering regions with Monkey saddle. The black lines with arrows show
example orbits with coefficients a/ll.’k that appear in decomposition of the wave function
into Zilberman-Fischbeck wave functions between scattering regions. Indices / and k
label the elementary unit cell in k-space with its position according to b and b, vectors.
Only the case of positive energies is shown as the negative energies can be obtain by
using the symmetry of the model E — —E with k — —k.
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the form:
—7 [ b by ,
e Pkei® —ipy ,—ill 2y
. .12 by xbo y e ¢ .
a,ze—tple—ll —5=> =9 a,ze—lq)z s (5.80)
3 @ze Prei®s

where we used the relation léb 1,xb2,y = 2np and equality of h;(ky) at the
scattering point as well as the short-hand notation for ®; introduced in the
previous section.

Before we insert the numerically calculated S-matrix, there is one subtlety
that should be taken into account: the scattering basis of incoming and outgoing
modes in numerical approach (5.45) is different from the one used in the orbit
network (5.79). The difference between two pictures arises due to the fact that the
numerical approach couples the incoming and outgoing modes in quasiclassical
region at infinity |k| — oo, while in the orbital network the modes are coupled
at the scattering point itself

Pourl (k = 0) L (k = 0)
Orbit network: ‘Pg‘ﬁ’z(k =0)[=S ‘Pm 2(k 0)1,
Pou3 (k = 0) lpl” 3(k 0)
w2l (k — o0)\ Pl (k — o)\
Numerical approach: ‘P;’;f’z(k — o) | =8 ‘I‘m 2(k — )] . (5.81)
Pou3 (k — oo) qﬂ” 3(k — o)

Here, ‘P’Z - and the primed \P’Z} wave functions correspond to the different choices
of normalization constant in the bases. Thus we continue with connecting the
two types of scattering states in these problems by introducing dynamical phases
as well as constant phase shifts that account for selected convention in basis
definitions:

\Pm i (k ) — eléln /m i (kx) le i (k N +OO) _ e dyn‘Pln l(o) (5 82)

\Pout N (kx) = ¢ 6‘”‘" out i (kx) \Puut 1 (k N +oo) —e ¢dyn lPln 1(0)
(5.83)
The phase factors e’ 5", ¢197"" do not depend on energy and represent differences

ll’L i ¢Oul l
dyn
to covered areas in momentum space of ZF wave functions ;" - see Fig. 5.10.

There, solid lines represent the real roots of equation

k3 +3kyky = —E, (5.84)

of the basis definitions, while ¢ are dynamical phases that correspond
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defining semiclassical trajectory kf (k), while the dashed lines correspond to
real parts of the complex roots in the intervals of k, with only one allowed

semiclassical trajectory. The relation between phases and the shaded areas is the
following:

in,3 _ out,3 _

Py =11 Payn =11

Payn = 13— Fa, bayn = F1-F2 (5.85)
in,2 ,2

Gy = F1 + F2 Goam = F3+ Fy

By using the symmetry of Monkey saddle dispersion £ — —FE together with

k — —k, we notice that ‘I’%,” (ky,E) = ‘P’Z”F’ (=kx,—E) and ‘I’g’;‘t’i (ky,E) =

. . . . - Sin ; sout i S
YU (—ky, —E), which gives e’%" = /%™ = ¢i% . Hence,

ool 0 0
S = 0 I o 0 grum
0 0 oil0dn-0]
RNl 0 0
x 0 9022 0 . (5.86)
0 0 o[ ¥ins=5]

By calculating the areas shown in Fig. 5.10 we find the following relations:

2
Fy = const, F3= §F1, F> +2F; = Fy. (5.87)

Next, we change the notation to ¢9 = F/3, and obtain

éinyn,3 = _3¢0 ¢2’;tn,3 = 3¢0
dyn1 = ~Fa =200 ¢3”y’in,1 =-Fi+¢o . (5.88)
dyna = Fa—do ¢t » = Fa + 200

At the same time following the numerical procedure described in above section,
we find S-matrix:

T !¢t 1090 (E) ﬂzeiwze—i§+i2¢o(5) R el el 3 +i4do(E)
gnum _ Rleigol ei%+i4¢0(E) Teigateiéqﬁo(E) R2ei<pze—i§+i2¢0(E)
Rzeitpze—i%+i2¢o(E) Rleiwlei%+i4¢o(E) T i1 pi6P0(E)

(5.89)
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A

Figure 5.10. Definition of different phases according to the integration in momentum
space for the scattering problem geometry around Monkey saddle point. Solid lines
represent semiclassical trajectories at fixed energy near Monkey saddle, whereas dashed
line depicts the real part of complex roots of Eq. (5.84) and dotted lines correspond
to E = 0 regime. The shaded areas are related to the constant and dynamical phases
according to Eq. (5.85).

Here, 7, R, R, are real values. The presence of ¢'5 and e'f4 phase factors is
a consequence uncertainty of the dynamical phases, that are defined only up to
an offset parameter. This arbitrariness is controlled by e'% phase factors which
transform the numerical basis to the basis of the network model. Phases e¥?, e¥!
and e¥? are scattering phases that decay to zero with £ — oco. Therefore, we
have

T ot oi300(E) Rzei¢zei(61—62+2F4—% Ry el ei(61—53+F4+g)
S = Rele ¢i(62-01-2F4+%) T it oi300(E) Rzewzei(éz_[ﬁ}_ﬂ_g ~i3¢0(E)
Rzeicpzei(é376| -F4—%)-i3¢o(E) Rleuplei((sraﬁFﬁg) T el
(5.90)

To determine the connection between §; and Fy, we may use the limiting cases
of big energies where the S-matrix written in the network basis must take the
form of full reflection scattering matrix for each of the three trajectories with
additional factor —i appearing at turning point [127] (see Fig. 5.9):

0 0 —i
S(E>0=[1 0 0 | (5.91)
0 —i 0

From this condition and previously obtained expression (5.90), we find a set of
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conditions, which in turn yield

{ ei(52—51—2F4+7t/3) = 1

ei(53—52+F4+7r/3) = —

= ei(51—53+F4+ﬂ'/3)

—i(52—51 —2F4+7r/3)e—i(63—62+F4+7r/3) - 3 (592)

=e'"e i.

In such a way we settle all additional constants and obtained the exact form of
the network model S-matrix from numerical S™™-matrix:

T i1 pi300(E) Ryel#? —iR e
S = Riel! T el eB39(E) R, ei¥20-1300(E) | (5.93)
Ryel#20-13¢0(E) —iR e T el

Substituting it to (5.80) that couples solutions on neighboring orbits, we find:

e (P=®1) 0 0
“ : 2 Daxbay
ay | = 0 el(leB 2 ) 0
a3 0 0 1
T el#t oi3¢0(E) Ryel#2 —iR e
X R]ei‘ﬁl T ol%1 pi3P0(E) iR23i¢2e—i3¢o(E)
R2ei¢ze—i3¢o(E) —iR e T it
by by,
e—i(pz+l§ e ) 0 0 aq
X 0 e_,'(pz 0 s |. (594)
0 0 e(@-px) | \@3

The condition for the existence of nontrivial solution, also known as non-linear
eigenvalue problem of the Ho-Chalker operator [140], gives the spectral equation

det S H(@1+P2=®3)/2 | i(P1+P2-P3)/2 _ ((Tei‘p’)zeiwo _ R]€i¢1R2€i¢2)
% [e_ipl_i3¢0_i(q)l_®2_q)3+léb2,xb2,y)/2 + e—i(Pk—Pl)—i3¢o—i(<1>2—‘1>|—‘1>3—l§;b2,xh2,y)/2

+ eipk—i(d)2+q)1+q)3)/2]

—T el [eipl+i3¢0+i(¢’1—©2—¢3+l§;b2,xbz,y)/2 + ei(Pk—Pz)+i3¢0+i(¢2—(1>|—‘Ds—lébz,xbz,y)/Z

+ e—ipk+i(q)2+(1)1+¢3)/2] =0.
(5.95)

Note that for this kind of problems the spectral equations are a convenient tool
to solve eigenvalue problem of Ho-Chalker operator as it reduces to the well-
known Lifshitz-Onsager quantization condition in crystals with small corrections
coming from nonzero tunneling probabilities.
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We note that from unitarity of S-matrix,

T =|(Te'¥)%e? — R Rye' 2|,
arg((Te'#)?e°% — R1e' "' Rae'?) = psc — g1, (5.96)
where det S = e?¥s¢. Therefore, we have
ol Psc /271 @1+Py—D3)/2 | Li(P1+DPy~D3)/2-i¢p5c/2
T el (Psc/2=¢1) [e—ipl—iawo—i(cbl—@2—®3+l§bz,xbz,y)/2
+ e_i(I’k_pl)_i3‘P0_i((D2_®l_q:'}_l)ngz,xbz,y)/z + eipk—i(‘bz+‘1>1+¢3)/2]
LT el (i escl2) [eipz+i3¢0+i(¢1—¢2-¢'3+l)23172,xb2,y)/2

+ ei(Pk—Pl)+i3900+i(CD2—<D1—‘1>3—lf;b2,xb2,y)/2 + e—ipk+i(®z+®1+¢3)/2] =0. (5.97)

Numerical calculations show that for the particular case of Monkey saddle point
Yse = 2¢;. Using geometry of the problem (see Fig. 5.10), we note that the
particular combinations of phases can be expressed via area enclosed by the
orbit, @1 + @, — @3 = [3A(E) = np — 2®3 and @3 = 2F| = 6¢. In addition,
we note that lébl, xb2,y = mp. Thus, we obtain a final form of spectral equation:

cos(l%ﬂ(E)/Z - <Psc/2) = T[Cos(lé[mbly — q2bax] - %)

T T
+cos (zé[qlbz,y +qa(bix —br2)] — 7’7) + cos (lngbl,x - Tp) ] (5.98)

These spectral equations appears in the main text. For the sake of completeness,
we present a difference in spectral structure with even and odd flux denominator
values p in Fig. 5.11. As seen from the plots, for even p = 200 spectrum is
symmetric, while for odd p = 201 spectrum is antisymmetric with momentum.
The analytic predictions and numerical tight binding simulations demonstrate
excellent agreement.
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Figure 5.11. Two panels demonstrate comparison of analytic predictions (blue dashed
lines) and numerical tight-binding simulations (orange solid lines merging into shaded

areas) for the flux ® = %% with (a) even p = 200 and (b) odd p = 201. The unit cell

width of the ribbon with periodic boundary condition is taken to be W = 20V3pa.
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Summary

Understanding interactions in quantum many-body systems remains one of the
most profound and difficult challenges in condensed matter physics. While
free particle systems can be solved through single-particle techniques, the in-
troduction of interactions turns the problem essentially many-body and quickly
intractable. The Hilbert space grows exponentially, and traditional approaches
become useless.

To deal with this, one typically turns to numerical methods by discretizing the
system on a lattice. This approach generally works well for many 1D problems,
including those described by Schrodinger equation. However, when it comes
to massless Dirac fermions with protected chirality, the situation becomes more
complicated. Any naive discretization inevitably runs into the fermion dou-
bling problem, formalized by the Nielsen—Ninomiya theorem, which forbids a
straightforward lattice realization of a single chiral mode without either breaking
symmetry or introducing unphysical degrees of freedom.

My thesis is motivated by this problem: the need to describe 1D interacting
systems, and the difficulty of doing so numerically due to these fundamental
obstacles. The main focus of this work is to develop and explore lattice-based
numerical methods for strongly correlated chiral fermions in one dimension, with
the Luttinger liquid as a central case study.

The first part of the thesis introduces and validates a novel numerical approach
based on tangent fermions. In Chapter 2 we use its local action formulation in
the discretized space-time, allowing for simulations via quantum Monte Carlo
that are sign-problem-free at half-filling. It successfully reproduces continuum
results for the helical Luttinger liquid without adjustable parameters, marking the
first faithful lattice simulation of this system.

Building on that, Chapter 3 extends the tangent fermion approach to tensor
network methods, particularly DMRG. This allows us to move beyond the limita-
tions of QMC and investigate broader settings, inclusive of static potentials and
non-trivial interactions, away of half-filling. We show that tangent fermions sup-
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port a compact and efficient tensor network representation, accurately matching
the bosonization results of the Luttinger liquid. This confirms the versatility and
consistency of the method.

The second half of the thesis shifts focus to two-dimensional single-particle
physics, tackling two distinct problems. Chapter 4 concerns Majorana thermal
metals in disordered chiral superconductors. We use the spectral localizer, as
real-space topological tools landscape function, to show that the metal—insulator
transition proceeds through percolation of topological domain walls.

Finally, Chapter 5 investigates Landau quantization in systems with gener-
alized Van Hove singularities. We develop a general method for computing
magnetic breakdown in these materials, uncovering how coherent orbit networks
can form minibands that enable bulk conductance under a magnetic field — po-
tentially exceeding edge channel transport. These features offer experimentally
testable signatures linked to the underlying saddle-point structure.



Samenvatting

Het begrijpen van wisselwerkingen in quantum-veeldeeltjessystemen blijft een
van de diepgaandste en moeilijkste uitdagingen in de theorie van de geconden-
seerde materie. Terwijl systemen zonder wisselwerkingen met één-deeltjesmethodes
exact kunnen worden opgelost, maakt de introductie van interacties het probleem
snel onhandelbaar. De Hilbertruimte groeit exponentieel, buiten het bereik van
exacte methodes.

Om dit aan te pakken, grijpt men meestal naar numerieke methodes door het
systeem op een rooster te discretiseren. Deze aanpak werkt over het algemeen
goed voor één-dimensionale problemen, waaronder de problemen die worden
beschreven door de Schrodinger-vergelijking. De Dirac-vergelijking voor relati-
vistische, massaloze deeltjes is ingewikkelder. Een naieve discretisatie stuit op
het probleem van fermion-duplicatie, geformaliseerd in de Nielsen-Ninomiya-
stelling, die in de weg staat van een discretisatie die de fundamentele symmetrie
van het probleem behoudt.

Het eerste deel van mijn proefschrift is gemotiveerd door dit probleem: de
noodzaak om één-dimensionale, sterk wisselwerkende systemen numeriek te
beschrijven en de moeilijkheid om dit op een rooster te doen in het geval van
massaloze relativistische deeltjes. Het Luttinger-model is een paradigma voor
dit probleem en staat centraal in het proefschrift.

We introduceren en valideren een nieuwe numerieke aanpak gebaseerd op
tangens-fermionen (zo genaamd omdat de dispersie-relatie door een tangens
beschreven wordt). In Hoofdstuk 2 discretiseren we ruimte en tijd in het quantum
Monte Carlo algorithme. Voor het eerst slagen we er zo in om het Luttinger-
model op een rooster uit te rekenen, met resultaten die goed overeenkomen met
de bestaande bosonisatie theorie in het continuum.

In Hoofdstuk 3 wordt de tangens-fermion aanpak uitgebreid naar tensor-
netwerk-methoden. Dit stelt ons in staat de beperkingen van quantum Monte
Carlo te overstijgen en meer algemene situaties te onderzoeken. We tonen aan
dat tangens-fermionen een compacte en efficiénte tensor-netwerkrepresentatie
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ondersteunen, die de bosonisatie-resultaten van de Luttinger-model nauwkeurig
benaderen. Dit bevestigt de veelzijdigheid en consistentie van de methode.

Het tweede deel van het proefschrift heeft een ander thema, het richt zich
op twee-dimensionale systemen zonder sterke wisselwerkingen. Hoofdstuk 4
behandelt de metaal-isolator overgang in supergeleiders met Majorana deeltjes.
We tonen aan dat deze overgang verloopt via de percolatie van topologische
domeinwanden.

Tenslotte onderzoekt hoofdstuk 5 de Landau-quantisatie in systemen met
generaliseerde Van Hove-singulariteiten. We ontwikkelen een algemene methode
om magnetische breakdown in deze materialen te berekenen en ontdekken hoe
coherente netwerken minibanden kunnen vormen die bulkgeleiding onder een
magnetisch veld mogelijk maken — soms zelfs sterker dan de randgeleiding.
Deze kenmerken bieden experimenteel toetsbare effecten die gekoppeld zijn aan
de onderliggende zadelpuntenstructuur.



Pe3ome

Ornucanne B3anMOJIefiCTBHIl B KBAHTOBBIX MHOI'OYACTUIHBIX CHCTEMAX OCTa~
éTcsl OMHOM U3 caMbIX IVIyOOKUX M CJIOXKHBIX 3aJa9 (PU3HKH KOHIECHCHPO-
BAHHOT'O COCTOsSHUsI. Ecau mpobjeMy CucTeMbl CBOOOIHBIX TaCTUI] MOXK-
HO PEIIUTDH C IOMOIILIO OJHOYACTUIHBIX METOJIOB, TO J00aBICHIE B3AXMMO-
JIeMCTBHUH JlesiaeT 3a/a4dy MOUCTUHE MHOTOYACTHIHON W OBICTPO Hepaspe-
muMoit. Pasmep rujibbepToBa IPOCTPAHCTBA PACTET SKCIOHEHIUAILHO, U
CTaHJAPTHBIE ITOIXOIbI CTAHOBATCA HEIPUMEHUMBIMT.

OO6bIYHO, JJId pellleHne TaKuX 3aad, MPUOErajoT K YUCIAEHHBIM METO-
JIaM, TUCKPETU3UPYs CUCTEMy Ha pemréTke. Takoil moaxoj Xopomro pabo-
TaeT JJIsi MHOTUX OJHOMEPHBIX 3aJla9, B TOM YHCJIE OIUCHIBAEMbBIX YpaBHe-
aueM [lpémunrepa. OpHaKko, IpU PACCMOTPEHUH IIPOOIEMbI DE3MACCOBBIX
depmuonos dupaka ¢ 3alIUIIEHHON XUPAIbHOCTHIO, CUTYaIlls] yCJIOXKHIET-
cs1. JIro060oi TpsIMOIMHBIA METOI AUCKPETU3AINN HEN30EXKHO CTATKIBAETCSI
¢ IpobJIeMoil yaBoeHusl GEepPMUOHOB, KOTOpast ObLIa (POPMAaJIbLHO OIUCAHHA,
teopemoit Hunbcena—HwuHOMMET, 3ampemnaomnieil JOKaIbHYIO peaTn3aIluio
OJIHOI'O XMPAJILHOTO (PepMUOHA Ha IIPOCTPAHCTBEHHON peléTke 6e3 Hapy-
MIEeHNsT CAMMETPHUH WJIN BBeJAeHUsT HePU3MIECKUX CTeIeHel CBODOIDI.

I'maBHass MoTHBAIMS MOEI JIUCEPTAINE 3aKJII0YAETCA B HEOOXOIUMOCTH
OTIMCAHUST OJHOMEPHBIX CHJIbHO KOPPEJIMPOBAHHBIX CHCTEM W CJIOYKHOCTH
peau3alui YUCACHHOIO I0/IX0/1a, BEI3BAHHON PyHIaMEHTAJILHBIMI Orpa-
HuueHussMu. OCcHOBHOM BOKyC 9T0#l paboThl — 3TO pa3paboTKa U HCCIEI0-
BaHME YHCJIEHHBIX METOOB Ha PEIIETKE JIjIsl CUJIBHO B3aUMOIEHCTBYIOIINX
OJTHOMEPHBIX XUPAJbHBIX (DEPMHUOHOB, C KHUJIKOCTBIO JlarTuHmkepa, BbI-
CTYIIAIOIIEll B KA4eCTBE OCHOBHOI'O IIPUMEPA.

B mepmoit wacTu muccepTaUU BBIABUTAETCS U BaJUIAPYETCs] HOBBIH
YHCJIEHHBIN II0/IX0/I, OCHOBAHHBIN Ha TaHIeHCHBIX (pepMHroHax. Bo BTOpOI
IJIaBe MbI HCIIOJIB3yeM ero B (popMe JIOKAJIHHOTO €BKJINI0BA JEeHCTBUST HA
JMCKPETHOM IIPOCTPAHCTBE-BPEMEHH, YTO IIO3BOJIIET HAM IIPUMEHUTH Me-
toz, kBanToBoro Monre-Kapimo (QMC) 6e3 mpobiieMbl 3HAKa MPH yCI0-
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BHUH HAIIOJOBUHY 3aIOJHEHHON 30HBI. DTOT METOJ TOYHO BOCIPOU3BOIUT
pe3yabTaThl KOHTUHYAJbHON Teopuu Jisd TreuKaabHO#N )kujakoctu JlaTT-
MHKepa 0e3 MOATOHOYHBIX MMapaMeTPOB W IIPEICTaB/IsgeT cOOO# MepBYIO
VCIIENTHYIO UNCIEHHYIO PeaJu3aIldio 3TOM CUCTEMBI Ha PeIleTKe.

B Tperbeil rimaBe MBI pacmmpaeM IOIXO0 TAHTEHCHBIX (DEPMUOHOB Ha
MeTOJIbI TEeH30PHBIX cereil, B uacTHocTH DMRG. YTo mo3BOJISIeT HaM TIpe-
onoJters orpanndenus QMC u nccirenoBars 6osee obIIME CUTYAINH, C Ha-
JITYMEM TOTEHITHAJIBHOTO I0JIsT U HECTAHIAPTHBIX B3anUMOIeficTBUi, B TOM
qKciie BHE ITOJIOBUHHOIO 3allojHeHud. [IpomeMOoHCTpHpOBaHHO, 9TO TaH-
reHcHble (DEPMUOHDI JIOMYCKAIOT KOMIIAKTHOE U 3(P(DEKTUBHOE IIPEICTABIIE-
HHe B TEPMHUHAX TEH30PHBIX CETEl, M XOPOIIO COIJIACYIOTCS C Pe3y/IbTaTaMu
0o30HM3AIMH KUJIKOCTH JIaTTHHKEpa. DTO MOATBEPKIAET YHUBEPCAJIb-
HOCTB W COIVIACOBAHHOCTDH HAIIEI0 METO/IA.

Bo BTopoit wactu auccepraiun GpoKycC UCIET0BATEIHCKON PADOTHI CMe-
IaeTcs Ha JBYMEPHYIO OJHOYACTUYHYIO (DUBHKY, OXBATHIBAsI ABa PA3JIMI-
HBIX HampabJeHusi. [aBa 4 mocBsiieHa TemToBeIM MaitopaHa-mMeTrasiiam
B O€CIIOPSIIOYHBIX XUPAJIbHBIX CBEPXIIPOBOAHMKAX. MBI IpUMeEHsIEM CIIEK-
TPAJIBHBIN JIOKAIN3ATOP KaK HWHCTPYMEHT TOIIOJIOTMIECKOro JaH ImadTa B
KOOPJMHATHOM IIPOCTPAHCTBE U ITOKA3BIBAEM, UTO IIEPEXOJ B MeTaJll W3
M30JIITOPA MIPOUCXOIUT B CJACJACTBUE MTEPKOJISIINN TPAHNIL TOOJIOTTIECKIAX
JIOMEHOB.

Haxomnern, ['taBa 5 ucciemnyer kBanropanue Jlammay B cucremax ¢ 0606-
meéHHbIMI ocoberHocTsiMU Ban Xopa. MbI pazpabaTbiBaeM OOINI MeTOJ
pacuéra MarHUTHOTO IIPO0OsT B TAKUX MaTeprasaX U MOKA3bIBaeM, KaK KO-
FepeHTHBbIE OPOUTAIbHBIC ceTH (DOPMUPYIOT MUHU3OHBI, KOTOPbLIE oDecrie-
9IUBAIOT OOBEMHYIO IPOBOJIMMOCTD B MATrHUTHOM IT0JI€ — OO JayKe Ipe-
BBIMITAIOIIY IO KPAeBYI0. DTU OCOOEHHOCTHU MO3BOJISIIOT YCTAHOBUTD 9KCIIEPH-
MEHTAJIbHO PA3JIMINMble CATHAJIbI, CBA3aHHBIE CO CTPYKTYPOH CEIJIOBBIX
TOYEK B 30HE BpuiosHa.
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Stellingen

behorende bij het proefschrift

Luttinger liquid on a lattice

. The lattice artefacts encountered by Wang, Assaad, and Ulybyshev [Phys.
Rev. B 108, 045105 (2023)] in the discretization of the Luttinger model
can be avoided by a local space-time discretization of the action.

Chapter 2.

. The existence of an exact matrix-product-operator (MPO) representation
with scale-independent bond dimension for a translationally invariant hop-
ping Hamiltonian is equivalent to the ability to obtain its spectrum from a
local generalized eigenvalue problem.

Chapter 3.

. The spectral localizer can act as a landscape function that identifies Majo-
rana zero-modes in a disordered chiral p-wave superconductor.
Chapter 4.

. The bulk conductance of a two-dimensional system in a perpendicular mag-

netic field, enabled by Van Hove singularities near the Brillouin zone edge,

is only measurable if the lattice constant exceeds the nanometer scale.
Chapter 5.

. The zero-bias conductance peak in a double-barrier normal-superconductor
junction splits when the ratio of barrier transmissions reaches a critical
value.

C.W.J. Beenakker and V.A. Zakharov, arXiv:2506.18515

. The computer simulation of the chiral 3-4-5-0 model, reported by Meng
Zeng et al. [Phys. Rev. Lett. 128, 185301 (2022)], cannot be considered
a validation of the “Boundary Fully Gapping Rules” for symmetric mass
generation of Wang and Wen [arXiv:1307.7480].

. The specification of the scale factor of the spectral localizer in terms of the
norm of the Hamiltonian matrix, given by Doll, Loring, and Schulz-Baldes
[arXiv:2403.18931], is not reliable.

. Surface acoustic wave induced transparency in the reflection spectrum ex-
hibits magnetochiral anisotropy, appearing only when the wave propagates
in a direction that aligns its angular momentum with the external magnetic
field, enabling resonant coupling to spin-split hole states.
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Being politically apathetic is irresponsible and dangerous, like covering your
eyes and ears in a room with a known predator.

The modern Russian regime exhibits thirteen out of the fourteen defining
features of fascism in Umberto Eco, Ur-Fascism (1995).

While academic boycotts carry symbolic significance, there is no conclusive
evidence that they weaken the regime-supporting role of academic insti-
tutions; on the contrary, they risk undermining internal opposition and
isolating academia, making it more vulnerable to authoritarian control.

Questioning common practices, such as meat consumption or gender cod-
ing, is essential to living reflectively and contributing to ethical and social
progress.

Vladimir Zakharov
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